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Preface 

It has been a great pleasure to write chapters and work with the other authors on the 
second edition of The Molecular and Cellular Biology o/Wound Repair. The book has 
been totally revised with all chapters rewritten. Several chapters in the first edition 
explored inflarnmation. These chapters have been deleted, since other books compre
hensively cover this topic. The deletions provided room to add Chapter 2 on the 
provisional matrix proteins, to expand Chapters 5 through 8 on growth factors, to add 
Chapter 9 on integrins, and to add Chapter 18 on scarring and nonscarring wound 
repair. 

As with the first edition, I have gained an immense knowledge about the molecu
lar and cellular biology of wound repair from my participation in the production of this 
book. The book has become a bridge between the basic sciences and the bedside, rather 
than a detailed treatise on molecular and cellular biology or a comprehensive review of 
animal and clinical wound studies. Thus, basic scientists who wish to determine wheth-. 
er their scientific endeavors might have applications in wound healing will find this 
volume valuable. On the other hand, clinical scientists will find that this volume gives a 
good scientific foundation for their clinical work. 

Chapter 1 gives an overview of processes involved in cutaneous wound repair. 
The initial version of this overview was published 10 years aga in the Journal 0/ the 
American Academy 0/ Dermatology and has undergone many revisions for reviews in 
journals and book chapters, including the first edition of The Molecular and Cellular 
Biology 0/ Wound Repair. This overview has once again been revised to include the 
highlights of data available up to and including the beginning of 1995. In Chapter 2, 
Kenneth Yarnada and I took on the formidable task of relating the molecular structure 
and function of provisional matrix proteins, such as fibrinogen, fibronectin, vitro
nectrin, thrombospondin, and tenascin, to their potential activities in wound repair. In 
Chapter 3, David Riches comprehensively reviews the macrophage with emphasis on 
lineage and phenotype modulation and how the different macrophage phenotypes 
might affect wound healing. In Chapter 4, Chris Haslett and Peter Henson exarnine 
how inflammation is resolved, not only in soft tissue repair, but in inflarnmatory 
processes in general. Prograrnmed cell death is a key phenomenon in this resolution. 

The growth factor section of the book gives the reader a comprehensive survey of 
the epidermal growth factor (EGF), fibroblast growth factor (FGF), platelet-derived 
growth factor (PDGF), and transforming growth factor-ß (TGF-ß) families and how 
these many diverse factors may interact in wound repair. Specifically, in Chapter 5, 
Lillian Nanney and Lloyd King review the seminal work of Stanley Cohn in discover-

ix 



x Preface 

ing and characterizing epidermal growth factor, which led to his Nobel prize. Further
more, they outline the ever-expanding second messenger pathways that transmit the 
extracellular ligand-receptor signals into the nucleus and they allude to the many 
studies that have been done with EGF on animals and in the clinic. In Chapter 6, Judy 
Abraham and Michael Klagsbrun produced a comprehensive treatise on the FGF fami
ly, including molecular biology and biochemistry of the nine family members and an 
in-depth review of wound healing responses to these factors in animal and clinical 
studies. In Chapter 7, Carl-Henrik HeIdin and Bengt Westermark have written an 
excellent treatise on platelet-derived growth factors, explaining how the different 
PDGF isoforms can elicit diverse activities in cells by stimulating different receptor 
pairs. Last but not least, in Chapter 8, Anita Roberts and Michael Sporn have written an 
in-depth analysis of the mammalian TGF-ß isoforms from their molecular biology and 
structure to their use in animal and clinical studies. Transgenic mouse studies are 
beginning to elucidate the precise activities and necessities of many of these growth 
factor molecules. 

The third section of the book, entitled "New Tissue Formation: The Cutaneous 
Paradigm," begins with a review, in Chapter 9, of molecular and structural biology of 
integrin extracellular matrix receptors and how these receptors are expressed and 
potentially act during the wound repair process, with particular emphasis on reepi
thelialization. In Chapter 10, David Woodley continues with a discussion ofthe biology 
of the keratinocyte in wound repair. In Chapter 11, J oe Madri and colleagues survey the 
current knowledge on angiogenesis and describe how angiogenesis is closely con
trolled by cytokines and extracellular matrix signals. In Chapter 12, Jim McCarthy and 
his colleagues describe how parenchymal cell motility during wound repair and other 
morphogenetic events might depend on extracellular receptors other than integrins. 
This chapter also alludes to important new information on the controls and assembly of 
the actin motor apparatus in motile cells. In Chapter 13, Alexis Desmouliere and Giulio 
Gabbiani regale us with descriptions of myofibroblast phenotypes and functions in 
wound repair and fibrocontractive diseases. 

The fourth and final section of the book, entitled "Essentials of Tissue Remodel
ing," includes chapters on proteases, extracellular matrix molecules, and scar forma
tion. In Chapter 14, Paolo Mignatti, Daniel Rifkin, Howard Welgus, and William Parks 
present a comprehensive review of the important proteases involved in wound repair, 
including plasminogen activators, plasmin, and the metalloproteinases. In Chapter 15, 
Richard Gallo and Mert Bernfield provide a review on proteoglycans and their expres
sion in cutaneous wound repair. In Chapter 16, Beate Eckes, Monique Aumailley, and 
Thomas Krieg summarize current knowledge about the extracellular matrix collagens 
and how these proteins assemble in wound repair to patch the injured tissue with ascar. 
In Chapter 17, Jouni Uitto, Alain Mauviel, and John McGrath survey the molecular 
genetics and structure of basement membrane proteins and the deficiencies in these 
proteins that lead to recurrent or nonhealing cutaneous wounds. These lessons of nature 
provide great insight into the homeostatic value of these proteins and their importance 
in tissue reconstruction after architecturally disruptive injury. In Chapter 18, R. L. 
McCallion and M. W. J. Ferguson describe repair without scarring in fetal tissue and 
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propose ways in which adult wound healing might be modified to prevent or at least 
reduce scarring. 

In composite, these chapters give the reader a fairly comprehensive view of the 
molecular and cellular biology of wound repair, in both normal and abnormal healing 
processes. In addition, several chapters suggest methods by which inadequate or sub
standard healing might be improved. 

Richard A. F. Clark 
Stony Brook, New York 
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Chapter 1 

Wound Repair 
Overview and General Considerations 

RICHARD A. F. CLARK 

1. Introduction 

When tissue loss disrupts normal architecture in higher vertebrate adult animals, 
the organ fails to regenerate. Instead, repair proceeds as a fibroproliferative response 
that develops into a fibrotic scar. Thus, the organ is patched rather then restored. 
Alterations in the normal healing processes produce even less desirable outcomes. For 
example, when injurious events persist or recur, inflammation is perpetuated, extending 
tissue damage and repair. In addition, a plethora of pathobiological states, such as 
diabetes, Cushing's syndrome, poor arterial perfusion, venous hypertension, poor nutri
tion, and sepsis, disrupt normal repair processes. Such situations often lead to nonheal
ing wounds or excessive fibrosis. 

Over the past two decades, extraordinary advances in cellular and molecular 
biology have led to an enriched comprehension of the basic biological processes 
involved in wound repair. Clinical investigators had hoped that the great strides in basic 
knowledge would quickly lead to advancements in wound care that would culminate in 
accelerated rates of ulcer and normal wound repair, scars of greater strength, prevention 
of keloids and fibrosis, and ultimately substitute tissue regeneration for scar formation. 
While these lofty goals still have not been achieved, new scientific information contin
ues to accumulate at an accelerating pace. It has never been more clear that today's 
scientific breakthroughs will lead to tomorrow's therapeutic successes. Thus, Chapters 
1-17 focus on current knowledge in the molecular and cellular biology of soft tissue 
repair of adult animals. In contrast, Chapter 18 addresses fetal cutaneous wound repair, 
a process that occurs without scarring. This chapter raises the possibility that adult 
wound repair processes might be manipulated to prevent scarring. 

Wound repair is not a simple linear process in which growth factors released by 
phylogistic events activate parenchymal cell proliferation and migration, but rather it is 
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Figure 1. Phases of cutaneous wound repair. Healing of a wound has been arbitrarily divided into three 
phases: (A) inflammation (early and late). (8) reepithelialization and granulation tissue formation, and (C) 
matrix formation and remodeling. These wound repair processes are plotted along the abscissa as a log
arithmic function of time. The phases of wound repair overlap considerably with one another as discussed in 
the text. Inflammation is divided into early and late phases denoting neutrophil-rich and mononuclear cell
rich infiltrates, respectively. In tight-skilled animals such as humans, wound contraction begins after granula
tion tissue is weil established, as indicated by the arrow. Collagen accumulation begins shortly after the onset 
of granulation tissue formation, as indicated. 

an integration of dynamic interactive processes involving soluble mediators, formed 
blood elements, extracellular matrix, and parenchymal cells. Unencumbered, these 
wound repair processes follow a specific time sequence and can be temporally cate
gorized into three major groups: inflammation, tissue formation, and tissue remodeling 
(Fig. I). The three phases of wound repair, however, are not mutually exclusive but 
rather overlapping in time. In this overview, current ideas about wound repair will be 
presented in a sequence that roughly follows the chronology of wound repair: inflam
mation, tissue formation, and tissue remodeling. 

2. Inflammation: Important Preliminaries 

Severe tissue injury causes blood vessel disruption with concomitant extravasa
tion of blood constituents. Blood coagulation and platelet aggregation generate a fibrin
rich clot that plugs severed vessels and fills any discontinuity in the wounded tissue. 
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While the blood clot within the vessellumen reestablishes hemostasis, the clot within 
the wound space provides a provisional matrix for cell migration. Platelets also have a 
dual function since they not only facilitate the formation of a hemostatic plug but also 
secrete multiple mediators, including growth factors. In fact, the coagulation pathways, 
as well as the activated complement pathways, and injured or activated parenchymal 
cells all generate numerous vasoactive mediators and chemotactic factors, which to
gether recruit inflammatory leukocytes to the wounded site. 

Infiltrating neutrophils cleanse the wounded area of foreign particles, including 
bacteria. If excessive microorganisms or indigestible particles have lodged in the 
wound site, neutrophils will probably cause further tissue damage as they attempt to 
clear these contaminants through the release of enzymes and toxic oxygen products. 
When particle clearance has been completed, the generation of granulocyte chemoat
tractants usually ceases. Effete neutrophils in the wound are either extruded with the 
eschar or phagocytosed by macrophages or fibroblasts. Peripheral blood monocytes 
continue to infiltrate the wound site, however, in response to specific monocyte chemo
attractants. Once in tissue, monocytes progressively become activated and become 
macrophages. Macrophages, like platelets, release growth factors that initiate granula
tion tissue formation. However, unlike platelets, which release stored proteins and 
peptides but produce little if any of these molecules, macrophages have the ability to 
continually synthesize and secrete growth factors and cytokines. 

2.1. Blood Coagulation 

When blood extravasation accompanies tissue injury, blood clotting results from 
(1) surface activation of Hageman factor, (2) tissue procoagulant factor released from 
damaged cells, and (3) surface membrane coagulation factors and phospholipids ex
pressed on activated platelets and endothelial cells (Furie and Furie, 1988). The critical 
event in all cases is the availability of a surface that promotes adsorption and activation 
of specific coagulation proenzymes. Surface adsorption is aprerequisite for proenzyme 
activation since these proteins otherwise are literally afloat in a sea of enzyme inhibi
tors. When the proenzymes have been adsorbed on a surface in a microenvironment 
relatively free of protease inhibitors, however, minute amounts of spontaneous activa
tion are quickly amplified into the physiological response of blood clotting. 

Blood coagulation terminates when stimuli for clot initiatior dissipate. In addi
tion, several intrinsic blood vessel activities limit the extent of platelet aggregation and 
clotting to the area proximate to the injury. These include production of prostacyclin, 
which inhibits platelet aggregation (Moncada et al., 1976); antithrombin III binding to 
thrombin, which inhibits its activity (Stern et al., 1985); generation of protein C, a 
potent enzyme that degrades coagulation factors V and VIII (Loedam et al., 1988); and 
release of plasminogen activator, which initiates clot lysis through conversion of plas
minogen to plasmin (Loskutoff and Edgington, 1977). 

Clot lysis is controlled as rigorously as is coagulation. The major proteolytic 
enzymes-plasminogen activators and plasmin-escape inactivation by fluid-phase 
protease inhibitors, like plasminogen activator inhibitor and (X2-antiplasmin, through 
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Table I. Integrin Superfamily 

Integrins 

ßI family 
aIßI 
a2ßI 
a3ßl 

a4ßI 
a5ßI 
a6ßI 
a7ßI 
a8ßI 
a9ßl 

av family 
avßI 
avß3 

avß5 
avß6 

Other ECM integrins 
aIIbß3 
a6ß4 

ß2 family 
a M ß2 
a L ß2 
a x ß2 

Ligands 

Fibrillar collagen, laminin 
Fibrillar collagen, laminin 
Fibronectin (RGD), laminin-5, entactin, 

denatured collagens 
Fibronectin (LEDV), VCAM-I 
Fibronectin (RGD) 
Laminin 
Laminin 
Fibronectin, vitronectin 
Tenascin 

Fibronectin (RGD), vitronectin 
Vitronectin (RGD), fibronectin, fibrinogen, 

von Willebrand factor, thrombospondin, 
denatured collagen 

Fibronectin (RGD), vitronectin 
Fibronectin, tenascin 

Same as avß3 
Laminin 

ICAM-l, iC3b, fibrinogen, factor X 
ICAM-I, 2, and 3 
iC3b, fibrinogen 

Chapter 1 

binding to the fibrin clot (Thorsen et al., 1972; Castellino et al., 1983) and cell surfaces 
(Hajjar et al., 1994). Although plasminogen activator and plasmin have the ability to 
degrade a wide variety of extracellular matrix proteins, a specific inhibitor of plas
minogen activator binds to the extracellular matrix (Salonen et al., 1989) and limits 
matrix degradation to the microenvironment around cell surfaces. 

Clearly, hemostasis is a major function of blood coagulation; however, the clot 
also provides a matrix scaffold for the recruitment of cells to an injured site (see 
Chapter 2 for details). Specifically, fibrin in conjunction with fibronectin act as a 
provisional matrix for the influx of monocytes (Ciano et al., 1986; Lanir et al., 1988) 
and fibroblasts (Grinnell et al., 1980; Knox et al., 1986; Brown et al., 1993b). Presum
ably, migrating cells use integrin receptors that recognize fibrin, fibronectin, and vit
ronectin to interact with the clot matrix (Table I) (see Chapter 9 for details) (Ruoslahti, 
1991; Hynes, 1992). 

Blood clotting is also a part of the inflammatory response. For example, Hageman 
factor activation leads to generation of its fragments, bradykinin, and potent vasoactive 
agents (Yamamoto and Cochrane, 1981; Muller-Esterl, 1989) and to the initiation of 
classical and alternative complement cascades (Ghebrehiwet et al., 1981; DiScipio, 
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Table 11. Coagulation in Wound Repair 

Activity 

Hageman factor fragments 
Bradykinin 

Complement activation 

Fibrin clot 

Effect 

Vasopermeability 
Vasodilation 
Vasopermeability 
Pain 
Leukocyte recruitment 
Vasopermeability 
Hemostatic plug 
Reservoir of growth factors 
Provisional matrix for cell migration 
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1982), with the resultant generation of the anaphylatoxins C3a and C5a. The an
aphylatoxins directly increase blood vessel perrneability and attract neutrophils and 
monocytes to sites of tissue injury (Fernandez et al., 1978). In addition, these sub
stances stimulate the release of other vasoactive mediators such as histamine and 
leukotriene C4 and D4 from mast cells (Stimler et al., 1982) .and the release of granule 
constituents and biologically active oxygen products from neutrophils and macro
phages (McCarthy and Henson, 1979). The activities of coagulation in wound repair 
are compiled in Table 11. 

2.2. Platelets 

Successful hemostasis is dependent on platelet adhesion and aggregation. Platelets 
first adhere to interstitial connective tissue, then aggregate. In the process of aggrega
tion, platelets release many mediators, including adenosine diphosphatase (ADP), and 
express several clotting factors on their membrane surface. Together, these platelet 
products facilitate coagulation and further platelet activation. The fibrin dot and 10-
cally generat.ed thrombin act as a nidus for additional platelet adhesion and aggrega
tion. 

When activated platelets discharge their alpha-granules, several adhesive proteins 
including fibrinogen, fibronectin, thrombospondin, and von Willebrand factor VIII are 
released. The first three act as ligands for platelet aggregation, while von Willebrand 
factor VIII mediates platelet adhesion to fibrillar collagens and their subsequent activa
tion (Ginsberg et al., 1988; Ruggeri, 1993). Platelet adhesion to all four adhesive 
proteins is mediated through the platelet GPllb/IIIa (integrin allbß3) surface receptor 
(Ginsberg et al., 1992) and other integrin extracellular matrix receptors (Ruoslahti, 
1991; Hynes, 1992) (Table I) (see Chapter 9 for details). Platelet fibrinogen, once 
converted to fibrin by thrombin, adds to the fibrin clot. In addition, platelets release 
chemotactic factors for blood leukocytes (Weksler, 1992) and growth factors such as 
platelet-derived growth factor (PDGF) (Ross and Raines, 1990) and transforrning 
growth factor-alpha (TGF-a) (Derynck, 1988) and -beta (TGF-ß) (Sporn and Roberts, 
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Table III. Growth Factors in Wound Repair 

Growth factor 

Fibroblast growth factor-l and -2 (FGF) 

Insulinlike growth factor (lGF) 
Keratinocyte growth factor (KGF), also known 

as FGF-7 

Effect 

Fibroblast and epidermal cell proliferation; 
angiogenesis 

Progression factor for cell proliferation 
Keratinocyte proliferation 

Platelet-derived growth factor (PDGF) including 
isoforms AA, AB, and BB 

Fibroblast chemotaxis, proliferation, 
and contraction 

Reepithelialization Transforming growth factor-a (TGF-a) and 
epidermal growth factor (EGF) 

Transforming growth factor-ß (TGF-ß) including 
isoforms ß I, ß2, and ß3 

Fibroblast chemotaxis; extracellular matrix 
deposition; protease inhibitor secretion 

Vascular permeability; angiogenesis Vascular endothelial growth factor (VGEF) 

1992), which promote new tissue generation (Table III) (see Chapters 5-8 for details). 
The effect of platelets in wound repair are listed in Table IV. 

2.3. Neutrophils 

Neutrophils and monocytes begin to emigrate into injured tissue concurrently, but 
neutrophils arrive first in great numbers partly due to their abundance in the circulation. 
A variety of chemotactic factors attract both cell types to the site of injury (Wil
liams,1988) (also see Chapter 3). General leukocyte chemo attractants inc1ude fI
brinopeptides c1eaved from fibrinogen by thrombin; fibrin degradation products pro
duced by plasmin degradation of fibrin; C5a arising from activated c1assical or 
alternative complement cascades; leukotriene B4 released by activated neutrophils; 
platelet-activating factor (PAF) released from endothelial cells or activated neutrophils; 
formyl methionyl peptides c1eaved from bacterial proteins; and PDGF and platelet 
factor 4 released from platelets. Besides providing the stimulus for directed migration, 
chemotactic factors also increase CD11/CDI8 expression on the neutrophil surface 
(Tonnesen et al., 1989). These heterodimeric complexes, in conjunction with Lewis 

Table IV. Platelets in Wound Repair 

Activity 

Adhesion 
Aggregation 

Mediator release 

Effect 

Plug small leaks in blood vessels 
Plug large leaks in blood vessels 
Induce coagulation 
Vasoconstriction 
Stimulate additional platelet aggregation 
Growth factor release 
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factor X, mediate adherence of neutrophils to blood vessel endothelium and thereby 
facilitate transmigration of leukocytes through the endothelium (Albelda and Buck, 
1990). Neutrophil activation by chemoattractants also stimulates release of elastase and 
collagenase molecules. These enzymes facilitate cell penetration through blood vessel 
basement membranes. Neutrophils at the wound site destroy contaminating bacteria via 
phagocytosis and subsequent enzymatic and oxygen radical mechanisms (Tonnesen et 
al., 1988; Elsbach and Weiss, 1992; Klebanoff, 1992). 

If substantial wound contamination has not occurred, neutrophil infiltration usu
ally ceases within a few days. Most invading neutrophils become entrapped within the 
wound clot and desiccated tissue. This eschar sloughs during tissue regeneration. 
Neutrophils within viable tissue become senescent within a few days and are pha
gocytosed by tissue macrophages (Newman et al., 1982). These processes mark the end 
of neutrophil-rich inflammation. However, substantial wound contamination will pro
voke a persistent neutrophil-rich inflammatory response. Bacteria, or other foreign 
objects, provide a surface on which alternative pathway proenzymes can adsorb, thus 
escaping their plasma inhibitors (Muller-Eberhard, 1992). Such surfaces continually 
activate the alternative pathway, which results in opsonization of foreign surfaces with 
C3b and generation of C3a and C5a anaphylatoxins. Additional neutrophils would be 
attracted to such contaminated wounds. 

2.4. Monocytes 

Whether neutrophil infiltrates reso1ve or persist, monocyte accumu1ation contin
ues, stimulated by selective monocyte chemoattractants. These factors include frag
ments of collagen (Postlethwaite and Kang, 1976), elastin (Senior et al., 1980), and 
fibronectin (Clark et al., 1988), enzymatically active thrombin (Bar-Shavit et al., 
1983), and TGF-ß (Wahl et al., 1987). Similar to neutrophi1 recruitment, chemoattrac
tants stimulate circulating monocytes to attach to the endothelium of blood vessels at 
the site of injury and to migrate through the blood vessel wall into the tissue stroma 
(Doherty et al., 1987). Binding of monocytes or macrophages to specific extracellular 
matrix proteins through integrin receptors stimulates extracellular matrix phagocytosis 
and Fc- and C3b-mediated phagocytosis (Brown and Goodwin, 1988). Thereby, macro
phages are armed to debride tissue through phagocytosis and digestion of pathogenic 
organisms, tissue debris, and effete neutrophils (Newman et al., 1982). Cultured mac
rophages and presumably wound macrophages release enzymes such as collagenase 
(Campbell et al., 1987) that facilitate tissue debridement. In addition, when macro
phages are activated by bacterial endotoxin, substances like neutrophil-activating pro
tein are released (Wolpe and Cerami, 1989), which recruit additional inflammatory 
cells. 

Besides promoting phagocytosis and debridement, adherence to extracellular ma
trix also stimulates monocytes to undergo metamorphosis into inflammatory or repara
tive macrophages (see Chapter 3 for details). Adherence induces selective mRNA ex
pression of colony-stimulating factor-1, a cytokine necessary for monocyte-macrophage 
survival; tumor necrosis factor-a (TNF-a), a potent inflammatory cytokine; PDGF, a 
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Table V. Macrophages in Wound Repair 

Activity Effect 

Recruitment and maturation Transition from circulating mono-
cyte to tissue macrophage 

Phagocytosis and killing of Wound decontamination 
microorganisms 

Phagocytosis of tissue debris Wound debridement 
Growth factor release Autocrine and paracrine stimulation 

potent chemoattractant and mitogen for fibroblasts; as wen as c-fos and c-jun, transac
tivating factors necessary for many activation signals (Shaw et al., 1990; Juliano and 
Haskill, 1992). mRNAs for other important macrophage cytokines are adherence
independent, e.g., TGF-ß is constitutively expressed; interleukin-l (lL-l) mRNA is 
stimulated by bacterial endotoxin; and human leukocyte antigen-D-related (HLA-DR) 
is stimulated by gamma-interferon (-y-IFN) (Shaw et al., 1990, 1991). Wound macro
phages, in fact, express TGF-ß and PDGF mRNA as wen as TGF-a and insulinlike 
growth factor-l (IGF-l) mRNA (Rappolee et al., 1988). Since cultured macrophages 
produce and secrete the peptide growth factors, IL-l (Dinareno, 1984), PDGF (Shim
okado et al., 1985), TGF-ß (Assoian et al., 1987), TGF-a (Madtes et al., 1988), and 
fibroblast growth factor (FGF) (Baird et al., 1985), presumably wound macrophages 
also synthesize these protein products. Such macrophage-derived growth factors are 
almost certainly necessary for initiation and propagation of new tissue formation in 
wounds, since macrophage-depleted animals have defective wound repair (Leibovich 
and Ross, 1975). Thus, macrophages appear to playa pivotal role in the transition 
between inflammation and repair (Table V) (see Chapters 3 and 4 for details). A 
synopsis of growth factors and their activities is outlined in Table III and comprehen
sively addressed in Chapters 5-8. 

3. Epithelialization: Reestablishing a Cutaneous Cover 

Reepithelialization of a wound begins within hours after injury. Epithelial cens 
from residual epithelial structures move quickly across the wound defect (see Chapter 
10 for details). It is dear that rapid reestablishment of any epithelial barrier decreases 
victim morbidity and mortality. In the skin, keratinocytes of the stratified epidermal 
sheet or hair follide appear to move one over the other in a leapfrog fashion (Winter, 
1962), whereas in the cornea, cens of the monolayer sheet appear to move in single file 
with the lead cens remaining in front (Fujikawa et al., 1984). Stern cens for hair growth 
have been found in the infundibular bulge (Cotsarelis et al., 1990). Since these cens 
reside near the epidermis, they may give rise to migrating epidermal cens that repave 
denuded skin. 

Concomitant with migration, epithelial cens undergo marked phenotypic alter-
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ation. This metamorphosis includes retraction of intracellular tonofilaments; dissolu
tion of most intercellular desmosomes (structures that interlink epithelial cells and 
thereby provide tensile. strength for epithelium); and formation of peripheral cyto
plasmic actin filaments (Odland and Ross, 1968; Gabbiani et al., 1978). An additional 
manifestation of altered epidermal phenotype is the loss of tenacious binding between 
the epidermis and dermis. Loss of junctional adherence results from the dissolution of 
hemidesmosome links between the epidermis and the basement membrane (Krawczyk 
and Wilgram, 1973). As a consequence of these phenotypic changes, wound epidermal 
cells have lateral mobility and the motor apparatus for motility. The epithelial cells at 
the wound edge lose their apical-basal polarity and extend pseudopodia from their free 
basolateral sides into the wound. 

Migrating wound epidermal cells do not terminally differentiate as do keratino
cytes of normal epidermis. For example, migrating wound epidermal cells do not 
contain keratin proteins normally found in mature stratified epidermis nor do they 
contain filaggrin, a matrix protein in which these keratins are embedded. In contrast, 
cells in all layers of the migrating epidermis contain keratins normally found only in 
the basal cells of stratified epidermis (Mansbridge and Knapp, 1987). Nevertheless, the 
phenotype of migrating epidermal cells is !lot identical to basal cells, since the migrat
ing cells also contain involucrin, a component of differentiated keratinocyte cell walls, 
and transglutaminase, an enzyme, that cross-links cell wall proteins. Involucrin and 
transglutaminase usually appear only in the stratum granulosum of normal epidermis. 
The unique phenotype of migrating wound epidermal cells is similar to the phenotype 
present in lesional psoriatic skin and in cultured epidermal cells (Hennings et al. , 1980; 
Mansbridge and Knapp, 1987). Induction signals for the migrating epidermal cell 
phenotype are not known, although low calcium concentrations impart cultured kera
tinocytes with a similar phenotype, while normal calcium concentrations drive terminal 
differentiation (Hennings et al., 1980). 

One to two days after injury, epithelial cells at the wound margin begin to prolif
erate (Krawczyk, 1971). The stimuli for epithelial proliferation during reepithelializa
tion have not been delineated, but several possibilities exist. Perhaps the absence of 
neigbbor cells at tbe wound margin signals botb epithelial migration and proliferation. 
This "free-edge effect" has been thought to stimulate reendothelialization of large 
blood vessels after intimal damage (Heimark and Schwartz, 1988). Another possibility, 
not exclusive of the former, is local release of growth factors that induce epidermal 
migration and proliferation. In addition, increased expression of growth factor recep
tors may stimulate these processes. Leading contenders include the epidermal growth 
factor (EGF) family, especially TGF-a (Barrandon and Green, 1987); heparin-binding 
epidermal growth factor (HB-EGF) (Higashiyama et al., 1991); and the FGF family 
(O'Keefe et al., 1988; Werner et al., 1992). Although growth factors may derive from 
macrophages or dermal parenchymal cells and act on epidermal cells through a para
crine pathway (Baird et al., 1985; Rappolee et al., 1988; Werner et al., 1992), TGF-a, 
and perhaps other growth factors, originate from keratinocytes themselves and act 
directly on the producer cell or adjacent epidermal cells in an autocrine or juxtacrine 
fashion (Coffey et al., 1987; Brachmann et al., 1989). Many of these growth factors 
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have been shown to stimulate reepithelialization in animal models (Brown et al., 1989; 
Hebda et al., 1990) or to be absent in models of deficient reepithelialization (Wemer et 
al., 1994), supporting the hypothesis that they are active during normal wound repair. 

If the basement membrane is destroyed by injury, epidermal cells migrate over a 
provisional matrix consisting of type V collagen (Stenn et al., 1979), fibrin, fibronectin 
(Clark et al., 1982b), tenasin (Mackie et al., 1988), and vitronectin (Cavani et al., 
1993), as weIl as type I collagen (Odland and Ross, 1968). Ifthe basement membrane is 
not destroyed, fibronectin infiltrates the intact basement membrane (Fujikawa et al., 
1984). Fibrin and fibronectin in the provisional matrix initially originate from the 
circulation (Clark et al., 1983). However, a few days after injury, fibronectin is depos
ited by wound fibroblasts, macrophages, or the migrating epidermal cells themselves 
(Clark et al., 1983; Grimwood et al., 1988; Brown et al., 1993a). Furthermore, wound 
keratinocytes express functionally active integrin receptors for fibronectin in contrast 
to normal epidermal cells (Toda et al., 1987). Thus, wound keratinocytes can pave the 
wound surface with a provisional matrix and express cell surface receptors that facili
tate their migration across this matrix (Clark, 1990; Cavani et al., 1993; Larjava et al., 
1993; Gailit et al., 1994). Cultured keratinocyte migration, in fact, is accentuated on 
fibronectin- or type I collagen-coated surfaces compared to laminin, a major compo
nent of the basement membrane (O'Keefe et al., 1985). 

Often the epidermis does not simply transit over a wound coated with provisional 
matrix but rather dissects through the wound, separating desiccated or otherwise non
viable tissue from viable tissue (Clark et al., 1982b). Epidermal movement through 
tissue depends on epidermal cell production of collagenase (Woodley et al., 1986) and 
plasminogen activator (Grondahl-Hansen et al., 1988). The latter enzyme activates 
collagenase as weIl as plasminogen. Interestingly, keratinocytes in direct contact with 
collagen greatly increase the amount of collagenase they produce compared to that 
produced when they reside on laminin-rich basement membrane or purified laminin 
(Petersen et al., 1990). 

Whether the driving force for epithelial cell movement is chemotactic factors, 
active contact guidance, loss of nearest neighbor cells, or a combination of these 
processes is unknown; however, migration does not depend on cell proliferation (Win
ter, 1972). Interestingly, TGF-ß can promote the outgrowth of epidermal cells from 
organ cultures (Hebda, 1988) despite the fact that it is a potent inhibitor of keratinocyte 
proliferation in vitro (Shipley et al., 1986). Perhaps TGF-ß stimulates epidermal cell 
migration as it does monocyte migration (Wahl et al., 1987) or perhaps TGF-ß pro
motes epidermal cell movement through the induction of fibronectin matrix deposition 
(Nickoloff et al., 1988; Wikner et al., 1988) and fibronectin receptor expression (Gailit 
et al., 1994). 

As reepithelialization ensues, basement membrane proteins reappear in a very 
ordered sequence from the margin of the wound inward in a zipperlike fashion (Clark 
et al., 1982b). Epidermal cells revert to their normal phenotype, once again firmly 
attaching to the reestablished basement membrane through hemidesmosomes and to the 
underlying neodermis through type VII collagen fibrils (Gipson et al., 1988). Table VI 
summarizes the activities of epidermal cells during reepithelialization. 
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Table VI. Epidennal Cells in Wound Repair 

Activity 

Growth factor production 
Migration and proliferation 
Protease release 
ECM production 

Terminal differentiation 

Effect 

Autocrine and paracrine stimulation 
Reepithelialization 
Dissection under clot and nonviable tissue 
Provisional matrix and basement 

membrane formation 
Barrier function reestablished 

4. Granulation Tissue: Reestablishing Dermal Integrity 
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New stroma, often called granulation tissue, begins to form approximately 4 days 
after injury. The name derives from the granular appearance of newly forming tissue 
when it is incised and visually examined. In fact, numerous new capillaries endow the 
neostroma with its granular appearance. Besides new blood vessels, granulation tissue 
consists of macrophages, fibroblasts, and loose connective tissue. 

Cytokines, with chemoattractant, mitogenic, and other regulatory activities, pre
sumably are probably necessary for granulation tissue induction. Net chemotaxis, cell 
proliferation, and phenotype modulation depends on the type and quantity of cytokines 
present, the activity level of the target ceIls, and the extracellular matrix environment 
(Sporn and Roberts, 1986; Damsky and Werb, 1992; Juliano and Haskill, 1992). 
Cytokines with potent mitogenic activities are usually referred to as growth factors (see 
Chapters 5-8). Low levels of some growth factors circulate in the plasma; however, 
activated platelets release substantial amounts of preformed growth factors into 
wounded areas. Arrival of peripheral blood monocytes and their activation to macro
phages establish conditions for continual synthesis and release of growth factors. In 
addition, injured and activated parenchymal cells can synthesize and secrete growth 
factors. 

The provisional extracellular matrix, e.g., fibrin clot, also promotes granulation 
tissue formation by providing scaffolding for contact guidance (fibronectin and col
lagen), low impedance for cell mobility (hyaluronic acid), a reservoir for cytokines 
(Nathan and Sporn, 1991), and direct signals to the cells through integrin receptors 
(Damsky and Werb, 1992). 

Macrophages, fibroblasts, and blood vessels move into the wound space as a unit 
(Hunt, 1980), which correlates weIl with the proposed biological interdependence of 
these cells during tissue repair. That is, macrophages provide a continuing source of 
cytokines necessary to stimulate fibroplasia and angiogenesis, fibroblasts construct 
new extracellular matrix necessary to support cell ingrowth, and blood vessels carry 
oxygen and nutrients necessary to sustain cell metabolism. 

Granulation tissue formation will be discussed further under the categories: fi-
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broplasia, a dynamic reciprocity of fibroblasts, cytokines, and extracellular matrix; and 
neovascularization, a protease- and integrin-dependent event. 

4.1. Fibroplasia: ADynamie Reciprocity of Fibroblasts, Cytokines, 
and Extracellular Matrix 

Fibroplasia consists of granulation tissue components that arise from fibroblasts. 
Thus, fibroplasia is an admixture of fibroblasts and extracellular matrix. A procession 
of cytokines, with chemotactic, mitogenic, and modulatory activities, stimulate the 
fibroblast response necessary to elicit fibroplasia formation (Chapters 5-8). Many of 
these cytokines are released from platelets and macrophages (Fig. 2); however, fi
broblasts themselves can produce cytokines to which they respond in an autocrine 
fashion (Sporn and Roberts, 1986). Regardless of their exact origin, cytokines gener
ated at a wound site most likely act in concert to induce fibroblast proliferation and 
migration into the wound space, and ECM production (also see Chapter 9). Multiple 
complex interactive biological phenomena occur within fibroblasts as they respond to 
wound cytokines, including the induction of additional cytokines (Loef et al., 1986; 
Raines et al., 1989) and modulation of cytokine receptor number or affinity (Op
penheimer et al., 1983; Assoian et al., 1984). In vivo studies support the hypothesis that 
growth factors are active in wound repair fibroplasia. Several studies have demon
strated that PDGF, PDGF-like peptides, TGF-a, and EGF-like peptides are present at 
sites of tissue repair (Grotendorst et al., 1989; Matsuoka and Grotendorst, 1989; Katz et 
al., 1991). Furthermore, purified and recombinant-derived growth factors have been 
shown to stimulate wound granulation tissue in normal and compromised animals 
(Sporn et al., 1983; Lawrence et al., 1986; Lynch et al., 1989; Pierce et al., 1989; 
Greenhalgh et al., 1990; Mustoe et al., 1991), and a single growth factor may work 
both direct1y and indirect1y by inducing the production of other growth factors in situ 
(Mustoe et al., 1991). 

Structural molecules of the early extracellular matrix also contribute to tissue 
formation by providing a scaffold for contact guidance (fibronectin and collagen), low 
impedance for cell mobility (hyaluronic acid) (Toole, 1991), and a reservoir for cyto
kines (Nathan and Sporn, 1991). In addition, a dynamic reciprocity between fibroblasts 
and their surrounding extracellular matrix creates further complexity. That is, fi
broblasts affect the extracellular matrix through new synthesis, deposition, and re
modeling of the extracellular matrix (Kurkinen et al., 1980; Welch et al., 1990), while 
the extracellular matrix affects fibroblasts by regulating their function, including their 
ability to synthesize, deposit, and remodel the extracellular matrix (Mauch et al., 1988; 
Grinnell, 1994; Clark et al., 1995a). Thus, the interactions between extracellular matrix 
and fibroblasts dynamically evolve during granulation tissue development. 

As fibroblasts migrate into the wound space, they initially penetrate the blood dot 
composed of fibrin and lesser amounts of fibronectin and vitronectin. Since cells can 
adhere to and detach from fibronectin substratum (Lark et al., 1985) and fibronectin 
can bind to fibrin either noncova1ently (Garcia-Pardo et al., 1985) or covalently (Mo
sher and Johnson, 1983), fibroblasts can presumably use fibronectin matrix for move-
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Figure 2. Initiation of fibroplasia by activated macrophages. Peripheral blood monocytes are recruited to a 
site of injury by a variety of specific and nonspecific chemotactic factors. Adhesion to extracellular matrix 
(ECM) substrata and certain cytokines activate the monocyte to become a fibrogenic macrophage that 
produces factors, such as PooF and TGF-ß, that stimulate fibroblast proliferation, migration, and ECM 
production, respectively. Fibroblasts that are thereby recruited to the wound transform into myofibroblasts, 
which contract the wound under PooF and TGF-ß stimulation once they have formed connection with each 
other and the ECM. (From Clark, 1993). 

ment through the wound as they do for movement in tissue culture (Hsieh and Chen, 
1983). Fibroblasts also may use fibrin and vitronectin directly as substratum for trans
location since they can directly attach to both of these matrix proteins (Dejana et al., 
1984; Singer et al. , 1988). Fibroblasts bind to fibronectin, vitronectin, and fibrin 
through specialized cell membrane receptors of the integrin superfamily (Chapter 9) 
(Table I) (Ruoslahti, 1991; Hynes, 1992). The Arg-Gly-Asp-Ser (RGDS) tetrapeptide 
within the cell-binding domain of these proteins is critical for binding to the integrin 
receptors. In addition, the CSIII domain of fibronectin provides a second binding site 
for human dermal fibroblasts via the a4ßl integrin receptor (Gailit et al. , 1993). 
Interestingly, in studies on cultured fibroblastlike celllines, the a4ß 1 integrin receptor 
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facilitates movement, while the classic fibronectin receptor a5ßl retards movement, at 
least when overexpressed (Giancotti and Ruoslahti, 1990; Chan et al., 1992). Impor
tantly, wound fibroblasts produce a fibronectin that contains abundant alternative 
splice sites within the CSIII domain (ffrench-Constant et al., 1989; Brown et al., 
1993a). Thus, in vivo expression of the a4ßl receptor may facilitate migration into a 
wound space, while expression of the a5ßl receptor may interrupt migration and 
induce the cell to reside at its existent location. In fact, a5ßl is maximally expressed in 
wound fibroblasts after they cease migration and establish links to the extracellular 
matrix (Welch et al., 1990). 

Both PDGF and TGF-ß can stimulate fibroblasts to migrate (Seppa et al., 1982; 
Senior et al., 1985; Postlethwaite et al., 1987) and can up-regulate integrin receptors 
(Heino et al., 1989; Ahlen and Rubin, 1994; Gailit et al., 1995). Therefore, these 
growth factors may be partially responsible for inducing a migrating fibroblast phe
notype. Furthermore, the extracellular matrix alters PDGF regulation of fibroblast 
integrins (Xu and Clark, 1995). When fibroblasts are in a fibrin or fibronectin matrix, 
PDGF maximally stimulates receptors for these ligands, while maximal stimulation of 
collagen receptors occur when fibroblasts are in collagen gels. Hence, fibroblast re
sponds to PDGF differently, depending on the extracellular matrix environment. In 
vitro fibroblast migration also has been observed in response to a variety of chemoat
tractants, including fragments of the 5th component of complement (Postlethwaite et 
al., 1979; Senior et al. , 1988); types I, 11, and III collagen-derived peptides (Postleth
waite and Kang, 1976); a fibronectin fragment (Postlethwaite et al., 1981); elastin
derived peptides (Senior et al., 1980); and interleukin 4 (lL-4) (Postlethwaite and 
Seyer, 1991). 

Mechanistically, fibroblasts move toward a chemotactic gradient by extending 
lamellipodia toward the stimulus while their opposite poles remain firmly bound until 
released by some unknown process (see Chapter 12). This kind of cellular reorganiza
tion is similar to fibroblast movement up a surface-bound adhesion gradient, a process 
called haptotaxis (Carter, 1970; Harris et al., 1980; Trinkaus, 1984). In this system, 
fibroblasts translocate by extending lamellipodia randomly. Each cell protrusion com
petes for the cell 's finite surface membrane. When one lamellipodium becomes domi
nant, the cell spreads in that direction, pulling the cell forward and at the same time 
inhibiting further random protrusion activity. As the cell oozes forward and breaks old 
adhesions, the excess membrane at the trailing edge becomes available to resurne 
random protrusions. Again, the most adherent extension becomes dominant and mo
tility continues. Mechanically lifting the trailing edge of a migrating fibroblast off the 
substratum accelerates the advance of the leading edge of the cell (Chen, 1981). This 
observation supports the idea that the leading edge competes for finite cell surface 
membrane. In addition, new membrane from the Golgi apparatus may be inserted 
selectively at the leading edge of the cell (Bergmann et al., 1983). 

Even in the absence of an adhesion gradient, extracellular matrix fibrils strongly 
influence the direction of fibroblast migration, since the cells tend to align and migrate 
along discontinuities in substrata to which they are attached, a process called contact 
guidance (Trinkaus, 1984). For example, cultured fibroblasts plated on preformed 
fibronectin fibrils migrate along, not across, the fibrils (Hsieh and Chen, 1983). In fact, 
neutrophils also migrate faster when the chemotactic gradient is parallel to surface-
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bound fibrin fibrils rather than perpendicular to this axis (Wilkinson and Lackie, 1983). 
Thus, extracellular matrix fibers can provide additional directional information to cells 
stimulated to migrate by chemotactic gradients. Thus, chemotactic, haptotactic, and 
contact guidance signals may all influence fibroblast migration into the provisional 
matrix-filled wound space. 

Movement into a cross-linked fibrin blood clot or any tightly woven extracellular 
matrix mayaiso necessitate an active proteolytic system that can cleave a path for 
migration. A variety of fibroblast-derived enzymes in conjunction with serum-derived 
plasmin are potential candidates for this task, including plasminogen activator, inter
stitial collagenase [matrix metalloproteinase 1, (MMP-l)], gelatinase (MMP-2), and 
stromelysin (MMP-3) (Grant et al., 1987; Wilhelm et al., 1987; Saus et al., 1988; 
Stetler-Stevenson et al., 1989). Some chemotactic factors, such as PDGF and TGF-ß, 
can also stimulate the production and secretion of these proteinases (Laiho et al., 1986; 
Overall et al., 1989) (see Chapter 14 for details). 

Once the fibroblasts have migrated into the wound, they gradually switch their 
major function to protein synthesis (Welch et al., 1990). Initially, the endoplasmic 
reticulum and Golgi apparatus become more dispersed throughout the cytoplasm of 
each cell as the fibroblasts begin to deposit loose extracellular matrix composed of 
great quantities of fibronectin (Kurkinen et al., 1980; Grinnell et al. , 1981). Ultimately, 
the migratory phenotype is completely supplanted by a profibrotic phenotype charac
terized by abundant rough endoplasmic reticulum and Golgi apparatus filIed with new 
collagen protein (Welch et al., 1990). Since TGF-ß is highly expressed in these cells 
(Clark et al., 1995a) and can induce fibroblasts to produce great quantities of collagen 
(Ignotz and Massague, 1986; Roberts et al., 1986), one presumes a causal relationship. 

Interleukin-4 also induces a modest increase in production of types I and III 
collagen as weIl as fibronectin (Postlethwaite et al., 1992). Mast cells, which are 
present in wounds, as weIl as fibrotic tissue, produce IL-4 and may contribute to 
collagenous matrix accumulation by reIeasing IL-4 in these sites. Mast cells also 
produce an abundance of tryptase, a serine esterase, which has recently been demon
strated to stimulate cultured fibroblast proliferation (Ruoss et al., 1991). 

Once an abundant collagen matrix is deposited in the wound, fibroblasts cease 
collagen production despite the continuing expression of TGF-ß (Clark et al., 1995a). 
Although the stimuli responsible for fibroblast proliferation and matrix synthesis dur
ing wound repair were originally extrapolated from many in vitro investigations over 
the past two decades (Derynck, 1988; Ross and Raines, 1990; Sporn and Roberts, 
1992) and then confirmed by in vivo manipulation of wounds within the last 10 years 
(Sprugel et al., 1987; Pierce et al., 1991; Schultz et al., 1991), less attention had been 
directed toward elucidating the signals responsible for down-regulating fibroblast pro
liferation and matrix synthesis until more recently. Both in vitro and in vivo studies 
suggest that gamma-interferon may be one such factor (Duncan and Berman, 1985; 
Granstein et al., 1987). In addition, collagen matrix can suppress both fibroblast prolif
eration and fibroblast collagen synthesis (Grinnell, 1994; Clark et al., 1995a). In 
contrast, a fibrin or fibronectin matrix has little or no suppressive effect on the mito
genic or synthetic potential of fibroblasts (Clark et al., 1995a) even though baseline 
type I collagen mRNA is somewhat suppressed in fibrin gels (pardes et al., 1995). 

Although the attenuated fibroblast activity in collagen gels is not associated with 
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Table VII. Fibroblasts in Wound Repair 

Activity 

Growth factor production 
Proliferation and migration 
Protease release 

ECM production 
Dynamic linkage between 

actin bundles and ECM 
Program cell death 

Effect 

Autocrine and paracrine stimulation 
Granulation tissue formation 
Provisional matrix lysis and ECM 

remodeling 
Connective tissue formation 
Tissue contraction 

Transition from cell-rich granula
tion tissue to cell-poor scar 
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cell death, many fibroblasts in day-l0 healing wounds develop pyknotic nuclei, a 
cytological marker for apoptosis or prograrnmed cell death (Williams, 1991). The 
signal(s) for wound fibroblast apoptosis has not been elucidated; nevertheless, this 
phenomenon marks the transition from a fibroblast-rich granulation tissue to a rela
tively acellular scar. Thus, fibroplasia in wound repair is tightly regulated, whereas 
functional dysregulation of these processes occurs in fibrotic diseases such as keloid 
formation, morphea, and scleroderma. Table VII summarizes the activities of fi
broblasts during wound healing. 

4.2. Neovascularization: A Protease- and Integrin-Dependent Event 

Fibroplasia would halt if neovasculariZ31ion failed to accompany the newly form
ing complex of fibroblasts and extracellular matrix. The process of new blood vessel 
formation is called angiogenesis (see Chapter 11 for details) and has been extensively 
studied in the chick chorioallantoic membrane and the cornea (Folkman and Shing, 
1992). One or two days after implantation of angiogenic material in the cornea, the 
basement membrane of venules in the adjacent limbus begins to fragment, probably 
secondary to local endothelial cell enzyme release. In vitro studies support this possi
bility, since endothelial cells migrating through a filter impregnated with radiolabeled 
basement membrane collagens degrade these collagens during their transit (Kalebic et 
al., 1983) and capillary endothelial cells grown on human amnion basement membrane 
release plasminogen activator and collagenase in response to angiogenic stimuli (Mag
natti et al., 1989). Endothelial cells from the side of the venule closest to the angiogenic 
stimulus begin to migrate on the second day by projecting pseudopodia through frag
mented basement membranes. Subsequently, the entire endothelial cell migrates into 
the perivascular space and other endothelial cells follow. Endothelial cells remaining in 
the parent vessel begin to proliferate by the second or third day, providing a continuing 
source of endothelial cells for angiogenesis. Ultimately, many endothelial cells within 
the neovasculature proliferate. However, endothelial cells at the capillary tip do not 
divide (Ausprunk and Folkman, 1977). Capillary bud formation and extension can 
continue temporarily even after sufficient x-irradiation has been given to inhibit all 
DNA synthesis (Sholley et al., 1978). These findings imply that angiogenic stimuli 
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may operate through chemotaxis and that endothelial replication may be a secondary 
event (Folkman, 1982). Capillary sprouts eventually branch at their tips and join to 
form capillary loops through which blood flow begins. New sprouts then extend from 
these loops to form a capillary plexus. 

Angiogenesis is a complex process that relies on an appropriate extracellular 
matrix in the wound bed as weH as phenotype alteration, stimulated migration, and 
mitogenic stimulation of endothelial cells (see Chapter 11 for details). Endothelial cell 
phenotype is modified during angiogenesis (Ausprunk and Folkman, 1977), but the 
angiogenic phenotype is not as weH delineated as the fibroblast and epidermal cell 
alterations described previously. 

The soluble factors that stimulate angiogenesis in wound repair are not known. 
Many candidates exist, however, including numerous endothelial cell growth and che
motactic factors recognized by in vitro assays as well as angiogenic substances demon
strated by corneal or chorioaHantoic membrane systems (Folkman and Klagsbrun, 
1987). Angiogenic activity has been recovered from aetivated macrophages as weH as 
various tissues including the epidermis and cutaneous wounds. For awhile, acidic or 
basic fibroblast growth factor (aFGF and bFGF) appeared to be responsible for most of 
these activities (Folkman and Klagsbrun, 1987). More recently, however, other mole
cules have been also shown to have angiogenic activity. These include TGF-a, TGF-ß, 
TNF-a, platelet-derived endothelial ceH growth factor (PD-ECGF), angiogenin, an
giotropin, vascular endothelial growth factor (VEGF), interleukin-8 (IL-8), PDGF, and 
low-molecular-weight substances including the peptide KGHK, low oxygen tension, 
biogenic amines, and lactic acid (Folkman and Shing, 1992; Koch et al., 1992; Bat
tegay et al., 1994; Lane et al., 1994). 

The VEGF stimulates endothelial ceH proliferation in vitro and causes marked 
vasopermeability in vivo (Keck et al., 1989); thus, the factor has been caHed vascular 
permeability factor (VPF) as weH as VEGF. It is related to the PDGF family of growth 
factors (see Chapter7) and is produced in large quantities by the epidermis during 
wound healing (Brown et al., 1992). 

Despite promoting angiogenesis in vivo (Roberts et al., 1986; Yang and Moses, 
1990), TGF-ß is inhibitory to the growth and proliferation of monolayer endothelial eell 
growth (Baird and Durkin, 1986; Frater-Schroder et al., 1986; Heimark et al., 1986). 
However, a more recent study has demonstrated that TGF-ß is amitogen for eultured 
endothelial cells that have formed eapillarylike tubes (lruela-Arispe and Sage, 1993). 
Likewise, cultured monolayer endothelial ceHs make PDGF-BB, but have no reeeptor for 
this ligand. In contrast, onee the cultured cells form tubes, they express PDGF-ß reeeptor 
and respond to the ligand that they no longer produce (Battegay et al., 1994). 

Angiogenin and TNF-a also stimulate angiogenesis in vivo, but inhibit cultured 
endothelial ceH monolayer growth (Folkman and Shing, 1992). Whether these mole
cules stimulate mitogenesis of cultured endothelial cell tubes remains to be determined. 
Clearly, endothelial ceH response depends on the microenvironment and the cell's 
phenotype. Molecules may also induce angiogenesis in vivo by stimulating chemotaxis 
of endothelial ceHs or by recruiting monocytes or other cells to produce angiogenic 
factors (Weisman et al., 1988). 

Turning to the protein side of the angiogenesis equation, peptides within proteins 
may have very different activities than the intact protein. As examples of this general 
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phenomenon, biologically active fibrinopeptides A and B and anaphylatoxins C3a and 
C5a are released by proteolysis from fibrinogen and the complement components C3 
and C5, respectively. In angiogenesis regulation, it has recently been discovered that 
KGHK peptides, which can be proteolytically released from osteopoutin (SPARC), are 
potent angiogenic factors, while the parent protein has moderate angiostatic activity 
(Funk and Sage, 1993; Lane et al., 1994). Other low-molec!llar-weight molecules that 
appear to potentiate angiogenesis include low oxygen tension, biogenic amines, and 
lactic acid, all of which are generated in the relatively hypoxic wound environment. 
Some agents may promote angiogenesis indirectly by injuring parenchymal cells and 
thereby causing the release of FGF, which is otherwise not secreted (Jackson et al., 
1992). Alternatively, low oxygen tension may stimulate macrophages to produce and 
secrete angiogenic factors (Knighton et al., 1983). 

Folkman and Shing (1992) have postulated that endothelial cell migration can 
induce proliferation. If this is true, endothelial cell chemotactic factors may be critical 
for angiogenesis. Adult tissue extracts and fibronectin stimulate endothelial cell migra
tion across filters in chemotactic chambers (Glaser et al., 1980; Bowersox and Sor
gente, 1982); platelet-derived factors stimulate radial outgrowth from irradiated endo
thelial cell colonies (Wall et al., 1978); and heparin as well as platelet factors stimulate 
phagokinetic migration of endothelial cells cultured on surfaces coated with colloidal 
gold particles (Azizkhan et al., 1980; Bernstein et al., 1982). Some factors, of course, 
may have both mitogenic and chemotactic activities. For example, PDGF can be either 
a chemotactic factor or a mitogenic factor for dermal fibroblasts (Senior et al., 1985). 

Besides growth factors and chemotactic factors, an appropriate extracellular ma
trix is also necessary for angiogenesis (also see Chapter 11). For example, aortic 
endothelial cell migration depends on continued collagen secretion (Madri and Stenn, 
1982), is accompanied by chondroitin and dermatan sulfate proteoglycan synthesis 
(Kinsella and Wight, 1986), is enhanced by type IV collagen but not larninin (Herbst er 
al., 1988), and is inhibited by fibronectin (Madri et al., 1989). Three-dimensional gels 
of extracellular matrix proteins have an even more pronounced effect on both large and 
small vessel endothelial cells. Rat epididymal microvascular cells cultured in type I 
collagen gels with TGF-ß produce capillarylike structures within 1 week (Madri et al., 
1988). Omission of TGF-ß markedly reduces the effect. In contrast, laminin-containing 
gels in the absence of growth factors induce human umbilical vein and dermal micro
vascular cells to produce capillarylike structures within 24 hr of plating (Kubota et al., 
1988). Together, these studies support the hypothesis that the extracellular matrix plays 
an important role in angiogenesis. 

Findings of several in vivo studies on angiogenesis are in concert with the obser
vation that extracellular matrix profoundly affects cultured endothelial cell morphology 
and function. Proliferating microvascular blood vessels adjacent to and within wounds 
transiently deposit increased amounts of fibronectin within the vascular wall (Clark et 
al., 1982a,c). Furthermore, capillary buds in a neovascularizing cornea are surrounded 
by an amorphous provisional matrix instead of a basement membrane (Ausprunk et al., 
1981). This amorphous matrix is reminiscent ofthe fibronectin-rich provisional matrix 
under migrating wound epithelia (Clark et al., 1982b). Since cultured microvascular 
endothelial cells adhere to fibronectin (Clark et al., 1986), the fibronectin matrix 
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associated with activated blood vessels may act as a contact guidance system far 
endothelial ceIl movement. In support of this hypothesis, angiogenesis in the chick 
chorioallantoic membrane is dependent on the expression of Clvß3, an integrin that 
recognizes fibrin and fibronectin, as weIl as vitronectin (Brooks et al., 1994a). Further
more, in porcine cutaneous wounds, Clvß3 is only expressed on capillary sprouts as 
they invade the fibrin dot (Clark et al., 1995a). In vitro studies, in fact, demonstrate 
that Clvß3 can promote endothelial cell migration on provisional matrix proteins (Leav
esley et al., 1993). 

With the multiple bits of data outlined above, aseries of events leading to an
giogenesis can be hypothesized (Fig. 3). Tissue injury causes tissue cell destruction and 
disruption. Proteolytic enzymes released into the connective tissue degrade extracellu
lar matrix proteins, induding fibronectin. Fibronectin fragments and other degradation 
products from other extraceIlular matrix proteins attract peripheral blood monocytes to 
the injured site. Activated macrophages and injured tissue ceIls release FGF, which 
stimulates endothelial ceIls to release plasminogen activator and procollagenase. Plas
minogen activator converts plasminogen to plasmin and procollagenase to active col
lagenase, and in concert these two proteases digest basement membrane constituents 
(see Chapter 14 for details). The fragmentation of the basement membrane allows 
endothelial cells to migrate into the injured site in response to FGF, fibronectin frag
ments, heparin released from disrupted mast ceIls, and other endothelial cell chemoat
tractants. As endothelial cells migrate into the fibrin-fibronectin-rich wound, they 
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Figure 3. Initiation of angiogenesis. Fibroblast growth factor (FGF) released from injured cells stimulates the 
endothelial cells to release plasminogen activator (PA) and procollagenase. PA liberates plasmin from 
plasma-derived plasminogen and activates collagenase. Together these enzymes degrade the basement mem
brane (BM) beneath the stimulated endothelial cells. Endothelial cell chemoattractants such as heparin and 
fibronectin fragments (FNF), which have been released at the site of injury, stimulate the endothelial cells to 
project pseudopodia through the BM defect and subsequently to migrate into the connective tissue space. 
(From Clark, 1993). 
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Table VIII. Endothelial Cells in Wound Repair 

Aetivity 

Thrombomodulin and 
syndecan surfaee 
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Prostaeyelin release 
Plasminogen aetivator release 
Surfaee expression of eell 

adhesion moleeules 
Meta1loproteinase release 
Growth faetor produetion 
Migration and proliferation 
ECM produetion 

Tube formation 
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Limits eoagulation 

Limits platelet thrombi 
Clot lysis 
Leukocyte diapedesis 

Basement membrane degradation 
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Angiogenesis 
Provisional matrix and basement 

membrane formation 
Blood flow 
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fonn tubes that express avß3 integrin to facilitate adhesion and migration. Tbe neo
vasculature first deposits its own provisional matrix containing fibronectin and pro
teoglycans, and ultimately fonns a true basement membrane. Tbe TGF-ß may stimu
late the fibronectin and proteoglycan synthesis as well as induce the correct endothelial 
cell phenotype for capillary tube fonnation. The FGF and other mitogens such as 
VEGF stimulate endothelial cell proliferation, resulting in a continual supply of endo
thelial cells for capillary extension. In summary, evidence has accumulated that an
giogenesis is a complex process depending on at least four interrelated phenomena: cell 
phenotype alteration, chemoattractant-driven migration, mitogenic stimulation, and an 
appropriate extracellular matrix (see Chapter 11 for more details). 

Within a day or two after removal of angiogenic stimuli, capillaries undergo 
regression as characterized by: mitochondrial swelling in the endothelial cells at the 
distal tips of the capillaries; platelet adherence to degenerating endothelial cells; vascu
lar stasis; endothelial cell necrosis; and ingestion of the effete capillaries by macro
phages (Ausprunk et al., 1978). Although avß3 has recently been shown to regulate 
apoptosis of endothelial cells in culture and in tumors (Brooks et al., 1994b), avß3 is 
not present on wound endothelial cells as they undergo programmed cell death, indicat
ing another pathway of apoptosis in wound blood vessels (M. G. Tonnesen and R. A. F. 
Clark, unpublished observations). Endothelial cell activities that contribute to cutane
ous wound repair in general are outlined in Table VIII. 

5. Tissue Remodeling: Transition from Provisional Matrix to 
Collagenous Scar 

Extracellular matrix remodeling, cell maturation, and cell apoptosis create the 
third phase of wound repair, which overlaps with tissue fonnation. In fact, remodeling 
of the extracellular matrix and maturation of the neoepidennis, fibroplasia, and neo-
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vasculature begin at the wound margin while granulation tissue is still invading the 
wound space in all but the smallest wounds (Kurkinen et al., 1980). Once the wound is 
filled with granulation tissue and covered with a neoepidermis, fibroblasts transform 
into myofibroblasts, which contract the wound, and epidermal cells differentiate to 
reestablish the permeability barrier. Endothelial cells appear to be the first cell type to 
undergo apoptosis, followed by the myofibroblasts, leading gradually to a rather acellu
lar scar. In the months following granulation tissue formation, the extracellular matrix 
continuously, albeit slowly, changes (Compton et al., 1989). 

Spatially, extracellular matrix is deposited first at the wound margin concurrent 
with granulation tissue development, and then more centrally as the granulation tissue 
grows into the wound space. However, at any given time, the extracellular matrix at the 
wound margin differs qualitatively and quantitatively from the extracellular matrix 
situated centrally. Thus, composition and structure of granulation tissue extracellular 
matrix depends both on the time elapsed since tissue injury and on the distance from 
the wound margin (Kurkinen et al., 1980). The TGF-ß, which is known to stimulate the 
production of fibronectin (lgnotz and Massagne, 1986) and collagen (Roberts et al., 
1986), appears in wound fibroblasts that are producing type I procollagen as judged by 
immunofluorescence (Clark et al., 1995a). However, once the collagenous extracellular 
matrix is established, collagen synthesis ceases despite the continued presence of 
TGF-ß (Clark et al., 1995a). Thus, the progression of tissue formation, i.e., cell matrix 
maturation, at any given time and place in a wound probably depends not only on the 
cells, cytokines, and enzymes present in that locale but also on the extracellular matrix 
microenvironment. This complex interaction and feedback control of cells-cytokines
enzymes-matrix has been termed dynamic reciprocity. 

Extracellular matrix components serve several critical functions for effective 
wound repair. First, during granulation tissue formation, fibronectin provides a provi
sional substratum for the migration and ingrowth of cells, a linkage for myofibroblasts 
to affect wound contraction, and a nidus for collagen fibrillogenesis. The presence of 
large quantities of highly hydrated hyaluronic acid in granulation tissue provides a 
matrix that is easily penetrated by ingrowing parenchymal cells. The early formation of 
types I, III, and V collagen fibrils provides nascent tensile strength for the wound. As 
the matrix matures over the ensuing weeks, the fibronectin and hyaluronic acid disap
pear; collagen bundles grow in size, increasing wound tensile strength; and proteogly
cans are deposited, increasing wound resilience to deformation. It is also clear that 
many if not all extracellular matrix molecules can regulate cell function through inter
action with specific cell surface receptors that transduce signals to the nucleus (see 
Chapters 2, 9, 15, and 16). 

5.1. Provisional Matrix Alteration: Clot Lysis and Additional Deposition 

Provisional matrix can consist of any extracellular matrix that is transiently pres
ent and has a provisional function. In wounds the fibrin clot with all its associated 
proteins is the classic example of a provisional matrix. Denatured collagen mayaiso 
serve such a function, and several integrins have recently been found to bind this form 
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of collagen, either directly or indirectly (Davis, 1992; Pfaff et al., 1993; Tuckwell et al., 
1994). Once the initial fibrin matrix is cleared by proteolysis, the invading cells deposit 
a second provisional matrix rich in fibronectin and hyaluronan. Most if not all of these 
provisional matrix composites seem to promote cell proliferation and migration. 

5.1.1. Fibrin Deposition and Lysis 

The first extracellular matrix to be deposited in the wound space and surrounding 
tissue is the fibrin clot, which contains a piethora of other proteins including fibronec
tin, vitronectin, von Willebrand factor, and thrombospondin, as weIl as growth factors. 
This extracellular matrix has been termed the provisional matrix (Clark et al., 1982b) 
(see Chapter 2). Fibrin is the major structural protein in the clot. It is derived from 
fibrinogen, a plasma protein circulating at 3 mg/mI. Fibrinogen has a molecular mass 
of 340 kDa and consists of three pairs of polypeptide chains, An, Bß, and -y chains, 
held together by disulfide bonds. Fibrin is formed when thrombin cleaves first fi
brinopeptide A and then fibrinopeptide B from fibrinogen. This process generates new 
amino-terminal ends in the n and ß chains that interact with sites in the -y chain 
carboxyl-termini of adjacent fibrinogen molecules. Such interaction leads to nonco
valent lateral assembly of fibrin monomers into protofibrils. Protofibrils aggregate to 
form fibrin fibrils that intertwine, producing a clot. For effective hemostasis, the fibrin 
clot must interact with platelets. This interaction is mediated by the platelet membrane 
receptor GPIIb-IIIa (nIIbß3 integrin). On nonactivated platelets, this receptor selec
tively binds fibrinogen or fibrin. After platelet activation, however, the receptor binds 
von Willebrand factor, fibronectin, and vitronectin as weIl as fibrin(ogen) (Ginsberg et 
al., 1992). Of note is the fact that the interaction of nIIbß3 with a fibrinogen substrata 
can activate the receptor so that it recognizes other ligands (Du et al., 1991). Through 
protein-protein interactions, platelet-protein interactions, and cell-protein interactions, 
the clot becomes firmly integrated in the wounded tissue where it provides a scaffold 
for cell migration and proliferation; a reservoir for growth factors, proteases, and 
protease inhibitors; and an inducer and modulator of cell function, as weIl as a hemo
statie plug. 

The fibrin clot may contain fibronectin (Mosesson and Umfleet, 1970; Clark et al., 
1982b), vitronectin (Preissner and Jenne, 1991), plasminogen (Castellino et al., 1983), 
plasminogen activator (Thorsen et al., 1972), plasminogen activator inhibitor (Wagner 
et al., 1989), and thrombin (Liu et al., 1979; Wilner et al., 1981; Kaminski and Mc
Donagh, 1983; Siebenlist et al., 1990). Furthermore, preliminary data indicate that two 
cytokines, TGF-ß and PDGF, bind fibrinogen and fibrin. In addition, <x2-plasmin 
inhibitor can be reversibly cross-linked to fibrinogen or fibrin by factor XIIIa (Sakata 
and Aoki, 1980). As the fibrin clot undergoes degradation, these associated proteins 
may either be destroyed or released as active moieties. Of course, the associated 
plasminogen activator, plasminogen activator inhibitor, and <X2-plasmin inhibitor can 
exert major control over the degradation process itself. 

Although fibrin can promote fibroblast migration into the matrix (Brown et al., 
1993b), fibrin-associated fibronectin (Mosesson and Umfleet, 1970) also appears to 
playa critieal role for cell migration into clot (Knox et al., 1986). Fibrin matrix also 
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appears to playa complex but potentially critical role in fibroblast gene expression. For 
example, although fibrin depresses baseline fibroblast collagen mRNA (pardeset al., 
1995), fibrin matrix is permissive to TGF-ß stimulation of fibroblast collagen synthesis 
(Clark et al., 1995a). In contrast, collagen matrix attenuates the fibroblast response to 
TGF-ß. Furthermore, fibrin matrix also enhances the ability of PDGF to induce provi
sional matrix integrins a3ßl and a5ßl by stabilizing a3 and a5 mRNA (Xu and Clark, 
1995). Thus, it is becoming clear that the fibrin provisional matrix prornotes an early 
granulation tissue fibroblast phenotype. In contrast, collagen matrix prornotes a relative 
quiescent dermal-resident fibroblast phenotype (Grinnell, 1994). 

It appears that as the granulation tissue invades the fibrin clot, it is lysed (Clark et 
al., 1995b). This is in concert with the observation that the leading edge of granulation 
tissue expresses proteases (Saarialho-Kere et al., 1992). Concomitantly, fibroblasts be
gin to deposit a web of fibronectin (Welch et al., 1990) immersed in a sea of hy
aluronan (Bently, 1967). Thus, the wound transcends from the initial plasma-derived 
provisional matrix to in situ cell-derived provisional matrix (Clark et al., 1983; Welch 
et al. , 1990), which can probably be more intimately controlled by the wound cells than 
the original fibrin clot. 

5.1.2. Fibronectin 

The clot provisional matrix contains much fibronectin (see Chapter 2). Fibronec
tin is a multifunctional cell adhesion protein found in blood and in a variety of tissues. 
Since it circulates in the blood at an appreciable concentration (0.3 mg/mI) and has an 
affinity for fibrin, it is thus present in clots at a substantial concentration. Specific 
functional domains and cell-binding sites permit fibronectin to interact with a remark
ably wide range of cell types, extracellular matrix, and cytokines. Although encoded by 
a single gene, fibronectin exists in a number of variant forms that differ in sequence at 
three general regions of alternative splicing. Thus, its molecular weight varies from 
approximately 250 to 350 kDa. Nevertheless, it is always composed of two nearly 
identical chains that are linked by a single disulfhydryl bond. 

Plasma fibronectin is first deposited in conjunction with fibrin, but after clot lysis, 
cellular fibronectin is deposited by a variety of wound cells (Clark et al., 1982c, 1983; 
Grimwood et al. , 1988; Brown et al., 1993a). Various spliced forms of fibronectin are 
found in the wound, but their differential roles have not been delineated (ffrench
Constant et al., 1989; Brown et al., 1993a). In general, these fibronectins probably have 
a multitude of functions in the wound (Clark, 1988). Clearly, fibronectin can support 
fibroblast, keratinocyte, and endothelial cell adhesion and movement (Grinnell and 
Feld, 1979; Hsieh and Chen, 1983; Clark et al., 1985, 1986; O'Keefe et al., 1985); and 
a 120-kDa fragment containing the Arg-Gly-Asp (RGD) cell binding is chemotactic for 
fibroblasts, endothelial cells, and monocytes (Postlethwaite et al., 1981; Bowersox and 
Sorgente, 1982; Clark et al., 1988; Doherty et al., 1990). Fibronectin can also opsonize 
extracellular matrix debris and activate macrophages so they can more effectively 
phagocytize such particles and thus debride the wound (Pommier et al., 1983; Brown 
and Goodwin, 1988). In addition to its role in cell recruitment and opsonization, 
fibronectin may serve as a template for collagen deposition (McDonald et al., 1982). 



26 Chapter 1 

Recently, the complex structural biology and regulatory control of fibronectin matrix 
assembly have become more clear (McDonald et al., 1987; Morla and Ruoslahti, 1992; 
Mosher et al., 1992; Checovich and Mosher, 1993; Somers and Mosher, 1993; Wu et 
al., 1993; Zhang et al., 1993; Hocking et al., 1994; Sottile and Wiley, 1994) (also see 
Chapter 2). 

Fibronectin acting through a variety of integrin receptors mayaiso modulate gene 
expression similar to fibrin (Werb et al., 1989, 1990; Xu and Clark, 1995). For exam
pIe, fibroblasts that have adhered to the 120-kDa fibronectin fragment, containing the 
RGD cell-binding domain but not other integrin recognition sites, express metallopro
teinase-l, the classic mammalian collagenase (Werb et al., 1989). However, when 
fibroblasts reside on intact fibronectin, which contains the a4ß 1 integrin recognition 
site CS-l, collagenase is not induced (Huhtala et al., 1995). Hence, fibronectin trans
mits different signals to cells, depending on whether it is intact or fragmented. Fi
bronectin fragmentation, as would occur during granulation tissue invasion of the fibrin 
clot, might trigger a positive feedback loop by eliciting more enzyme secretion that 
would cause more fibronectin digestion. 

After clot lysis, fibronectin is deposited by fibroblasts as a second-order provi
sional matrix (Welch et al. , 1990). The in vivo interrelationship offibronectin and types 
I and III collagen deposition has been studied utilizing cellulose sponge implants in rats 
(Kurkinen et al., 1980). Seven days after subcutaneous implantation, fibroblasts in
vaded 1-2 mm into the sponge and argyrophilic reticulin fibers, which stained uni
formly and strongly for fibronectin, appeared. Type III procollagen and some type I 
collagen were present but trailed behind the leading edge of fibroblasts. As mentioned 
previously, unique spliced variants of fibronectin are deposited at this time (ffrench
Constant et al., 1989). By 3-5 weeks, the fibroblasts had reached the center of the 
sponge where their numbers were now greatest, and the fibronectin and collagen 
distribution was as described in the sponge periphery at earlier times. The now more 
mature periphery contained birefringent collagen bundles that stained for type I col
lagen. Fibronectin was diminished after 5 weeks as more mature birefringent collagen 
fibers were formed. The appearance of fibronectin first and collagen second in healing 
wounds is consistent with fibronectin serving as a template for collagen fibril organiza
tion (McDonald et al., 1982). 

The sequence of fibronectin followed by interstitial collagen has also been ob
served in wounds of other mammals (Holund et al., 1982) including humans (Viljanto 
et al., '1981), in embryogenesis, and in certain pathological processes. In each, fi
bronectin appears to be an early component, followed by type III collagen and then 
type I collagen. The initial fibronectin matrix can be easily degraded by either cell or 
plasma proteases (Furie and Rifkin, 1980; McDonald and Kelley, 1980; Vartio et al., 
1981). The fibrillar collagens ultimately form fibrous bundles that greatly enhance the 
tissue tensile strength. 

5.1.3. Hyaluronan 

Hyaluronan, or hyaluronic acid (HA), is a linear polymer of repeating N-acetyl 
glucosamine-glucuronic acid disaccharides. This molecule is in the general class of 
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polysaccharides termed glycosaminoglycans. All glycosaminoglycans are repeating 
disaccharides of hexosamine and an acidie sugar (see Chapter 15 for details). Most 
cells produce hyaluronan, but it is especially abundant around mesenchymal cells. 
Unlike other glycosaminoglycans it is synthesized at the plasma membrane through 
which the growing chain is extruded into the extracellular space (Prehm, 1983). This 
mechanism of synthesis allows for the production of very large molecules that can 
occupy an extraordinary volume since hyaluronan is extremely hydrophilic. 

Hyaluronan is a major component of early granulation tissue. In open cutaneous 
wounds hyaluronan content increases early, falls from day 5 to 10, and then remains 
fairly constant, while the sulfated glycosaminoglycans, chondroitin-4-sulfate and der
matan sulfate, increase from day 5 to 7 (Bently, 1967). Fibroblasts isolated from early 
granulation tissue produce substantially more hyaluronic acid than fibroblasts from 
normal skin (Bronson et al., 1987). In addition, during regeneration and morphogene
sis, HA appears at times of cell movement and mitosis and disappears at the onset of 
differentiation (Toole and Gross, 1971; Toole, 1972). That hyaluronan appears to 
promote cell movement is supported by the concomitant occurrence of hyaluronan and 
cell migration during both tissue repair and organ generation. Interestingly, no decrease 
in hyaluronan is observed during cutaneous healing of the fetal sheep (Longaker et al., 
1991), and this could contribute to the lack of scarring observed in fetal skin repair 
(Adzick and Longaker, 1992) (see Chapter 18). 

Hyaluronan probably promotes cell movement in early granulation tissue as it 
does in embryogenesis and morphogenesis (Toole, 1991). At least three possibilities 
exist, not necessarily mutually exclusively, for the role of hyaluronan in cell motility. 
First, HA may facilitate adhesion-disadhesion between the cell membrane and the 
matrix substratum during cell movement. It has been proposed that interaction of cell 
surface heparan sulfate and fibronectin mediates cell attachment to substratum and that 
accumulation of hyaluronan weakens this adhesion (Lark et al., 1985). Precise regula
tion of cell surface heparan sulfate and hyaluronan could result in waves of adhesion
disadhesion and cell movement. Second, since hyaluronan becomes extremely hy
drated, the expanded interstitial space at sites of deposition might allow more cell 
recruitment and proliferation in these areas (Toole, 1981). Finally, specific cell surface 
receptors exist for hyaluronan, and cell movement into hyaluronan-rich areas is likely 
to be mediated, at least in part, by such transmembrane proteins (Toole, 1991; Stamen
kovic and Aruffo, 1994). Although several distinct receptors for hyaluronan probably 
exist, only two have been weH characterized at the molecular level. The CD44 receptor 
is widely distributed and has multiple isoforms that result from alternative splicing of 
10 exons (Goldstein et al., 1989; Stamenkovie et al., 1989; Screaton et al., 1992; 
Underhill, 1992). Although the fibroblast receptor for hyaluronan-mediated motility 
(RHAMM) is not related to the link family of proteins as is CD44 (Hardwick et al., 
1992), it does share an HA binding motif with the link family of proteins (Yang et al., 
1994). These receptors seem to have different, but perhaps overlapping, ceHular func
tions. CD44 mediates ceH attachment to HA, cellular uptake, and degradation of 
hyaluronan and locomotion on hyaluronan substrates (Thomas et al., 1992; Underhill, 
1992). RHAMM mediates ceH locomotion in response to soluble HA (Turley, 1992). 
Compared to fibroblasts from normal skin, fibroblasts from hypertrophie scar display 
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an increased expression of CD44 and a decreased intemalization of CD44 in the 
presence ofhyaluronan (Messadi and Bertolami, 1993). RHAMM is induced on macro
phages and fibroblasts in rat skin wounds (E. A. Turley, personal communication), as 
weIl as on infiltrating macrophages in other types of tissue injury where RHAMM 
expression coincides with TGF-ßl secretion (Savani et al., 1994a,b). The TGF-ßl in 
vitro stimulates fibrosarcoma cell motility by simultaneously inducing the expression 
of RHAMM and the secretion of hyaluronan (Samuel et al., 1993). It is possible that 
TGF-ß in wounds stimulates migration by a similar mechanism. 

In addition to evidence that hyaluronan may facilitate cell movement, severallines 
of investigation suggest that hyaluronan may promote cell division. Hyaluronan pro
duction is greater during fibroblast proliferation in vitra (Hopwood and Dorfman, 
1977). Furthermore, stimulated proliferation of cultured fibroblasts by serum (Tomida 
et al., 1974), insulin (Moscatelli and Rubin, 1975), or EGF (Lembach, 1976) results in 
a marked increase in hyaluronan production. Thus, the presence of hyaluronan in the 
extracellular matrix may be important for cell division. The mechanistic reason may be 
similar to that proposed for cell motility. Hyaluronan receptor has been found to be 
preferentially expressed on proliferating epithelial cells (Alho and Underhill, 1989), 
suggesting that the proliferating cells may be more interactive with hyaluronan. 

As granulation tissue matures, hyaluronan is decreased through the action of 
tissue hyaluronidase, an enzyme that has specific endoglycosidic activity (Bertolami 
and Donoff, 1982). The sulfated glycosaminoglycans that replace hyaluronan are asso
ciated with a protein core and are called proteoglycans. These substances provide the 
tissue with more resilience than hyaluronan, but accommodate cell movement and 
proliferation less weIl. Thus, early in granulation tissue formation, fibroblasts deposit a 
fibronectin and hyaluronan matrix that is conducive to cell migration and proliferation 
and later a collagen and proteoglycan matrix that increases tissue tensile strength and 
resilience. 

5.2. Deposition of Proteoglycans and Collagen 

5.2.1. Proteoglycans 

Proteoglycans contain a core protein to which at least one glycosarninoglycan 
chain is covalently bound (see Chapter 15 for details). However, many proteoglycans 
contain numerous glycosaminoglycan chains that may be of one or several types. 
Individual glycosaminoglycan chains can vary from as few as 10 to as many as 20,000 
disaccharides. Classically, proteoglycans were named for the most prevalent gly
cosaminoglycan chain in their structure; however, with the cloning of several pro
teoglycan protein cores, specific proteoglycans have taken on specific names. The core 
proteins are diverse and heterogeneous, but share the capacity to bear glycosaminogly
can chains. Often, proteoglycans form a noncovalent aggregate with hyaluronan. Thus, 
enormous molecular versatility permits proteoglycans to have many diverse structural 
and organizational functions in tissues. Proteoglycans are found in cell secretory gran
ules, at the cell surface as either intrinsic or extrinsic membrane proteins, and in the 
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extracellular matrix. In fact, it is most logical to classify these molecules according to 
their resident location (see Table 11 in Chapter 15). Thus, proteoglycans will be noted as 
vesicular, extracellular, or transmembrane. Functions of these molecules include extra
cellular organization, growth factor storage in the extracellular matrix, promotion of 
growth factor receptor binding, enzyme and autocoid storage in cell granules, and 
regulation of blood coagulation. 

Proteoglycans first act in wounds as regulators of blood coagulation and time
release capsules for mast cell and platelet products. Heparin and heparan sulfate side 
chains, from the mast cell vesicular proteoglycan serglycin and from the endothelial cell 
transmembrane proteoglycan syndecan, respectively, can interact with antithrombin III 
to form complexes that inhibit factor Xa and thrombin (Danielson et al., 1986; Kojima et 
al. , 1992). Besides acting as an anticoagulant, serglycin heparin of mast cell granules 
binds histamine and a variety of cationic proteases. After mast cell granule discharge 
associated with injury, these biologically active factors are slowly released into the 
surrounding tissue through cation exchange (Wight et al., 1991). Histamine dilates blood 
vessels and increases vasopermeability, presumably to bring more cells and nutrients to 
the site of injury. The mast cell proteases tryptase and chymase probably facilitate wound 
debridement. Importantly, tryptase is also know to activate the very potent matrix 
metalloproteinase stromelysin, which in turn activates procollagenase (Gruber et al., 
1989). Platelet factor-4 (PF-4), the prototype molecule of a newly recognized family of 
cytokines called chemokines (Wolpe and Cerami, 1989), binds to chondroitin sulfate and 
exists in platelet a-granules complexed with the chondroitin sulfate proteoglycan ser
glycin (Perin et al., 1988). Other members of the PF-4 family may bind to serglycin 
within platelet and leukocyte granules. If so, the interaction may provide a reservoir for 
PF-4-like molecules at sites of inflammation and injury. 

Extracellular matrix proteoglycans containing chondroitin-4-sulfate and dermatan 
sulfate increase during the second week of wound repair as hyaluronan is on the wane 
(Bently, 1967) and are produced by mature scar fibroblasts (Bronson et al., 1988). 
Presumably these glycosaminoglycans are structural components of the proteoglycans 
decorin, biglycan, and versican (see Table 11 in Chapter 15). Decorin, in fact, has been 
shown to vary in wounds (Yeo et al., 1991). Extracellular matrix proteoglycan function 
in wounds is not entirely clear; however, great strides have been made over the last 
decade in elucidating possible functions for these molecules. Clearly, versican, which 
is related to the cartilage proteoglycan aggrecan, contributes substantially to tissue 
resilience (Wight et al., 1991). Severallines of in vitro and in vivo evidence also sug
gest that proteoglycans have the capacity to regulate collagen fibrillogenesis (McPher
son et al., 1988; Scott, 1993). Chondroitin-4-sulfate has been shown to accelerate 
polymerization of monomer collagen in vitro (Wood, 1960). Since this glycosamino
glycan occurs at high levels in granulation tissue (Kischer and Shetlar, 1974) but not in 
mature scar (Shetlar et al., 1972), it may facilitate collagen deposition during the matrix 
formation and remodeling phase of wound healing. That both collagen synthesis 
(Cohen et al., 1971) and chondroitin-4-sulfate levels (Shetlar et al., 1972) are elevated 
in hypertrophic scars supports this concept. Proteoglycans, like other matrix molecules, 
are probably continually remodeled during wound healing, especially at epithelial- and 
endothelial-stroma interfaces. 
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In addition to their structural role, extracellular matrix proteoglycans have the 
capacity to regulate cell function. Versican may promote cell migration by decreasing 
adhesion (Yamagata et al., 1993). Hyaluronan and other extracellular matrix proteogly
cans also modulate cell adhesion either directly or indirectly (Lark et al., 1985; Toole, 
1991). Extracellular matrix proteoglycans also can regulate cell proliferation. For ex
ample, a cloned and expressed chondroitin-dermatan sulfate proteoglycan, called dec
orin, inhibits the growth of Chinese hamster ovary cells (Yamaguchi and Ruoslahti, 
1988). Since chondroitin-dermatan sulfates appear in wounds at approximately the 
time cell proliferation decreases, a causal relationship may exist between the two 
phenomena. Previously, heparin and heparan sulfate were found to inhibit smooth 
muscle cell growth (Castellot et al., 1981); and the synthesis and expression of sulfated 
glycosaminoglycans had been noted to be inversely related to cell growth (Hopwood 
and Dorfman, 1977). Furthermore, specific shedding of plasma membrane-bound 
heparan sulfate proteoglycan has been noted to occur immediately prior to cell division 
(Kraemer and Tobey, 1972). 

The previous observations should not be taken as an indication that sulfated 
glycosaminoglycans and proteoglycans always down-regulate cell growth. On the con
trary, FGF is bound by heparan sulfate within basement membranes and can be re
leased in an active form when the heparan sulfate is degraded by heparanase expressed 
by normal or malignant cells (Vlodavsky et al., 1991). Furthermore, binding of basic 
FGF (FGF-2) to its receptor requires prior binding either to a membrane-bound heparan 
sulfate proteoglycan or to free heparin glycosaminoglycans chains (Yayon et al., 1991). 
Other cytokines that also bind heparin or heparan sulfate include FGF-l and FGF-4 
(Guimond et al., 1993), FGF-7 (Reich-Slotky et al., 1994), PDGF (Ross and Raines, 
1990), granulocyte-macrophage colony-stimulating factor, interleukin-3 (Roberts et 
al., 1988), pleiotrophin, a neurite-promoting factor (Merenmies and Rauvala, 1990), 
PF-4 (Wolpe and Cerami, 1989), TGF-ßl (McCaffrey et al., 1992), and VEGF (Gitay
Goren et al., 1992). The biological function of these heparin (heparan) cytokines is 
under intense investigation. Some interactions at the cell membrane clearly lead to 
cytokine receptor activation (Yayon et al., 1991; Gitay-Goren et al., 1992; Guimond et 
al., 1993; Reich-Slotky et al., 1994). Cytokines mayaiso interact with the protein core 
of the proteoglycan as exemplified by TGF-ß 's interaction with decorin (Yamaguchi et 
al., 1990). Bound TGF-ß is inactive, but since the reaction is reversible, active TGF-ß 
may be released at a later time. In summary, extracellular matrix proteoglycans may 
have direct effects on cell growth or may act as a repository for cytokines. The net 
effect on cell growth depends on the context in which the cell encounters the pro
teoglycan. 

Cell surface proteoglycans are also modulated during wound repair and may be 
critical for proper cell migration, proliferation, and gene expression. The transmem
brane syndecan family has received the most study in wounds. Increased expression of 
syndecan-l has been observed in mouse wounds during granulation tissue formation 
and in hyperproliferative keratinocytes near the wound edge (Elenius et al., 1991). In 
contrast, syndecan-l expression is decreased during rabbit corneal reepithelialization 
(Gruskin-Lerner and Trinkaus-Randall, 1991). Unpublished data regarding syndecan-l 
and -4 expression in human wounds is reviewed in Chapter 15. Binding of the heparan 
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sulfate side chains of syndecan to other extracellular matrix molecules such as col
lagens, fibronectin, and laminin would serve to mediate cell movement or retention in 
the newly forming tissue. In fact, both syndecan-l and -4 facilitate fibroblast focal 
contact formation (Yamagata et al., 1993; Woods and Couchman, 1994). In addition, 
pericellular and transmembrane heparan sulfate proteoglycans facilitate FGF binding to 
its receptor, and thereby can have a great effect on cell response to this important 
growth factor (Yayon et al., 1991; Guimond et al., 1993; Spivak-Kroizman et al., 
1994). 

5.2.2. Collagen 

Collagens are a family of glycoproteins containing tripie helices, which are found 
in the extracellular matrix (see Chapter 16 for details). Non-matrix proteins that contain 
tripie helical domains, such as the complement component Clq, are not included in the 
collagen family (see Table 11 in Chapter 16). At present, there are 18 collagen types 
designated type I-XVIII according to their chronological order of discovery (Fukai et 
al., 1994). These collagens can be divided into four major classes (Linsenmayer, 1991; 
Fukai et al., 1994); fibrillar collagens with uninterrupted tripie helices (types I, 11, III, 
V, XI); collagens with interrupted tripie helices that form a meshwork in the lamina 
densa of basement membrane (type IV); fibrillar collagens with interrupted helices 
(types VI and VII); and nonfibrillar collagens (types VIII-XVIII) (see Fig. 1 in Chap
ter 16 for a conformational grouping). Nonfibrillar collagens have been further subdi
vided into short-chain collagens with uninterrupted tripie helices (types VIII and X), 
fibril-associated collagens with interrupted tripie helices, often referred to as FACIT 
proteins (types IX, XII, XIV, and XVI), multiplexins (types XV and XVIII), and the 
transmembrane collagen BP180 of keratinocyte hemidesmosomes (type XVII) (see 
Chapter 17 for details). Fibrillar collagens types 11 and XI and nonfibrillar collagens 
types IX, X, and XII are found only in cartilage. 

The principal characteristic of the fibrillar collagens is the ability of the mono
meric collagen molecules to polymerize both side-by-side and end-on-end into long 
fibrillal\ aggregates (Birk et al., 1990). Such fibrillar bundles constitute the major 
structunll collagens in all connective tissues. In contrast, type IV procollagen fails to 
undergo proteolytic processing in the extracellular matrix, and thus retains its large 
globular terminal domains, which prevents fibrillar aggregation. These nonhelical do
mains interact, resulting in the multimolecular collagen meshwork of basement mem
branes (Yurchenco and Schittny, 1990) (see Chapters 16 and 17). Type VI collagen 
forms distinctive IOO-nm periodic microfibrils intercalated between the 67-nm periodic 
fibrils of types I and III collagen of noncartilagenous stroma like the dermis (Bruns et 
al., 1986). Type VII collagen forms the anchoring fibrils of epidermal basement mem
branes (Sakai et al., 1986) (see Chapter 17 for details). Type VIII collagen is found in 
the connective tissue around hair follicles as weIl as around arterioies and venules 
(Sawada et al., 1990). 

Most studies on the collagen content of healing wounds and artificially induced 
granulation tissue (sponge implants) have examined types land III collagens, since 
these two collagens have been characterized for some time and their supramolecular 
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structures are well defined (see Chapter 16 for details). Bazin and Delaunay (1964) first 
showed, by biochemical techniques, that granulation tissue contained a collagen dis
tinct from the normal adult dermis and rather similar to that in embryonic skin. This 
collagen was later recognized as type III (Epstein, 1974), which does occur in small 
amounts in normal dermis but is greatly increased in granulation tissue (Gabbiani et al., 
1976). As previously discussed, granulation tissue matrix deposition occurs in an 
ordered sequence of fibronectin, type III collagen, and type I collagen (Kurkinen et al., 
1980). 

Rigid helieal collagen macromolecules aggregated into fibrillar bundles gradually 
provide the healing tissue with increasing stiffness and tensile strength (Levenson et 
al., 1965). After a 5-day lag, a high rate of type I collagen synthesis begins, which 
coincides with increased wound-breaking strength (Diegelmann et al., 1975; Gabbiani 
et al., 1976). Types I and III fibrillar collagen deposition peaks between the 7 and 14 
days (Clore et al., 1979). A similar time course for types I and III collagen mRNA 
expression has been documented (Scharffetter et al., 1989; Oono et al., 1993). Type V 
collagen also increases during granulation tissue development in parallel with tissue 
vascularity, thus suggesting an association between capillary endothelial cells and type 
V collagen (Hering et al., 1983). The finding of abundant type V collagen in hyper
trophie scars (Ehrlich and White, 1981), whieh have numerous capillaries, provides 
additional support for this possibility. Type VI collagen gene expression in the neo
stroma of healing cutaneous wounds has also been delineated (Oono et al., 1993). As 
with types I and III collagen mRNAs, type VI collagen mRNA peaks between 1 and 2 
weeks after injury. Collagen VI gene expression was localized to fibroblasts and 
endothelial cells of newly forming blood vessels. It may provide an important anchor 
for the neovasculature (Keene et al., 1988). 

Besides providing structural support and strength to the new tissue, collagen can 
have a profound effect on the cells within and on its matrix. For example, collagen
derived peptides act as chemoattractants for fibroblasts in vitro (Postlethwaite et al., 
1978) and may have a similar activity in vivo. In addition, intact collagen can alter the 
phenotype and function of many different cell types (Hay, 1991; Juliano and Haskill, 
1992; Lin and BisselI, 1993). These effects may be mediated, in part, through activa
tion ofthe integrin collagen receptors nlßl and n2ßl (Staatz et al., 1989; Wayner and 
Carter, 1989; Ignatius et al., 1990). With regard to fibroblasts, collagen matrices reduce 
cell proliferation and collagen synthesis (Grinnell, 1994) but induce procollagenase 
(Unemore and Werb, 1986) and n2ßl integrin expression (Klein et al., 1991). Perhaps 
the collagen-rich extracellular matrix, whieh accumulates in mature granulation tissue, 
reduces the ability of wound fibroblasts to produce further collagenous matrix, but 
promotes the ability of these cells to remodel collagen-rich matrix already present. 
Such dynamie reciprocity between cells and extracellular matrix most likely continues 
until the proper balance of cells and extracellular matrix is obtained. 

5.3. Wound Contraction and Extracellular Matrix Reorganization 

After the initial synthesis and deposition of types I, III, and VI fibrillar collagens, 
myofibroblasts remodel the matrix by wound contraction. Prior to the mid-1950s, 
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wound contraction was thought to be driven by the physicochemical forces of collagen 
polymerization, which intrinsically lead to collagen bundle shortening. This concept 
originated from investigations on clot contraction that demonstrated that contraction 
resulted from the realignment of fibrin fibrils in a more compact array and with a lower 
free energy state. However, in 1956, Abercrombie and co-workers (Abercrombie et al. , 
1956) demonstrated that wounds in ascorbic-acid-deficient animals can c10se indepen
dently of collagen formation, casting doubt on the notion that physicochemical forces 
alone were responsible for wound contraction. Fifteen years later, Gabbiani, Majno, 
and their co-workers (Majno et al., 1971; Gabbiani et al., 1972) demonstrated that 
wound fibroblasts assumed some characteristics of smooth musc1e cells and that these 
so-called myofibroblasts were responsible for the ability of granulation tissue to con
tract ex vivo in response to a variety of autocoids (see Chapter 13 for details). Thus, 
investigators began to focus on the myofibroblast as the engine behind wound contrac
tion. 

Fibroblasts undergo aseries of phenotypic changes during granulation tissue 
formation that continually modify their interactions with the extracellular matrix. First, 
fibroblasts assurne a migratory phenotype and then switch to a profibrotic phenotype 
during which they produce abundant types I and III collagen (Table VII) (Gabbiani et 
al., 1978; Welch et al., 1990). Subsequently, during the second and third week of 
healing, fibroblasts begin to assurne a myofibroblast phenotype characterized by large 
bundles of actin-containing microfilaments disposed along the cytoplasmic face of the 
plasma membrane and the establishment of cell-cell and cell-matrix linkages (Welch 
et al., 1990). The appearance of the myofibroblasts corresponds to the commencement 
of connective tissue compaction and the contraction of the wound. Fibroblasts link to 
the extracellular fibronectin matrix through u5ßl and presumably other fibronectin 
receptors (Singer et al., 1984; Welch et al., 1990); to collagen matrix through ulßl and 
u2ßl collagen receptors (Staatz et al., 1989; Wayner and Carter, 1989; Ignatius et al., 
1990); and to each other through direct adherens junctions (Welch et al., 1990). New 
collagen bundles in turn have the capacity to join end-to-end with collagen bundles at 
the wound edge and to ultimately form covalent cross-links among themselves and 
with the collagen bundles of the adjacent dennis (Yamauchi et al., 1987; Birk et al., 
1989, 1990). These cell-cell, cell-matrix, and matrix-matrix links provide a network 
across the wound whereby the traction of fibroblasts on their pericellular matrix can be 
transmitted across the wound (Singer et al., 1984). 

Wound contraction is now ascribed to the actin-rich myofibroblasts that, in fact, 
are the most numerous cells in mature granulation tissue and are aligned within the 
wound along the lines of contraction (see Chapter 13). By contrast, neither capillaries 
nor macrophages are aligned along wound contraction lines. Cultured fibroblasts dis
persed within a hydrated collagen gel provides a functional in vitro model of tissue 
contraction (Bell et al., 1979). When serum is added to the admixture, contraction of 
the collagen matrix occurs over the course of a few days. When observed with time
lapse microphotography, collagen condensation appears to result from a "collection of 
collagen bundles" executed by fibroblasts as they extend and retract pseudopodia 
attached to collagen fibers (Bell et al., 1983). The transmission of these traction forces 
across the in vitro collagen matrix depends on two linkage events: fibroblast attachment 
to the collagen matrix through the u2ßl integrin receptors (Schiro et al., 1991) and 
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cross-links between the individual collagen bundles (Woodley et al., 1991). This link
age system probably plays a significant role in the in vivo situation of wound contrac
tion as weIl. In addition, cell-cell adhesions and cell-fibronectin linkages appear to 
provide an additional means by which the traction forces of the myofibroblast may be 
transmitted across the wound matrix (Gabbiani et al., 1978; Singer et al., 1984; Welch 
et al., 1990). 

F-actin bundle arrays, cell-cell and cell-matrix linkages, and collagen cross-links 
are all facets of the biomechanics of extracellular matrix contraction. The contraction 
process, however, probably needs a cytokine signal. In fact, cultured fibroblasts mixed 
in a collagen gel contract the collagen matrix only if serum is added to the medium 
(Bell et al., 1979). Since PDGF, the major fibroblast mitogen found in serum (Ross and 
Raines, 1990), also had been found to stimulate fibroblast migration (Seppa et al., 
1982; Senior et al., 1985) and arterial smooth muscle contraction (Berk et al., 1986), its 
ability to initiate fibroblast contraction of collagen matrix was investigated. The major 
platelet and macrophage isoforms (AB and BB) of PDGF were found to stimulate 
fibroblasts to contract collagen matrix, while the major fibroblast isoform (AA) had no 
activity (Clark et al., 1989). Since PDGF is present in wounds (Rappolee et al., 1988), 
this factor may also provide the signal for wound contraction. Interestingly, when 
monocytes are cultured on a matrix in vitro, they develop the phenotype of a tissue 
macrophage and express PDGF B-chain mRNA in a biphasic time course (Shaw et 
al.,1990). The second peak of expression is at 6 days, which corresponds to the time 
that extracellular matrix contraction occurs in a healing wound. Perhaps tissue macro
phages release a second wave of PDGF-BB or -AB approximately 1 week after cutane
ous injury-a time when myofibroblasts have filled the wound and are linked to each 
other and to the extracellular matrix. This then may be the signal for wound contraction 
to commence. Thus, wound contraction represents a complex and masterfully orches
trated interaction of cells, extracellular matrix, and cytokines. 

Collagen remodeling during the transition of granulation tissue to mature scar is 
dependent on both continued collagen synthesis and collagen catabolism. The degrada
tion of wound collagen is controlled by a variety of collagenase enzymes from granu
locytes, macrophages, epidermal cells, and fibroblasts (see Chapter 14). These col
lagenases are specific for particular types of collagens, but most cells probably contain 
two or more different types of these enzymes (Hasty et al., 1986). Currently, three 
major metalloproteinases with collagenase activity have been weIl characterized: 
MMP-l or interstitial collagenase, which cleaves types I, 11, III, XIII, and X collagens 
(Grant et al., 1987), MMP-2 or gelatinase, which degrades denatured collagens of all 
types and native types V and XI collagens (Hibbs et al., 1987; Stetler-Stevenson et al., 
1989), and MMP-3 or stromelysin, which degrades types III, IV, V, VII, and IX 
collagens as weIl as proteoglycans and glycoproteins (Saus et al., 1988; Okada et al., 
1989). Two other metalloproteinases that may have matrix-regulating functions are 
integral membrane proteins: enkapphalinase (Werb and Clark, 1989) and meprin (But
ler and Bond, 1988). These activities are controlled by various inhibitor counterparts 
called tissue inhibitor of metalloproteinases (TIMP), which are tightly regulated during 
development (Brenner et al., 1989) and are likely to be so during wound repair. In fact, 
modulation of collagenase activity and TIMP can greatly affect branching morphogen-
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esis of the submandibular gland (Fukuda et al., 1988). Cytokines such as TGF-ß, 
PDGF, and IL-l and the extracellular matrix itself may play an important role in the 
modulation of collagenase and TIMP expression in vivo (Werb et al., 1990; Circolo et 
al., 1991; Sporn and Roberts, 1992). 

Wounds gain only about 20% of their final strength by the third week, during 
which time fibrillar collagen has accumulated relatively rapidly and has been re
modeled coordinately with myofibroblast-driven wound contraction. Thereafter, the 
rate at which wounds gain tensile strength is slow, reflecting a much slower rate of 
collagen accumulation. In fact, the gradual gain in tensile strength has less to do with 
new collagen deposition than with further collagen remodeling with formation of larger 
collagen bundles and an alteration of intermolecular cross-links (Bailey et al., 1975). 
Even so, wounded tissue fails to attain the same breaking strength as uninjured skin. At 
maximum strength a scar is only 70% as strong as intact skin (Levenson et al., 1965). 
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Chapter 2 

Provisional Matrix 

KENNETH M. YAMADA and RICHARD A. F. CLARK 

1. Introduction 

Fibronectin, fibrinogen, and other extracellular proteins play important roles in cell 
surface interactions. For example, fibronectin helps to mediate cell adhesion, embry
onic cell migration, and wound repair. Each of these glycoproteins can participate in a 
variety of functions by use of its different specialized domains or peptide recognition 
sequences for binding to specific cell surface receptors or to other extracellular mole
cules. There has been remarkable recent progress in our understanding of the struc
tures, domain organization, and biological roles of these multifunctional cell interac
tion proteins. 

For each of these cell adhesion and interaction proteins, several major repeating 
themes have been observed as their mechanisms of action have been defined (Fig. 1). 
These molecules contain discrete functional polypeptide domains specialized for bind
ing to specific cell surface receptors, as well as to other extracellular molecules. 
Examples include cell-adhesive domains and fibrin-binding domains. Most of these 
proteins have short, specific peptide sequences that are bound by cell surface receptors. 
Strikingly, short amino acid sequences of only three to five residues within these 
proteins can serve as adhesive recognition signals for cell surface receptors. Some 
sequences have intrinsic cell-type specificity, whereas others need a "synergy" site to 
provide high affinity and specificity to an otherwise less-specific adhesion site. All of 
these molecules can be organized into oligomers or polymers, either by formation of 
interchain disulfide bonds at specific residues or by noncovalent self-self association. 
Repetitive structural units such as fibronectin- or epidermal growth factor (EGF)-like 
repeats can comprise a large part of some of these proteins. Local domains of these 
repeats can be specialized for very different functions. Families of closely related 
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Figure 1. General conceptual model for the structure of cell-adhesive extracellular molecules, showing 
functional domains. Proteins of this type contain one or more domains specialized for binding to a cell 
surface receptor (frequently termed the cell-binding domain or the cell-adhesive domain). Most of these 
domains contain a short, specific amino acid sequence recognized by a cell surface receptor (primary site). 
As for the two major adhesive sites of fibronectin, there may be additional sequences that synergize to 
enhance activity by 20- to lOO-fold (synergy site). Most of these proteins also contain a domain that binds to 
heparin and to related glycosaminoglycans, and some also contain a collagen-binding domain or other 
functional domains, e.g., fibrin binding. A number of the larger glycoproteins of this class also have regions 
involved in the formation of interchain polymers, either by intersubunit disulfide bond formation at specific 
cysteine residues or by means of self-assembly domains that mediate noncovalent polymerization (subunit
linking domain) to one or more similar subunits (arrow). 

proteins ean be generated by alternative splieing or gene duplieation, e.g. , to form 
variant fibroneetins and tenaseins. These extraeellular matrix proteins and their reeep
tors are regulated in loeation, type, and quantity during embryonie development and 
tissue remodeling. 

These general properties of extraeellular eell-adhesive proteins provide eonsider
able sophistication to the repertoire of potential interaetions between eells and the 
extraeellular matrix, as weil as between various matrix moleeules. Most of the studies 
we review have tended to foeus on only one of these proteins at a time; but it is 
obviously important to reeall that a healing wound eontains complex mixtures of 
extracellular matrix proteins, each of which may contribute independently and syner
gistically to the final effeets on cell behavior. In this ehapter, reeent referenees are often 
eited in preference to older studies, in order to permit access to the broadest range of 
past referenees. For each protein, we also list reviews that ean provide other details or 
perspeetives on this extremely complex and rapidly expanding field. 

2. Fibrinogen 

2.1. Molecular Structure and Synthesis 

The last step in the blood eoagulation pathway involves eonversion of fibrinogen 
to form eross-linked fibrin. Fibrinogen, a 340,000-Da hexamer eomposed of two Aa, 
two Bß, and two "f ehains, is synthesized by hepatoeytes and cireulates at approx
imately 3 gm/liter. The three fibrinogen chains are encoded by distinet genes loeated in 
dose proximity within a 50 kilobase span on the long arm of ehromosome 4, region 
q23-q32. Disulfide-linked Aa-"f and Bß-"f dimers and Aa-Bß-"f half molecules are 
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intermediate species of molecular assembly (Huang et al., 1993a). Disulfide bonds 
between Aa and Bß chains occur when Aa-Bß--y halfmoleeules form. The latter then 
form dimers to generate mature fibrinogen. Dimerization of the two half molecules 
involves cysteine residues in the amino-terminal region of the three chains (Huang et 
al. , 1993b). 

2.2. Molecular Morphology of Fibrinogen 

Electron microscopy studies of fibrinogen demonstrate a typical trinodular struc
ture (Veklich et al., 1993). A central nodule represents the amino-terminal disulfide knot 
of the six chains (E domain); the two end nodules represent the carboxyl-terminal regions 
of the B ß and -y chains (D domains) and are connected to the central nodule by a rodlike 
a-helical, coiled coil region. The carboxyl-terminus ofthe Aa chain is more flexible than 
the rest of the fibrinogen moleeule. It is often not visible on electron microscopy since it 
folds back onto the E domain. The Aa carboxyl-terminal region may be involved in 
regulating fibrin polymerization, since isolated proteolytic fragments of the Aa chain 
carboxyl-terminus interfere with fibrin polymerization (Veklich et al., 1993). 

2.3. Conversion of Fibrinogen to Fibrin 

Thrombin eIeavage of fibrinopeptide A and fibrinopeptide B from the amino
terminus of fibrinogen exposes four binding sites of two types that function coopera
tively in fibrin polymerization (Mosesson, 1992). After the release of the 16-residue 
fibrinopeptide A, new a chain amino-terminal ends are generated that interact with 
sites in the -y chain carboxyl-termini of adjacent moleeules to promote noncovalent 
lateral assembly. Subsequent removal of the 14-residue fibrinopeptide B creates new ß 
chain amino-terminal ends that also interact with sites in the -y chain carboxyl-termini 
of adjacent molecules, reinforcing lateral aggregation and leading to thicker fiber 
formation. Fibrin thus polymerizes in a staggered overlapping manner into protofibrils. 
Subsequently, lateral protofibril associations occur, resulting in thick fibrin fibers that 
intertwine to produce a eIot. 

2.4. Interaction with Platelets 

For effective hemostasis, the fibrin eIot must interact with platelets. This interac
tion is mediated by the platelet membrane receptor GPIIb-IIIa (aIIbß3 integrin). On 
nonactivated platelets this receptor selectively binds fibrinogen substrata. After platelet 
activation, however, the receptor binds von Willebrand factor, fibronectin, and vit
ronectin as weH as fibrin(ogen) (Ginsberg et al., 1992). Of note is the fact that the 
interaction of aIIbß3 with a fibrinogen substrata can activate the receptor so that it 
recognizes other ligands (Du et al., 1991). Through protein-protein interactions, 
platelet-protein interactions, and ceH-protein interactions, the eIot becomes firmly 
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integrated in the wounded tissue where it provides a scaffold for cell migration and 
proliferation; a reservoir for growth factors, proteases, and protease inhibitors; modula
tion of cell function; and a hemostatic plug. 

2.5. Intermolecular Cross-Links 

The resultant clot, however, is friable, and stability is conferred on this structure 
by covalent cross-linking of the chains of adjacent fibrin stands. A nonserine protease 
known as plasma transglutaminase (factor XIIIa) produces these intermolecular cross
links by formation of e-('Y-glutamyl)lysine [e-('Y-glu)lys] isopeptide bonds (Pisano et 
al., 1968). Cross-linking of'Y chains within fibrils forms dimers (McKee et al., 1970) 
that occur as reciprocal bridges between lysine at position 406 of one 'Y chain and 
glutamine at position 398 or 399 of another (Mosesson, 1992). Intermolecular cross
linking among a chains creates oligomers and larger a chain polymers; cross-links also 
occur between achains and'Y chains (Mosesson et al., 1989; Shainoff et al., 1991). 
Gamma chain dimerization occurs much more rapidly than a chain polymers, which 
can take several hours (McKee et al., 1970; Mosesson et al., 1989). Recent in vitro 
studies, however, indicate that in addition to 'Y dimers, higher-order forms of cross
linked'Y chain multimers (i.e., 'Y trimers, 'Y tetramers) form slowly and progressively 
over aperiod of hours to days (Siebenlist and Mosesson, 1992). Thus, the biochemical 
structure of a fibrin clot undergoes dynamic evolution. 

2.6. Moleeules Associated with the Fibrin Clot 

Fibrin clots may contain a variety of factors and may be variably degraded. Fibrin 
matrix may contain fibronectin (Clark et al., 1982; Siebenlist and Mosesson, 1992), 
vitronectin (Preissner and lenne, 1991), plasminogen (Castellino et al., 1983), plas
minogen activator (Thorsen et al., 1972), plasminogen activator inhibitor (Wagner et 
al. , 1989), and thrombin (Liu et al., 1979; Wilner et al., 1981; Kaminski and 
McDonagh, 1983; Siebenlist et al., 1990). Furthermore, we have preliminary data that 
two cytokines, transforming growth factor-ß and platelet-derived growth factor 
(PDGF), bind fibrinogen and fibrin. In addition, a 2-plasmin inhibitor can be reversibly 
cross-linked to fibrinogen or fibrin by factor XIIIa (Sakata and Aoki, 1980). 

2.7. Fibrinolysis 

The fibrin clot must ultimately be removed from the site of injury to permit 
healing to ensue. Normal fibrinolytic activity is essential to maintain the hemostatic 
balance and allow beneficial clotting while controlling the formation of dangerous 
thrombi that might lead to vascular occlusion. In fact, either intravascular fibrin clots or 
clots in tissue repair undergo physiological degradation (fibrinolysis) by plasmin. First, 
however, plasmin must be generated from plasminogen. To this end, various tissue cells 
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contain plasminogen activators that can be released when the cells are perturbed (see 
Chapter 13). 

Plasminogen activators cleave plasminogen at an Arg-Val bond. Similar to other 
coagulation factors (e.g., Hageman factor, prekallikrein, factor X), this cleavage site is 
located within a peptide span that is bridged by a disulfide bound. Hence, the 92,000-
Da single-chain plasminogen moleeule is converted to a disulfide-linked two-chain 
plasmin moleeule consisting of a 67,000-Da heavy chain and a 25,000-Da light chain 
(Robbins et al., 1967). The enzymatically active site of plasmin resides in the light 
chain (Summaria et al., 1967). 

Two distinct types of plasminogen activator have been identified: urokinase and 
tissue plasminogen activator. Tissue plasminogen activator is released from stressed 
endothelium and controls intravascular clotting (Loskutoff and Edgington, 1977), 
while urokinase-type plasminogen activator facilitates cell invasiveness (DeI Rosso et 
al., 1990; Quax et al:, 1991). Urokinase plasminogen activator, like other proteases, is 
secreted in a latent proform. Such zymogens require activation for proteolytic activity. 
Once activated, enzymatic activity is strict1y regulated by specific protease inhibitors. 
The synthesis and secretion of plasminogen activators are govemed in part by cyto
kines and growth factors (Laiho et al., 1986; Circolo et al., 1991). Onee seereted, the 
plasminogen activator zymogen binds to a cell surface reeeptor. Here, it is activated 
and brought into proximity of cell-bound plasminogen (Hajjar et al., 1994). These 
membrane-bound complexes of plasminogen aetivator and plasminogen greatly facili
tate plasmin generation. 

Plasmin activity also can be modulated by extracellular matrix proteins (Flau
menhaft and Rifkin, 1991). For example, fibrin can bind plasminogen activator (Tho
rsen et al. , 1972) and plasminogen (Castellino et al., 1983), and thereby enhance 
conversion of the latter to plasmin. Interestingly, the fibrin-bound plasminogen activa
tor converts fibrin-bound plasminogen to plasmin more slowly in the context of thin 
fibers compared to thick fibers, suggesting intermolecular conversion (Gabriel et al., 
1992). Nevertheless, the most efficient plasmin generation probably occurs at the 
interface between cells and the fibrin clot. 

Fibrinolysis is also regulated by enzyme inhibitors in the circulation and associ
ated with fibrin and other provisional matrix proteins. In general, serine proteinases 
escape circulating inhibitors by binding to a surface as described above for plasmin 
activator and plasmin. However, plasminogen activator inhibitor and <l2-antiplasmin 
inhibitor also associate with the fibrin clot, and thereby can control fibrinolysis of 
surface-bound plasmin (Sakata and Aoki, 1980; Wagner et al., 1989). Furthermore, 
plasminogen activator inhibitor associates with vitronectin and further limits plasmin 
proteolysis of the provisional matrix (Salonen et al., 1989). 

2.8. Fibrin Activity in Wounds 

Fibrin is prominent in normal wounds and venous ulcers both clinically and 
histologically (Clark et al., 1982). Clinically, a thick yellow adherent fibrinoid material 
often overlies the entire wound surface. Histologically, fibrin is the major protein of the 
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fibrinoid eschar in both normal wounds and ulcers, is intercalated among the collagen 
bundles of the ulcer bed and adjacent dermis of normal wounds and ulcers, and is 
particularly prominent around the microvasculature (fibrin cuffs) of venous ulcers. 
Through understanding the pathobiology of fibrin in chronic wounds such as venous 
leg ulcer, we may be better able to understand the role of fibrin in the normal wound 
repair process. 

Data over the past decade have implied that fibrin cuffs around the cutaneous 
microvasculature are important in the pathogenesis of venous leg ulcers, but substantia
tion is lacking (Falanga and Eaglestein, 1993). Sustained venous backpressure leads to 
distention of skin capillaries and fibrinogen leaks into the perivascular space (Bumand 
et al. , 1982). The relationship between sustained venous pressures, fibrin accumulation, 
and leg ulceration is not understood, although several hypotheses exist. 

It has been proposed that perivascular fibrin cuffs inhibit the diffusion of oxygen 
from the blood vessels to the tissue, and thus impede wound repair (Browse and 
Bumand, 1982). Assuming that oxygen diffusion is impaired in venous leg ulcers 
(Falanga et al., 1991), it is not clear that the fibrin cuff is responsible for the diffusion 
block. Histology studies demonstrate that the fibrin cuffs are discontinuous, rendering 
the hypothesis that the fibrin cuffs limit oxygen diffusion unlikely (Pardes et al., 1990). 
Fibrin cuffs, nevertheless, may become highly cross-linked with 'Y-'Y multimers as well 
as (X-(X and (X-'Y cross-links (Mosesson et al., 1989; Shainoff et al., 1991; Siebenlist 
and Mosesson, 1992), and as a consequence, the matrix may exhibit reduced porosity, 
reduced susceptibility to fibrinolysis, and aItered interactions with cells and cytokines. 
It is well known, in fact, that old venous thrombi become highly cross-linked and resist 
fibrinolysis (Brommer and van Bocke, 1992). 

Recently it was proposed that fibrin cuffs may entrap growth factors and thereby 
hinder their distribution into the wound (Falanga and Eaglestein, 1993). Growth fac
tors, in fact, do localize to the perivascular cuff (R. A. F. Clark, unpublished observa
tions). These entrapped growth factors may remain active and induce mesenchymal 
cell proliferation around the blood vessels. In fact, continuous cuffs of mesenchymal 
cells, which stain positive for smooth muscle actin and are embedded in a thick layer of 
extracellular matrix including fibrin, fibronectin, laminin, and type IV collagen, exist 
around the microvasculature ofvenous ulcers (pardes et al., 1990; Herrick et al., 1992). 
Thus, the cuffs enveloping the microvasculature at the margin and base of venous 
ulcers are actually a complex interwoven meshwork of cells and matrix proteins. These 
cell-matrix composite cuffs, rather than fibrin cuffs, may impede diffusion of growth 
factors, oxygen, and other nutrients into the wound. 

In addition to the effects of ectopic perivascular fibrin in venous ulcers, the fibrin 
in the ulcer bed interstitium may fai! to support healing as it becomes excessively 
cross-linked (Brommer and van Bocke, 1992) and thereby only partially degraded 
(Bini et al., 1989) while being stripped of other molecules important for wound heal
ing. Resistance to complete fibrinolysis could be due to progressive and enhanced 
deposition of collagen in the clot (Mirshahi et al., 1991), extensive (X chain cross
linking (Francis and Marder, 1988), 'Y-'Y multimer formation (Siebenlist and Moses
son, 1992), alteration in proteases or proteases inhibitors, or to a combination of these 
possibilities. 
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Although normally cross-linked fibrin may promote fibroblast migration into the 
matrix (Brown et al., 1993b), highly cross-linked fibrin, as found in aged clots, may 
inhibit cell penetration. Furthermore, as the fibrin backbone of the provisional matrix 
becomes more resistant to proteolysis, it may become stripped of other proteins essen
tial for wound repair, thus becoming a barren superstructure without function. For 
example, fibronectin is associated with fibrin in plasma clots and is potentially critical 
for cell migration into clots (Knox et al., 1986). Uncontrolled degradation of fibronec
tin within the fibrin matrix might hinder migration, even though localized, controlled 
proteolysis is probably essential for fibroblast migration through fibrin matrix (Knox et 
al., 1987) as it is for tumor invasiveness (Blasi, 1993). Indeed, chronic wound fluid 
contains markedly elevated levels of metalloproteinases (Wysocki et al., 1993) and 
degraded fibronectin (Grinnell et al., 1992). In fact, fibronectin, which codistributes 
with fibrin in normal wounds (Clark et al. , 1982), is relatively sparse in venous ulcers 
(Herrick et al., 1992). To compound matters, Arg-Gly-Asp (RGD)-containing fibronec
tin fragments released by proteolysis can increase fibroblast secretion of metallopro
teinases (Werb et al. , 1989) and plaminogen activator, thus establishing a positive 
feedback loop. Widespread, chronic proteolysis mayaiso destroy fibrin-associated 
cytokines critical for wound repair. Thus, with age, fibrin matrix may become more 
resistant to proteolysis and less capable of supporting fibroplasia. 

In summary, fibrin-rich matrix may contribute to venous ulcer pathobiology be
cause of its abnormallocation (fibrin cuffs), its altered structural state, or both. Con
versely, in normal wounds the provisional fibrin matrix may promote cell recruitment 
into the defect by providing an essential scaffold for cell migration (Ciano et al., 1986; 
Brown et al., 1993b). Furthermore, fibrinogen-fibrin, its derivatives, or other matrix 
constituents like fibronectin may promote cell migration (Clark et al., 1988; Leavesley 
et al., 1992) and proliferation (Michel and Harmand, 1990; Gray et al., 1993) through 
direct coupling of extracellular matrix cell surface receptors (Damsky and Werb, 1992). 
Finally, the ability of fibrin matrix to bind thrombin (Liu et al., 1979), transforming 
growth factor-beta (TGF-ß), and PDGF (R. A. F. Clark, personal observations) sug
gests that fibrin may act as a reservoir for factors critical for cell proliferation and 
migration. 

3. Fibronectin 

3.1. Introduction 

Fibronectin is a multidomain, multifunctional cell adhesion protein found in blood 
and in a variety of tissue extracellular matrices. Recent books have reviewed fibronec
tin (Carsons, 1989; Mosher, 1989; Hynes, 1990). It is a key component of the provi
sional matrix during wound repair (Clark and Henson, 1988), and it is often elevated in 
tissues during tissue remodeling and fibrosis. Major functions of fibronectin include 
mediating cellular adhesion, promoting cell migration and monocyte chemotaxis, and 
helping to regulate cell growth and gene expression. Fibronectin functions via aseries 
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of functional domains and cell-binding sites that pennit it to interact with a remarkably 
wide range of cell types, extracellular matrix molecules, and even cytokines (see 
Section 3.6). 

3.2. Structure and Types of Fibronectin 

All fibronectin moleeules appear to consist of the same basic functional domains 
shown in Fig. 2. Although encoded by only a single gene, fibronectins exist in a 
number of variant fonns that differ in sequence at three general regions of alternative 
splicing of its precursor mRNA. Some of this alternative splicing involves cell adhe
sion sequences, thereby providing a posttranscriptional mechanism for potentially reg
ulating fibronectin cell-type specificity (see Seetion 3.6.1.2). For example, there can be 
20 different variants of the human fibronectin subunit, depending on the particular 
combination of spliced sites. 

Fibronectin is present in blood as a soluble plasma glycoprotein at an average 
concentration of 0.3 g/liter; this fonn found in plasma is tenned plasma fibronectin. It 
is thus already present in substantial concentrations in clots. Cellular fibronectins are 
produced by a wide variety of cell types, which secrete them and often organize them 
into extensive extracellular matrices. Cellular fibronectins vary in composition, but 
they characteristically contain considerably higher proportions of alternatively spliced 
sequences than plasma fibronectin. Healing dennal wounds contain substantially in 
creased amounts of cellular (embryonic) fibronectins, a major source of which is 
wound macrophages (ffrench-Constant et al., 1989; Brown et al., 1993a). 

3.3. Localization of Fibronectin 

A large number of descriptive studies have identified fibronectin in many tissues 
during a host of developmental, reparative, and pathogenic events. It appears to func-
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Figure 2. Modular domain structure of fibronectin. This large glycoprotein is depicted as a dimer of similar 
but not identical subunits Iinked by a pair of carboxyl-terminal disulfide bonds; the two subunits actually 
extend in opposite directions. The numbers indicate the approximate molecular weights of each domain (K = 
X 10(0). The major Iigand(s) bound by each domain are Iisted along the bottom. There are two heparin
binding domains and two major fibrin-binding domains, as weil as at least two regions involved in assembly 
of fibronectin into a fibrillar matrix. 
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tion as a biological adhesive, promoter of cell migration, and stimulator of collagenous 
matrix formation. Summaries of such studies can be found in texts that include the first 
edition of this book and books focusing on fibronectin (Clark and Henson, 1988; 
Carsons, 1989; Mosher, 1989; Hynes, 1990). 

Fibronectin (along with certain other extracellular proteins) is particularly promi
nent in migratory pathways for embryonic cells, such as those for gastrulation, neural 
crest cell migration, and precardiac mesoderm cell migration. Fibronectin is also char
acteristically present in loose connective tissue and in embryonic (but often not in 
adult) basement membranes. Large quantities of fibronectin are present in fibrin clots, 
where it can serve as a substrate for migrating cells during wound healing (surveyed in 
Chapter 1, Section 5.1.2). Fibronectin deposition is also associated with various fibrotic 
processes (Carsons, 1989). 

3.4. Gene Structure of Fibronectin 

3.4.1. The Fibronectin Gene 

The fibronectin gene is relatively large, with an estimated length of about 50 
kilobases. Its coding sequence is subdivided into approximately 50 exons of similar 
size, several of which undergo alternative splicing (Hirano et al., 1983; Mosher, 1989; 
Hynes, 1990). Fibronectin is composed of three general types of homologous repeating 
units or modules, termed types I, 11, and III (Fig. 3) (Kornblihtt et al., 1985). There are 
12 type I repeats, 2 type 11 repeats, and 15-17 type III repeats (reviewed in more detail 
in Mosher, 1989; Hynes, 1990). In the gene, each repeating module of the type I or 11 
homology unit is encoded by aseparate exon. In contrast, the larger type III repeats 
generally require the contribution of two exons each; however, two type 111 repeats 
exist as a single exon, and both can undergo alternative splicing (Patel et al., 1987). 

These modular repeating units are used as building blocks and are organized into 
larger structural domains with distinct functions. For example, type I modules are used 
in fibronectin domains that bind to fibrin alone, or to heparin as weIl as to fibrin, or 
even to collagen (Petersen et al., 1989). Type 11 modules are found only in the collagen
binding domain, but they may not be essential for fibronectin binding to collagen 
(Ingham et al., 1989). Type III repeats are used in domains that bind to cells or to 
heparin, but not to collagen (Mosher, 1989; Hynes, 1990). 

The three basic protein structural modules of fibronectin are used as structural 
building blocks for other proteins (reviewed in Mosher, 1989). For example, repeats 
homo10gous to type I modules are also found in tissue plasminogen activator. The 
structure of this type of module has heen determined by nuclear magnetic resonance 
(NMR) (Baron et al., 1990). Type 11 modules of fibronectin are homologous to the 
Kringle domains of blood clotting and fibrinolytic proteins. Finally, fibronectin type III 
modules are found in tenascin, in cell-cell adhesion molecules such as LI, and in a 
surprising number of other proteins as a basic structural unit. 

The promoter region of the fibronectin gene has been characterized, and it con
tains a cyclic AMP response element sequence responsible for fibronectin induction via 
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nuclear factors (Dean et al., 1990; Srebrow et al., 1993). A number of growth factors 
and cytokines can regulate fibronectin synthesis, including TGF-ß (reviewed in 
Yamada, 1989). The mechanisms by which these factors affect gene expression, e.g., 
the identity of all of the transcription factors needed for regulation of fibronectin 
expression, remain to be determined. 

3.4.2. Alternative Splicing 

The patterns of alternative splicing of fibronectin are particularly interesting, since 
they can insert or de1ete cell-type-specific adhesion sites. The IIICS (also termed V) 
region of fibronectin shown in Fig. 3 can undergo complex patterns of alternative 
splicing that can produce human fibronectin molecules with five different sequence 
patterns in this region (reviewed in Mosher, 1989; Hynes, 1990). Two of these spliced 
sites, termed CS 1 and CS5, contain distinct adhesive recognition sequences (see Sec
tion 3.6.1.2.). The sequence of this complex spliced region differs from the repeating 
structural units that comprise most of fibronectin. In addition, however, there are two 
other sites of alternative splicing in fibronectin that result from insertion or deletion of 
entire type III repeating units (Fig. 3). It is intriguing that the presence of these spliced 
sites, termed ED-A (EIllA) and ED-B (EIIIB), can correlate temporally and spatially 
with wound repair or embryonic cell migration and morphogenesis, but their functions 
are not yet clear (ffrench-Constant et al., 1989; Mosher, 1989; Hynes, 1990; Brown et 
al., 1993a). They mayaiso promote fibril formation by fibronectins (Guan et al., 1990). 

Differential splicing within all three of the general regions of alternative splicing 
in human fibronectin can produce a theoretical total of 20 different variants of each 
fibronectin chain of approximately 250,000 Da. Since fibronectin is a dimer, or even a 
multimer when associated with cell surfaces, there can be considerable complexity of 
fibronectin variant mixtures. Little is known about the regulation of this alternative 
splicing, although spliced sequences tend to be retained in cellular fibronectins, espe
cially by certain embryonic and malignant cells (Vartio et al., 1987; Oyama et al., 
1989) and in healing wounds (ffrench-Constant et al., 1989; Brown et al., 1993a). 
Plasma fibronectin, considerable proportions of which are produced by the liver, gener
ally lacks ED-A and ED-B sequences, and can contain 50% or less of the IIICS type of 
spliced region (Hershberger and Culp, 1990). Since the fibronectin in healing wounds 
gradually changes from plasma fibronectin in the original clot to a much higher propor
tion of spliced forms derived from wound macrophages (Brown et al., 1993b), it will be 
important to determine the biological effects of this transition. 

3.4.3. Posttranslational Modifications 

Fibronectin can be glycosylated, phosphorylated, and sulfated (reviewed in Mo
sher, 1989). Glycosylation of fibronectin is primarily of the complex N-linked oli
gosaccharide type. Although nonglycosylated fibronectin still displays much of the 
adhesive activity of the native protein, it is much more sensitive to proteases; carbohy
drates therefore appear to stabilize the protein against proteolysis (Olden et al., 1979). 
Moreover, the presence of carbohydrate moieties can modulate binding to collagen and 
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slightly alter interactions with cells. For example, higher amounts of glycosylation 
cause a decreased avidity for collagen (Zhu and Laine, 1985). The wound environment 
is often rich in proteases, resulting in extensive degradation of fibronectin into pro
teolytic fragments (Grinnell and Zhu, 1994); differences in glycosylation may therefore 
affect this proteolysis and the activities of the fibronectin fragments it generates. 

3.5. Molecular Morphology or Fibronectin 

Soluble plasma fibronectin exists as a disk-shaped molecule approximately 30 nm 
in diameter and 2 nm thick (Sjoberg et al., 1989; Benecky et al., 1990). Increased ionic 
strength opens or unfolds the molecule to a more elongated structure. Binding of 
fibronectin to an artificial substrate, to certain ligands, or to cellular receptors mayaIso 
cause such unfolding from a compact shape to a more linear shape, which could then 
theoretically open the molecule for accessibility to other ligands or to self-assembly 
into fibronectin fibrils (Sjoberg et al., 1989; Wolff and Lai, 1989; Mosher et al. , 1992). 

Both cellular and plasma fibronectins can become incorporated into fibronectin 
fibrils, but they tend to remain segregated, suggesting that alternative splicing may help 
regulate such supramolecular organization (Pesciotta-Peters et al., 1990) (see Chapters 
1 and 9 for additional review offibronectin fibrillogenesis and matrix assembly). When 
incorporated into fibrils, fibronectin becomes cross-linked covalently by disulfide 
bonds and by transglutaminase cross-linking (reviewed in Mosher, 1989). Such cross
linking stabilizes the fibrils. 

3.6. Organization of Functional Domains 

Each fibronectin polypeptide chain consists of aseries of structural and functional 
domains (Fig. 2). These domains have been defined by proteolytic fragmentation 
studies and by recombinant DNA analyses. 

3.6.1. Cell Interaction Sequences 

Fibronectin contains six or more peptide sites capable of mediating cell adhesion. 
They are located in three general regions: the central cell-binding domain, the alter
natively spliced IIICS region, and the heparin-binding domain. In most cases, the 
sequences involved in recognition by cell surface receptors are relatively short, sug
gesting the importance of linear amino acid sequences either alone or in combination to 
mediate processes such as cell adhesion. Ongoing studies, however, also seem to 
indicate the importance of other polypeptide information in fibronectin that is neces
sary for function of the short, linear sequences; this requirement for a second part of the 
protein could be due to the need for another recognition sequence(s) that ~inds to the 
receptor, or to a requirement for a protein framework that can present a spe~ific 
conformation of the recognition sequence to the receptor. 
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3.6.1a. Central Cell-Binding Domain. Most cells can adhere to fibronectin, at 
least in part by binding to the centrally located "cell-binding" domain (Figs. 2, 3). 
Some cells, such as fibroblasts, can bind to isolated 20- to 120-kDa proteolytic frag
ments containing this domain nearly as weIl as they can to intact fibronectin (i.e., equal 
molar activities) (Akiyama et al., 1985, 1994). A crucial sequence in thisdomain 
is Arg-Gly-Asp-Ser (abbreviated RGDS, using the single-letter amino acid code) 
(Pierschbacher and Ruoslahti, 1984, 1987; Yamada and Kennedy, 1984). The first three 
amino acids are particularly important, and they define the now-classic RGD recogni
tion motif. Deletion of this sequence, or even mutation of the aspartate to a glutamate 
residue (which retains the same charge) in an otherwise intact domain, leads to the loss 
of nearly all adhesive activity (Obara et al., 1988). RGD-containing peptides specifi
cally inhibit a variety of migratory processes in vivo, including gastrulation, neural 
crest cell migration, and experimental metastasis (reviewed in Mosher, 1989; Hay, 
1991). 

Further studies, however, indicate major roles for a second, "synergy" sequence. 
Deletion of the RGD sequence does not completely abolish adhesive activity, consis
tent with the existence of a second interaction site in this domain (Obara et al., 1988; 
Bowditch et al., 1991). Conversely, the estimated affinity of interaction of RGD
containing fibronectin peptides with cell surface fibronectin receptors is much lower 
than that of larger fragments (Akiyama and Yamada, 1985). Mutagenesis and monoclo
nal antibody inhibition experiments in fact define a second critical region of this 
domain located roughly 10,000 Da toward the amino-terminus of the protein, and 
competitive inhibition studies confirm that this region contains a second binding region 
that functions in synergy with the RGD sequence (Aota et al., 1991; Bowditch et al., 
1991; Nagai et al., 1991). Both a5ßl and aIIbß3 respond to this overall synergy 
region, using overlapping recognition sites. The key sequence for a5ßl has been 
narrowed down to Pro-His-Ser-Arg-Asn (PHSRN), of which Arg1379 appears to be the 
only crucial amino acid (Aota et al., 1994). A synthetic peptide containing PHSRN and 
amino-terminal amino acids also contained synergy recognition activity for the major 
platelet integrin aIIbß3, but substitution analysis indicated that ASP1373 and Arg1374 
were the only crucial amino acids for interactions with this integrin (Bowditch et al., 
1994). Nevertheless, recent studies with recombinant polypeptides rather than synthetic 
peptides now indicate that this platelet integrin receptor has very similar sequence 
requirements for only Arg1379 (R. Bowditch, personal communication). The two inte
grins may therefore not differ substantially in their amino acid sequence specificity, 
although they do differ in the magnitude of their requirement for this synergy site, 
which is much higher for the a5ßl integrin. 

It has been proposed that this synergistic system can account for specificity and 
for full affinity of fibronectin toward the a5ßl integrin receptor (reviewed in Yamada, 
1989). However, the potential importance of the three-dimensional conformation of the 
RGD sequence by itself as adeterminant of specificity for fibronectin receptors re
mains uncertain (in contrast to the much stronger evidence for importance of RGD 
conformation for vitronectin receptors). These biochemical distinctions are important 
for both evolutionary and functional considerations, since classical biological questions 
such as the basis of adhesive specificity could be explained either by the use of unique 



64 Chapter 2 

combinations of such sequences or by more lock-and-key mechanisms requmng 
unique conformations ofthese sequences (reviewed in Yamada, 1989). It will therefore 
be important to extend current structural information on RGD-containing type III 
modules (Leahy et al., 1992; Main et al., 1992) to three-dimensional structural determi
nation of the fully active combination of RGD and synergy sites. 

In wounds, proteolytic fragments of fibronectin and other molecules are often 
present due to the action of wound proteases (Grinnell et al., 1992; Grinnell and Zhu, 
1994). Such proteolytic fragments can display biological activities that are absent or 
suppressed in the intact parent molecule. The central cell-adhesive domain of fibronec
tin displays potent chemotactic activity for monocytes, even though the intact molecule 
has little activity (Clark et al., 1988; Wikner and Clark, 1988; Doherty et al., 1990). 
Similarly, a fragment containing this central cell-adhesive domain can stimulate pro
tease secretion by certain fibroblasts, even though the intact fibronectin molecule does 
not (Werb et al., 1989). A possibly similar disparity between effects of the intact 
molecule and a peptide fragment is also seen in an embryonic system, where RGD 
peptides but not fibronectin can induce cell-cell aggregation and compaction of seg
mental plate cells, possibly through the induction of cell surface expression of the 
N-cadherin molecule (Lash et al., 1987; J. Lash, personal communication). These 
processes provide additional mechanisms for cells to detect and respond to wound 
conditions that generate fragments of fibronectin, independent of growth factors. 

3.6.1.2. AIternatively Spliced Adhesion Sites. The altematively spliced se
quences of the IIICS region are of particular interest because they can encode cell-type
specific adhesion sequences; fibronectin in dermal wounds contains enhanced amounts 
of such altematively spliced sequences (ffrench-Constant et al., 1989). Although cells 
such as fibroblasts cannot adhere weIl to this region of fibronectin, cells derived from 
the embryonic neural crest and activated lymphocytes can adhere readily. For example, 
embryonie neural crest cells, neurons from sympathetic and sensory ganglia, and 
melanoma cells adhere, as do activated T cells and certain B lymphocytes. All of these 
cells adhere to one or both ofthe two cell-binding sequences in this region by means of 
the a4ßl integrin receptor (see Chapter 9). Altematively, spliced IIICS sequences can 
be used by neural crest cells for migration in conjunction with several other sites 
elsewhere in the protein (Dufour et al., 1988). 

The stronger of the two peptide adhesion sequences in this region is unusually 
potent. A 25-residue synthetic peptide corresponding to this site, termed CS 1, still 
retains 40% of the total molar activity of fibronectin itself (Humphrles et al., 1987), 
which is an unusually high retention of functional activity by a synthetic peptide. In 
contrast, RGD-containing peptides appear to be 100-200 times less active for recogni
tion by the a5ßl fibronectin receptor on a molar basis (Akiyama and Yamada, 1985). 
The minimal essential peptide sequence required for function of this CS 1 region is the 
tripeptide Leu-Asp-Val (Komoriya et al., 1991). Nevertheless, other information else
where in the CS 1 peptide region appears to be required for full activity of this region, 
perhaps due to synergy of adjacent peptide sequences with the minimal Leu-Asp-Val 
sequence. 

An independent sequence that is also altematively spliced consists of the sequence 
Arg-Glu-Asp-Val (Humphrles et al., 1986). This sequence is two orders of magnitude 
less active than the CSl sequence, but it appears to display identical cell-type and 
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receptor specificity for the a4ß 1 integrin receptor. The existence of two alternatively 
spliced regions known to interact with a4ß 1 integrins provides a potential means for 
regulating the strength of these interactions by their extent of expression, which might 
be important for processes such as rates of cell migration or neurite extension (Humph
ries et al., 1988). 

An interesting speculation concerning the nature of adhesive recognition se
quences comes from inspection of these sequences compared with the canonical Arg
Gly-Asp sequence, all of which appear to contain a critical Asp residue: It has been 
proposed that this residue participates in a general binding mechanism based on cation 
binding to a functional site contributed by both this Asp and other sequences located in 
the integrin receptor (Loftus et al., 1990; Tuckwell et al., 1992). Experiments in which 
this sequence is mutated in either proteins or synthetic peptides are consistent with this 
hypothesis to date, but whether it is the underlying mechanism for this class of adhe
sive interactions remains to be determined. An interesting recent alternative mecha
nism postulates a two-step cation displacement model in which divalent cation is first 
bound to the integrin, but is then displaced or replaced by the ligand during the binding 
process (D'Souza et al., 1994). 

If provided in high enough amounts, either the RGD sequence or the CS 1 peptide 
sequence immobilized alone on a substrate can produce cell spreading and promote 
microfilament bundle organization (Singer et al., 1987; K. Yamada, unpublished re
sults). Even cell proliferation can be regulated by either the RGD or CSl domains. 
Binding of T lymphocytes to either the central cell-binding domain of fibronectin 
containing RGD or to the Leu-Asp-Val (LDV)-containing CS 1 peptide can help induce 
proliferation. In the intact fibronectin mo1ecu1e, both sites can contribute to mito
genesis (Nojima et al., 1990). These and other findings suggest the intracellular se
que1ae of binding to different fibronectin-adhesive sequences can be similar. In striking 
contrast, however, the induction of collagenase in rabbit synovial fibroblasts by binding 
to the central cell-binding domain is inhibited by concurrent binding to the CS 1 
sequence (Huhtala et al., 1995). In this latter case, their cell surface integrin receptors, 
a5ßl and a4ßl, respectively, mediate surprisingly different signals. It will be impor
tant to understand the differences between these proposed distinct signaling pathways. 

3.6.1.3. Heparin-Binding Sites. A1though binding of fibronectin to cell surface 
heparan sulfate proteoglycan can contribute to fibronectin-mediated adhesion, a more 
direct interaction between cell surface receptors and this type of domain may occur. 
Severa1 peptide sequences from the high-affinity heparin-binding domain that can bind 
heparin direct1y can also mediate cell attachment (Fig. 3, site 5), and the receptor used 
for this interaction appears to be the a4ßl integrin (McCarthy et al., 1988, 1990). The 
relative strengths, cell-type specificities, and functional interrelationships of these sites 
to the central cell-binding domain sites and to the alternatively spliced sites remain to 
be determined for various cell types. 

3.6.2. Fibrin-Binding Domains 

Fibronectin interacts with fibrin in clots, contributing to the thickening of fibrin 
fibers (Nair and Dhall, 1991). Biologically, fibronectin may play important roles in the 
capacity of cells to interact with fibrin. Depending on the cell system, fibronectin is 
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required for either cell adhesion or cell migration into fibrin clots (Grinnell et al., 1980; 
Knox et al., 1986). In both studies, covalent cross-linking of fibronectin to fibrin via 
factor XIII transglutaminase was proposed to be involved in mediating the effect. The 
roles of fibronectin and transglutaminase cross-linking in wound healing therefore 
deserve investigation. Although adhesion or migration into fibrin clots required cross
linked fibronectin, fibrin gel contraction did not (Tuan and Grinnell, 1989). 

Fibronectin contains at least two fibrin-binding domains; a third is detectable after 
proteolysis of the protein (Figs. 2, 3) (Mosher, 1989). The major fibronectin-binding 
site for fibrin is in the amino-terminal domain and is formed by a combination of the 
4th and 5th type I repeating units ("fingers") of fibronectin (Matsuka et al., 1994). 
Thus, the requirements for interaction of the amino-terminal domain with fibrin differ 
from those for binding to fibroblast cell surfaces or to Staphylococcus, which requires 
all 5 type I repeating units (Sottile et al., 1991). Although the 4th and 5th type I repeats 
together bound to fibrin, each of these units alone did not bind, indicating that the pair 
interacts in some fashion to form the binding site or pocket (Matsuka et al., 1994). 

The three-dimensional structure of this fibrin-binding region has been determined 
by two-dimensional NMR, providing insight into how these individual units form a 
structured complex and providing candidate surface-exposed amino acid residues as 
potential contributors to the binding site (Williams et al. , 1994). These type I repeats of 
fibronectin are homologous to the finger domain of tissue plasminogen activator 
(TPA). Competition between binding of these related domains in TPA and fibronectin 
to fibrin might be an important regulator of fibrinolysis, and, in fact, inhibition of 
fibrin-dependent plasmin generation by TPA in the presence of fibronectin has been 
observed (Beckmann et al., 1991). 

The interaction of fibronectin with fibrin mayaiso be important for mediating 
macrophage clearance of fibrin released into the circulation after trauma or in inflam
matory states (reviewed by Blystone and Kaplan, 1993). The binding offibronectin to 
the macrophage cell surface is of high affinity (Kd = 2-7 X 10-8 M for 29-kDa and 
70-kDa amino-terminal fragments) involving about 80,000 sites per cello A 67-kDa 
binding protein has been isolated that may serve as this high-affinity receptor (Blystone 
and Kaplan, 1992). 

3.6.3. Collagen (Gelatin)-Binding Domain 

Although this domain initially appeared to interact with native, nondenatured 
collagen, model studies indicate that the interaction may be truly significant only at 
subphysiological ionic strength (Ingham et al., 1985). This domain binds far more 
effectively to denatured collagen (e.g., gelatin) than to native collagen, and thus its 
interactions with collagens in general may be due to its bin ding to unfolded regions of 
the collagen tripie helix. Interestingly, the most preferred binding site on type I col
lagen is in the same region cleaved by bacterial collagenase. This region less strin
gently conforms to a tripie helix, and thus might be preferentially bound by a fibronec
tin domain that recognizes only denatured collagen chains. 

The evolutionary conservation of the gelatin-binding function in fibronectins from 
a wide variety of species suggests its biological importance. The marked preference of 
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this domain to bind to unfolded collagen chains, however, is puzzling when considering 
its potential biological function in vivo. Although fibronectin can mediate or modulate 
cell adhesion to collagen in vitro, it is not known whether this function is important in 
vivo. In fact, cells can adhere directly to native collagen via receptors such as the a2ß1 
integrin. It is conceivable that the physiological function of this ge1atin-binding domain 
relates less to cell adhesion per se and more to binding and clearance of denatured 
collagenous materials from blood or tissue. It has even been reported that fibronectin is 
needed for the organization of collagen fibrils in vitro (McDonald et al., 1982), and it 
may also control the organization of a variety of other extracellular matrix components. 

The polypeptide regions of fibronectin capable of mediating its binding to col
lagen have been variously identified as including a type 11 repeat (Owens and Baralle, 
1986) or only type I repeats (Ingham et al., 1989). The results obtained to date seem to 
indicate that several parts of the collagen-binding region contribute to full avidity of 
binding (McDonald and Kelley, 1980), although the relative contributions to binding 
of combining independent binding sites as opposed to producing a better conformation 
of the binding region remains to be determined. 

3.6.4. Heparin-Binding Domains 

Fibronectin contains two heparin-binding domains (Figs. 2,4), which are thought 
to interact most often with heparan sulfate proteoglycans. The binding of heparin by 
intact fibronectin is of relatively high affinity, with two classes of affinities with Kd = 
10-7 to 10-9 M (Yamada et al., 1980). The specific heparin-binding domains are 
located toward opposite ends of the protein, and they differ in both affinities and 
sensitivity to calcium ion. The strongest heparin-binding site is in the carboxyl-

Somatomedin B 

Collagen 

Figure 4. Schematic model of the major native form of vitronectin. This glycoprotein usually exists as a 
relatively globular, monomeric protein containing an amino-terminal region that can be proteolytically 
cleaved to release the plasma protein somatomedin B. A cell-binding sequence (numeral I) consists of the 
amino acid sequence Arg-Gly-Asp-(Val). A putative collagen-binding domain can be cleaved proteolytically 
from an adjacent part of the protein at protease-sensitive connecting strands indicated by the thicker lines. 
The heparin-binding domain (numeral 2) is usually cryptic (V-shaped groove), and it generally becomes 
exposed or available only after denaturation or unfolding of the moleeule. 
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terminal third of the protein (Fig. 3). A weaker binding domain is located in the amino
terminal end of the protein. This latter domain also binds to fibrin and can modulate 
ceH spreading. Heparin or heparan binding by this amino-terminal domain can be 
regulated by the extracellular concentration of calcium. Inhibition of binding occurs 
when levels of Ca2+ rise above average physiological concentrations in blood; thus, 
tissue sites with high local divalent cation concentrations could have decreased binding 
by this domain (Hayashi and Yamada, 1982). 

As reviewed above, heparin-binding regions of fibronectin can also mediate ceH 
adhesion in vitro. They have additional activities based on their glycosaminoglycan
binding activity, as demonstrated using fibronectin fragments. Certain cells cannot 
efficiently organize microfilament bundles and focal adhesions unless a heparin
binding domain is present, supporting the hypothesis that ceH surface heparan sulfate is 
important for part offibronectin's effects on ceH behavior (Izzard et al., 1986; Woods et 
al., 1986). This activity of the fibronectin heparin-binding domain on focal adhesions 
can be mimicked by a soluble peptides from this site containing the PRARI (Pro-Arg
Ala-Arg-Ile) sequence (Woods et al. , 1993). The formation offocal adhesions involves 
protein kinase C as part of a putative signaling pathway (Woods and Couchman, 1992). 
It is of interest from an evolutionary standpoint that heparin-binding activity in fi
bronectin arose in two structurally diverse domains. One domain consists of type III 
repeats lacking any disulfide bonds, whereas the other domain is based on the type I 
repeat and contains five internal disulfide bonds, forming a compact domain. 

Although intact fibronectin binds relatively weakly to chondroitin sulfate, frag
ments containing the high-affinity heparin-binding domain can bind to this gly
cosaminoglycan as strongly as to heparin (Barkalowand Schwarzbauer, 1994). These 
results indicate that the overall structure of fibronectin affects its interactions with such 
molecules, and that proteolysis such as that which occurs in wound fluid can generate 
or expose cryptic binding sites for chondroitin sulfate, a widely distributed glyco
saminoglycan. 

3.6.5. Matrix-Assembly Regions 

The assembly of fibronectin into fibrils and matrices is likely to be an important 
process in wound repair. Such fibrils form the natural in vivo substrates for cell 
adhesion and migration, which is not provided by soluble plasma fibronectin until it is 
immobilized. Normal fibronectin fibrillogenesis appears to require at least two pro
cesses: (1) association of one fibronectin moleeule with another via specific sites, and 
(2) a5ßl integrin binding with possible contributions from some other ceH surface 
receptor. Several distinct regions are involved in the organization of secreted fibronec
tin moleeules into extracellular fibrils. This matrix-assembly process, however, appears 
to be an active event involving contributions from receptors on living cells, rather than 
occurring by simple self-assembly (McDonald, 1988). Fibronectin matrix assembly, 
thus, occurs in a two-step sequence: first, fibronectin binds to a receptor system, then it 
is converted to a detergent-insoluble form during fibrillogenesis (Mosher et al., 1992). 

Not surprisingly, the central cell-binding domain of fibronectin seems to be in
volved in matrix assembly: the process of in vitro fibronectin matrix assembly is 
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inhibited by antibodies against the cell-binding domain, by antibodies against the a5ßl 
fibronectin receptor, or by competition with excess free proteolytic fragments contain
ing this region (McDonald et al., 1987; Fogerty et al., 1990). Antibodies against either 
the RGD region or the synergy region of the cell-adhesive domain will inhibit matrix 
assembly, whereas antibodies that bind between these sites do not (Nagai et al., 1991). 
Thus, both fibronectin elements recognized by a5ß 1 are involved in matrix assembly. 
Besides preventing formation of a fibronectin-based matrix, inhibiting this matrix 
assembly process can block events such as embryonic cell migration during gastrula
tion (Darribere et al., 1990). 

In addition to the cell-binding domain, the amino-terminal end of the protein is 
surprisingly also implicated in the matrix assembly process. Fragments of 70 kDa or, 
somewhat less effectively, the amino-terminal domain of 25 kDa, can be bound to cells 
in the first step ofmatrix assembly (McKeown-Longo and Mosher, 1985; McDonald et 
al., 1987). An excess of the 70-kDa domain can competitively inhibit incorporation of 
fibronectin into fibrils. This fragment, however, cannot complete assembly by itself, 
remaining detergent-soluble even while intact fibronectin becomes assembled. Linking 
70-kDa monomers into a dimer via the last 51 amino acids of fibronectin to form a 
disulfide-bonded dimer allows incorporation of these fragments into a preexisting 
fibronectin matrix (Sottile and Wiley, 1994). Because they could not form a matrix in 
the absence of intact fibronectin, another fibronectin-fibronectin-binding site appears 
needed for full-fledged de novo matrix assembly. 

An additional specific binding site involved in fibronectin self-assembly has been 
found in the first type III repeating unit of fibronectin (the III -1 module). This region 
contains a conformation-dependent binding site for the 70-kDa amino-terminal region 
(Chemousov et al., 1991; Hocking et al., 1994). A synthetic 31-amino acid peptide 
from this region can mediate fibronectin binding, and has been found to promote the 
assembly of soluble fibronectin into fibrils (Morla and Ruoslahti, 1992). Function of 
this region is essential for in vivo formation of fibronectin fibrils in embryos (Darribere 
et al., 1992). 

Interestingly, plasma and cellular (i.e., containing altematively spliced ED-A and 
ED-B sites) forms of fibronectin tend not to coassemble in fibrils. They instead segre
gate into short altemating stripes of self-self assembly on fibrils (Pesciotta-Peters et 
al. , 1990). 

The cell surface receptors involved in matrix assembly include a5ß 1 but not 
avßl, with possible contributions from some other ßl integrin (Fogerty et al., 1990; 
Wu et al., 1993; Zhang et al., 1993; Akiyama et al., 1994). Other nonintegrins mayaiso 
be involved, although more studies are needed to clarify this point (Limper et al., 1991; 
Moon et al., 1994). Moreover, gangliosides appear to considerably augment fibronectin 
matrix assembly (Spiegel et al., 1986), perhaps because they can bind effectively (Kd = 
10-8 M) to the same 25- to 31,000-Da amino-terminal domain implicated in matrix 
assembly (Thompson et al., 1986). 

The cell-catalyzed or cell-mediated mechanism of normal fibronectin assembly 
contrasts markedly with collagen fibrillogenesis, which proceeds dramatically in the 
absence of cells in vitro. Nevertheless, fibronectin fibrils are major components of the 
extracellular matrix produced by cells in tissue culture, as well as in vivo pathways of 
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embryonic cell migration, e.g., for gastrulation and neural crest cell migration. The 
requirement for a cellular matrix-assembly system permits more precise regulation of 
the sites of fibronectin fibril formation than if the fibrils were self-assembling, and 
probably accounts for the fact that even though high levels of fibronectin circulate in 
blood (0.3 g/liter), it remains freely soluble until incorporated into blood clots or tissue 
matrices. Recent studies suggest that fibronectin matrix assembly can be modulated by 
regulators such as protein kinase C and lysophosphatidic acid (Checovich and Mosher, 
1993; Somers and Mosher, 1993). 

3.6.6. Other Molecular and Functional Associations of Fibronectin 

Like other extracellular matrix molecules, fibronectin can serve as a reservoir for 
the binding of growth factors and cytokines. For example, TGF-ß can bind tightly to 
purified fibronectin and it can be recovered by acid extraction (Fava and McClure, 
1987). Moreover, tumor necrosis factor-alpha (TNF-a) binds to fibronectin's amino
terminal domain, retaining high activity while immobilized (Alon et al., 1994; Hersh
koviz et al., 1994). Such extracellular matrix-bound factors may provide an immo
bilized store that can be held in close proximity to cells for cell activation or may be 
released after proteolysis of the matrix protein carrier. 

A novel bifunctional activity of fibronectin and its amino-terminal fragment has 
been described for adipocyte differentiation in vitro. Intact fibronectin inhibited differ
entiation of an adipocyte cellline almost completely, in a process requiring the cell
binding domain and a5ßl. In contrast, fibronectin fragments and purified 24-kDa 
amino-terminal domain markedly stimulated differentiation (Fukai et al., 1993). 
Whether this activity is due to binding other molecules, such as cytokines or extracellu
lar ligands, or to direct activity of this fragment remains to be established. 

Fibronectin can also bind molecules such as complement proteiDs, bacteria, yeast, 
DNA, and denatured actin. The biological roles of these interactions remain to be 
established conclusively, although one function may be as a scavenger or opsonic 
molecule that prornotes the clearing of such materials from blood by the reticuloen
dothelial system (reviewed in Carsons, 1989). 

4. Vitronectin 

4.1. Introduction 

Vitronectin (S-protein) is a multifunctional glycoprotein found in plasma, extra
cellular matrices, and fibrin clots. First identified as a cell attachment factor with high 
avidity for glass substrates (vitro = glass), vitronectin has been investigated under the 
names serum spreading factor, S-protein, and epibolin. Besides mediating cell adhesion 
and migration (e.g., epiboly), vitronectin can also protect cells from cytolytic destruc
tion by released activated complement complexes and can protect thrombin from 
inactivation by antithrombin III (reviewed by Tomasini and Mosher, 1991; Felding
Habermann and Cheresh, 1993). 
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4.2. Structure and Location 

The vitronectin molecule is a 75,000-Da monomer that can be proteolytically 
clipped to a form consisting of two chains, 65,000 Da and 10,000 Da, linked by a 
disulfide bond. Plasma contains both forms in varying ratios in different individuals, at 
a total concentration ofO.2-0.4 g/liter (Kubota et al., 1988). The form ofvitronectin in 
tissues remains to be determined. 

The vitronectin gene is relatively small, extending only 3 kilobases in length and 
containing eight exons (lenne and Stanley, 1985; Suzuki et al., 1985; Seiffert et al., 
1993). Exon 2 encodes the sequence for somatomedin B. Proteolysis of vitronectin 
apparently releases this polypeptide, whose function remains unknown. Neither highly 
purified somatomedin B nor vitronectin has growth factor activity (Barnes et al., 1984). 
Levels of vitronectin can be regulated by TGF-ßl and other cytokines (Koli et al., 
1991). 

Vitronectin is also deposited on fibers in the extracellular matrices of a variety of 
tissues, where it sometimes colocalizes with fibronectin. Although vitronectin is absent 
from the skin of children (Dahlback et al., 1989), in adult skin, it is located at the 
periphery of dermal elastic fibers in a noncovalent association and it appears to accu
mulate as a function of age (Hintner et al., 1991). However, vitronectin does not 
necessarily colocalize with fibrillin in microfibrils. Vitronectin is also associated with 
amyloid deposits in dermis (Dahlback et al., 1993). 

4.3. Cell Attachment Domain 

The cell attachment activity of vitronectin is encoded by exon 3 and is based on 
the sequence Arg-Gly-Asp (lenne and Stanley, 1985; Suzuki et al., 1985). Cell attach
ment to vitronectin does not appear to require either the somatomedin B or heparin
binding domains, and mutation of this the Arg-Gly-Asp sequence leads to a loss of cell 
adhesive activity (Zhao and Sane, 1993). A wide variety of cell types will adhere to 
vitronectin. In fact, most cell-adhesive activity of serum, used at 5-10% for tissue 
culture, can be attributed to vitronectin [fibronectin becomes more important only at 
low concentrations of serum (Grinnell and Phan, 1983; Knox, 1984; Bale et al., 1989)]. 

Attachment to vitronectin occurs via any of several vitronectin receptors in the 
integrin family, including avß3, aIIbß3, and avß5. It is important to note that these 
receptors mayaiso bind to fibronectin and in some cases to other proteins. For exam
pIe, aIIbß3, a major platelet aggregation receptor, binds to fibronectin, vitronectin, von 
Willebrand factor, and fibrinogen, all of which contain the canonical Arg-Gly-Asp 
(RGD) recognition sequence. Potential binding sites on avß3 and aIIbß3 have been 
identified by cross-linking experiments using synthetic peptide ligands (D'Souza et al., 
1990). CUTTent data suggest that both a and ß chains contribute to formation of the 
binding pocket. These receptors exhibit variations of a binding specificity that is 
strongly focused on the RGD sequence itself. Unlike the a5ß 1 receptor, avß3 and 
allbß3 can readily bind to immobilized synthetic peptides containing RGD. There is 
good evidence that the local sequence and conformation of such peptides contribute 
substantially to binding. Nevertheless, even the classically pure RGD-recognizing re-
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ceptor, aIIbß3 on the platelet, appears to require additional sequence information for 
binding to fibronectin (Bowditch et al., 1991). It remains to be determined whether 
other sequences in vitronectin and other cooperative or competitive ligands contribute 
to vitronectin receptor binding. 

In cultured cells, vitronectin-vitronectin receptor complexes are prominently 10-
cated at focal contacts with the culture plate (focal adhesions) in association with 
intracellular cytoskeletal elements such as vinculin, talin, paxillin, and the ends of actin 
microfilament bundles (Burridge et al., 1988; Dejana et al., 1988; Singer et al., 1988). 
The in vivo relevance of this striking transmembrane complex will be interesting to 
unravel. Besides forming strong adhesions to vitronectin, certain cells can migrate on 
vitronectin substrates. The migration of polymorphonuclear neutrophils on vitronectin 
depends on unusual repeated cycles of transiently increased intracellular calcium ion 
concentration. The relatively high intracellular calcium apparently reduces integrin
mediated adhesion to vitronectin via a process that requires calcineurin, a calmodulin
dependent phosphatase (Hendey et al., 1992). 

4.4. Heparin Binding and Other Binding Activities 

Vitronectin contains a cryptic heparin-binding domain that is exposed (along with 
certain antibody epitopes) after adsorption onto a surface or after denaturation by 
agents such as urea or guanidine (reviewed in Tomasini and Mosher, 1991). This 
property has been used as the basis for a simple, efficient purification protocol 
(Yatohgo et al., 1988). In the absence of denaturing treatments, only a small fraction of 
plasma or serum vitronectin will bind heparin (2% and 7%, respectively). The vitronec
tin form that binds heparin consists of large aggregates, which have similar cell adhe
sion activities as monomeric vitronectin (Izumi et al. , 1989). Conformationally altered 
forms of vitronectin can form multimers and thereby form a mutivalent adhesion 
complex (Zlatopolsky et al., 1992). Activated vitronectin binds to heparin with high 
affinity (Kd = 10-8 M), and can neutralize heparin anticoagulant activity (Preissner 
and Muller-Berghaus, 1987). The expression of heparin-binding activity after activa
tion by denaturants is accompanied by the exposure of new epitopes. The current 
interpretation of these findings is that the vitronectin molecule is normally folded to 
conceal this region (Fig. 4), and unfolding exposes this cryptic site. 

Urea-treated vitronectin also binds to native collagen types I-VI, although this 
binding is minimal at physiological salt concentrations (Izumi et al., 1988). The biolog
ical relevance of this interaction, therefore, remains to be determined. Vitronectin 
appears to have at least two collagen-binding domains. One is located close to the 
heparin-binding domain in the carboxyl half, while the other is in the amino-terminal 
half of vitronectin (Ishikawa-Sakurai and Hayashi, 1993). 

Vitronectin also binds plasminogen activator inhibitor (PAI-1) and stabilizes its 
activity or even activates mutated forms (Keijer et al., 1991; Tomasini and Mosher, 
1991). These functions may help regulate the localization and activity of this important 
inhibitor of plasminogen activators, proteases implicated in a host of tissue-remodeling 
events including implantation, cell migration, and tumor cell invasion. 
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5. Thrombospondin 

5.1. Introduction 

Thrombospondin is a large, multifunctional glycoprotein that is released when 
platelets are activated, but it is also secreted continuously by a variety of other ceIl 
types during ceIl growth (reviewed by Lawler, 1986; Frazier, 1987; Asch and Nach
man, 1989; Mosher, 1990; Frazier, 1991; Bornstein, 1992; Lahav, 1993; Lawler et al., 
1993). It interacts with ceIls and binds to several extraceIlular matrix molecules. Major 
activities of this protein include mediating or inhibiting ceIl adhesion and regulation of 
growth of certain ceIls. A causal role for thrombospondin in the regulation of ceIl 
growth has been suggested from experiments with smooth muscle ceIls, in which 
antibodies against thrombospondin inhibit ceIl proliferation by arresting ceIls in the GI 
phase of the ceIl cycle. Heparin-mediated inhibition of the interaction of thrombospon
din with these ceIls also inhibits proliferation (Majack et al., 1988). 

5.2. Structure and Location 

Thrombospondin is a trimeric glycoprotein composed of three identical 140,000-
Da subunits joined together by a region of interchain disulfide bonds (Fig. 5). The 
molecule contains an amino-terminal heparin-binding domain that binds avidly to 
heparin (Kd = 80 nM). The next structural feature on each chain is the site of interchain 
disulfide bonding, which links each subunit into a trimer. The center of the molecule 
consists of a relatively linear domain, and the protein terminates in a large carboxyl
terminal domain that binds Ca2+. Thrombospondin is the most abundant protein of 
platelet a-granules, but it is also a component of a variety of extraceIlular matrices, is 
located in embryonic basement membranes, around epithelial ceIls, and is associated 
with peripheral nerves, myoblasts, and chondroblasts. After differentiation, levels of 
this protein decrease (O'Shea and Dixit, 1988). 

There are at least four thrombospondin genes, which share a variety of homolo
gous regions including EGF-like and calcium-binding motifs and the carboxyl-terminal 
domain. Phylogenetic analysis suggests that the primordial thrombospondin gene du
plicated about 600 million years ago into the four known branches of the family, which 
indicates their separate existence throughout the evolution of the animal kingdom 
(Frazier, 1991; Bornstein, 1992; Lawler et al., 1993). The four thrombospondin genes 
are expressed differentiaIly in embryonic development (Iruela-Arispe et al., 1993). 
Thrombospondin 1, but not 2 or 3, is expressed in neural tube, head mesenchyme, and 
megakaryocytes. Thrombospondin 2 is generaIly confined to connective tissue as weIl 
as myoblasts. Thrombospondin 3 is restricted to brain, cartilage, and lung. Thrombo
spondin 4 is concentrated in heart and skeletal muscle. These major differences in 
localization during development strongly suggest different functions, as weIl as empha
sizing the importance of characterizing separately the potential role of each different 
thrombospondin gene in wound healing. 

Thrombospondin synthesis can be stimulated by TGF-ß, PDGF, heparin, and heat 
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Figure S. Schematic models of the overall morphology and internal structure of thrombospondin. The top 
diagram shows the general shape of the glycoprotein thrombospondin-l, which is a trimer of identical 
subunits bonded together by disulfide bonds located near the smaller globular domain. The diagram at the 
bottom shows the struCtllre of one subunit of thrombospondin-l or -2. Globular domains are attached to ends 
of a rodlike segment consisting of three types of repeating unit termed type I, type 11, and type III. There are 
at least four cell-binding sites in thrombospondin: the first two are in type I repeats and contain the Val-Thr
Cys-Gly sequence; they may bind to CD36 or platelet gpIV. The third cell-binding eite is in aC-terminal type 
III repeating unit and contains the sequence Arg-Gly-Asp-. The fourth is in the carboxyl-terminal domain. In 
addition, the heparin-binding domain is reported to be a strong adhesion site in certain cells. Other binding 
sites include a procollagenlike domain thought to bind collagen and a caicium-binding domain. 

shock (Ketis et al., 1988; Penttinen et al. , 1988; Lyons-Giordano et al., 1989). Analysis 
of the promoter region of the thrombospondin gene has been initiated to elucidate this 
complexity of regulation (Donoviel et al., 1988; Laherty et al., 1989). Conversely, 
however, thrombospondin also has been shown to activate latent TGF-ß to its fully 
functional form by a novel mechanism (Schultz-Cherry and Murphy-Ullrich, 1993). 

Thrombospondin-l appears at the edge of wounds within 12 hr, and is maximal 
after 1-2 days (Reed et al., 1993). Its mRNA is found in the thrombus, but not at the 
wound edge. Thrombospondin generally inhibits angiogenesis in vitro and in vivo, 
although enhancement was reported in a serum-free extracellular matrix assay (lruela
Arispe et al., 1991; Reed et al., 1993; Nicosia and Tuszynski, 1994). Down-regulation 
of thrombospondin-l in endothelial cells by anti sense RNA can prevent this inhibition 
(DiPietro et al., 1994). 

5.3. Cell-Binding Sites 

Thrombospondin can bind to cell surface receptors, mediating or modulating cell 
adhesion. Depending on the cell type, this interaction can lead to cell spreading or 
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aggregation, or even to negative effects on strength of adhesion such as an inhibition 
of cell adhesion to fibronectin. In particular, thrombospondin can modulate platelet 
aggregation (Asch and Nachman, 1989; Mosher, 1990). Moreover, substrates coated 
with thrombospondin mediate attachment and spreading of keratinocytes (Varani et 
al., 1988). In contrast, however, thrombospondin inhibits the adhesion of endothelial 
cells to substrates coated with serum or fibronectin (Lahav, 1988). Furthermore, 
thrombospondin can partially inhibit adhesion of cultured fibroblasts to fibronectin, 
producing a decrease in focal contacts (Murphy-Ullrich and Hook, 1989). Activity 
can be localized to heparin-binding peptides from thrombospondins-l and -2 
(Murphy-Ullrich et al., 1993). This complexity of effects of thrombospondin may be 
due at least in part to the existence of at least two distinct cell interaction sites on this 
protein. 

Thrombospondin-l contains at least five sites that can mediate cell adhesion 
(Mosher, 1990; Frazier, 1991; Bornstein, 1992; Tuszynski et al., 1992; Lahav, 1993; 
Lawler et al., 1993). As described in more detail in the following section, the amino
terminal heparin-binding domain can mediate attachment of certain cells. CSVTCG 
and CSTSCG sequences contained in the region with fibronectinlike type I repeats can 
function in cell adhesion, platelet aggregation, and tumor cell metastasis. The RGDA 
sequence in the last fibronectinlike type III repeats is another functional site. This type 
III repeat also binds calcium. Cells and platelets also can bind the carboxyl-terminal 
domain. Cell binding for melanoma cells has been localized within the carboxyl
terminal domain to the sequences RFYVVM and IRVVM. Although three amino acids 
of these peptides are identical, they can synergize in combination for competitive 
inhibition of cell attachment to this domain. 

Strong cell adhesive interactions with thrombospondin are mediated by the amino
terminal heparin-binding domain, which can bind to cell surface sulfated lipids (sul
fatides) or to membrane-inserted heparan sulfate proteoglycan (Fig. 5) (Roberts and 
Ginsburg, 1988; Kaesberg et al., 1989). This heparin-binding domain can also mediate 
the incorporation of thrombospondin into extracellular matrices (Prochownik et al., 
1989). Addition of exogenous heparin or antibodies to this domain can often block cell 
adhesion. Thrombospondin-mediated inhibition of angiogenesis can be attributed to 
two to three independent sites: the heparin-binding Trp-Ser-X-Trp peptide sequences in 
the fibronectinlike type I repeats and in the amino-terminal domain, as weIl as the 
procollagenlike region (Tolsma et al., 1993; Vogel et al., 1993). 

Nevertheless, other studies using different adhesion assays or cells suggest that 
other regions of thrombospondin can also mediate cell adhesion. For example, ker
atinocytes and hematopoietic progenitor cells do not adhere to the 25,000-Da amino
terminal heparin-binding domain, but instead appear to use carboxyl-terminal se
quence(s) in the large residual fragment (Varani et al., 1988; Long and Dixit, 1990). 
The best-characterized alternative adhesion site for certain cells is the Arg-Gly-Asp 
sequence present in a predicted calcium-sensitive loop region of the protein near the 
carboxy-terminal end of the connecting rod (Fig. 5). In some assays, attachment of 
several cell types to thrombospondin could be inhibited by a synthetic peptide contain
ing this adhesive recognition sequence (Lawler et al., 1988). This site probably ac
counts for the binding of thrombospondin by the integrin receptors avß3 and aIIbß3 
(Lawler and Hynes, 1989). 
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5.4. Heparin- and Fibronectin-Binding Domains 

Thrombospondin is secreted by cells and eventually becomes incorporated into a 
fibrillar matrix surrounding cells. Depending on the cell type and time in culture, it can 
be organized into 100- to 300-nm spherical granules together with heparan sulfate 
proteoglycan (Veklich et al., 1993) in patterns distinct from fibronectin, or it can 
become organized into fibrils that colocalize with fibronectin. The latter organization 
appears to require a preexisting matrix as a scaffolding for assembly and involves one 
or more heparin-binding domains. Such domains also bind to fibronectin (Dardik and 
Lahav, 1989). The major heparin-binding region is a globular domain at the amino
terminus of thrombospondin. This region binds heparin with relatively high affinity (Kd 

= 7-8 X 10-8 M). In mutagenesis studies, heparin binding and incorporation of this 
domain into the extracellular matrix can occur as long as it retains a critical intrachain 
disulfide bridge region immediately adjacent to the heparin-binding domain (Pro
chownik et al., 1989). 

Like tenascin, thrombospondin can alter cell interactions with substrates by dis
rupting focal adhesions. This adhesion-labilizing activity can be localized to a 19-
amino acid sequence corresponding to thrornbospondin residues 17-35 in the heparin
binding domain. This peptide is active at 0.1 fLM, and its activity is blocked by heparin 
and heparan sulfate. Consistent with involvement of heparin-binding activity in its 
function, modification of lysine residues in the peptide leads to loss of function 
(Murphy-Ullrich et al., 1993). 

Thrombospondin from endothelial cells binds to fibronectin with modest affinity 
(Kd = 0.7 X 10-7 M) using two distinct domains: a 70,000-Da core fragment similar to 
that in platelet thrombospondin (Kd = 3 X 10-7 M) and another domain of 27,000 Da 
that is reportedly unique to endothelial cell thrombospondin (Kd = 9 X 10-7 M). 
Heparin competitively inhibits binding of intact thrombospondin and to the 27,000-Da 
fibronectin fragment (Dardik and Lahav, 1989). Thrombospondin binds to fibronectin 
via the GGWSHW sequence within the second type I repeat. A synthetic GGWSHW 
peptide inhibits thrombospondin binding to fibronectin, but not direct cell adhesion to 
fibronectin substrates (Sipes et al., 1993). 

5.5. Other Binding Interactions 

Some growth-modulating activity of thrombospondin appears to be due to bound 
TGF-ß (Murphy-Ullrich et al., 1992). The bound TGF-ß inhibits endothelial cell 
growth. The TGF-ß can be from exogenous sources or endogenously produced by the 
cells. In the latter case, thrombospondin appears to bind and function as a novel 
physiological regulator of TGF-ß activation. Under these conditions, TGF-ß has a 
maximal activity at concentrations of only 0.9 fLM. 

Thrombospondin binds to and inhibits several important proteases. It binds to 
plasmin in a 1 : 1 molar complex and serves as a slow tight-binding inhibitor. Throm
bospondin also inhibits urokinase plasminogen activator, but it stimulates tissue plas-
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minogen activator and had no effect in assays of a-thrombin or factor Xa (Hogg et al., 
1992). Thrombospondin may therefore be an important novel modulator of fibrinolysis. 

In addition, thrombospondin binds to neutrophil elastase with a 1 : 3 stoichiometry 
(1 elastase molecule per each of the 3 thrombospondin subunits) with a site-binding 
affinity of Kd = 6 X 10-8 M. Thrombospondin functions as a tight-binding competi
tive inhibitor of elastase, perhaps via two reactive centers in the calcium-binding type 3 
domains of thrombospondin. Because of the importance of neutrophil elastase in degra
dation of connective tissue components during inflammatory processes, thrombospon
din may play critical roles in modulating tissue remodeling and repair (Hogg et al., 
1993). 

Thrombospondin binds to more than a dozen other molecules (see recent tabula
tion by Lahav, 1993). Besides fibronectin and heparin, it can bind to the extracellular 
matrix molecules collagen, laminin, and osteonectin/SPARC (secreted protein acidic 
and rich in cysteine), as well as to fibrin and fibrinogen. It can also bind to syndecan 
as well as sulfated lipids. 

Some bacteria can take advantage of binding sites on extracellular matrix pro
teins to establish sites of pyogenic infection. Staphylococcus aureus can bind to 
thrombospondin in calcium-dependent fashion with relatively high affinity (Kd = 6 X 
10-9 M). This interaction provides a potentially important mechanism for staphylo
coccal adherence to blood clots or extracellular matrices to establish sites of infec
tion. Thrombospondin is also a mediator of adhesion of malaria-infected red blood 
cells to endothelial cells, which appears particularly important in cerebral malaria 
(Aikawa et al., 1990). 

5.6. Receptors for Thrombospondin 

The membrane glycoprotein CD36 is a major cell surface receptor for thrombo
spondin, although certain cells appear to use the integrin avß3, other integrins, a 50- to 
60-kDa glycoprotein, or a heparin-modulated system (Asch er al., 1991, 1992; Savill 
et al., 1992; Silverstein et al., 1992; Adams and Lawler, 1993; Tuszynski et al., 1993; 
Yabkowitz et al., 1993). CD36 appears to bind to thrombospondin in a two-step 
process. First, a region containing residues 139-155 binds to thrombospondin, which 
triggers a change in the latter molecule to reveal a second site. This second, 
conformation-dependent site consists of the thrombospondin pentapeptide SVTCG, 
which binds to CD36 residues 87 -99 with high affinity (Leung et al., 1992; Asch et al., 
1993; Li et al., 1993). The CD36 residue 87-99 region has a consensus protein kinase 
C phosphorylation site. Dephosphorylation of CD36 results in increased binding to 
thrombospondin, accompanied by a loss of CD36 binding to collagen. Conversely, 
phosphorylation mediated by protein kinase C of this extracellular site results in a loss 
of binding to thrombospondin and enhanced collagen binding (Asch et al., 1993). 
Puzzlingly, the same thrombospondin pentapeptide in the hexapeptide CSVTCG bound 
to Sepharose also identifies another putative receptor of 50,000 and 60,000 Da from 
human tumor cells (Tuszynski et al., 1993). 
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6. Tenascin 

6.1. Introduction 

Tenascins comprise a family of unusually large extracellular matrix moleeules that 
presently include tenascins -C, -R, and -x. Tenascin-C (also known as cytotactin,]1-
200/220, or hexabrachion) exists as a striking, six-armed, star-shaped extracellular 
complex of about 1.2 million Da consisting of similar subunits linked by interchain 
disulfide bonds (Fig. 6) (reviews include the following references: Erickson and Bour
don, 1989; Chiquet-Ehrismann, 1990; Hoffman et al., 1990; Erickson, 1993). Tenascin
R was known previously as restrictin or J1-160/180 (Norenberg et al., 1992). The 
other tenascin family member is tenascin-X (Bristow et al., 1993). Tenascin is an 

Anti-Adhesive Cell 

Figure 6. Schematic models of the overall morphology and intemal structure of tenascin-C. This unusually 
large glycoprotein is a disulfide-linked complex composed of six similar subunits joined at their amino
termini to form a central globular domain (top). The structure of a single tenascin subunit is shown at the 
bottom. It starts with part of the central globular domain (0) that apparently receives contributions from 
multiple chains (indicated by pie-shaped segment), then includes heptad repeats and a prominent series of 
EOF repeats (E) associated with a polypeptide region that mediates antiadhesive function. Next are variable 
numbers of fibronectin type m repeats. Of the type m repeats that are always present and do not undergo 
alternative splicing, the third type III unit contains a region of relatively weak cell-adhesive activity based on 
an Arg-Gly-Asp- sequence and astronger adhesive site in the same type III repeat. The seventh plus eighth 
invariant type III repeats contain a region of cell-adhesive function as weil as an antiadhesive site. In 
between, variable numbers of type III units are inserted or deleted in isoforms due to alternative slicing of 
precursor tenascin mRNA. The carboxy-terminus consists of a fibrinogenlike knob (Fb) located at the distal 
end of each arm of the intact hexagonal molecule, which contains yet another cell-binding site. 
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unusual cell interaction protein, capable of mediating both adhesive and repulsive 
(antiadhesive) interactions, as well as binding to certain proteoglycans and fibronectin. 

Tenascin is particularly interesting because its patterns of expression are tightly 
regulated. Tenascin expression is closely associated with morphogenetic events, in
c1uding embryonic migration and induction, wound healing, and tumorigenesis 
(Chiquet-Ehrismann, 1990; Koukoulis et al., 1991; Whitby and Ferguson, 1991; 
Whitby et al., 1991; Erickson, 1993). Surprisingly, mice in which the tenascin gene 
was inactivated by homologous recombination lack any tenascin-C, and yet developed 
apparently normally, although subtle changes remain to be evaluated (Saga et al., 
1992). It appears likely that one of the other tenascin isoforms was able to substitute for 
most functions of the missing tenascin-C. Their apparent complexities and potential 
overlapping of biological functions may permit the tenascins to regulate tissue re
modeling despite a missing isoform. 

6.2. Structure and Tissue Location of Tenascin 

Native tenascin molecules are predominantly six-subunit oligomers in which in
terchain disulfide bonds near the amino-terminus link subunits of about 190,000 to 
230,000 Da into a large, six-armed complex or hexabrachion (Fig. 6) (Erickson and 
Bourdon, 1989; Chiquet-Ehrismann, 1990; Hoffman et al., 1990; Erickson, 1993). 
Tenascin is characterized by structural units homologous to those of other proteins: it 
inc1udes 13 epidermal growth factor-like repeats, 8-16 fibronectin type III repeats, and 
a globular carboxyl-terminus homologous to fibrinogen that inc1udes a ca1cium
binding region (Fig. 6). Tenascin undergoes alternative splicing of its precursor mRNA 
to produce variant molecules, which result from the removal of sequences encoding 
various type III fibronectin repeats (Jones et al., 1989; Spring et al., 1989; Chiquet
Ehrismann, 1990; Prieto et al., 1992; Aukhil et al., 1993; Erickson, 1993; Tucker et al., 
1994). Although its complete three-dimensional structure remains to be determined, a 
predominance of beta structure is suggested by its far-UV circular dichroism spectrum 
(Taylor et al., 1989). The structure of the type III fibronectin domain containing an 
ROD sequence has been determined, and it is very similar to the homologous domain 
in fibronectin (Leahy et al., 1992). 

Tenascin is frequently found at sites of tissue remodeling. In embryonic devel
opment, it is expressed in developing brain and in mesenchyme associated with 
epithelial-mesenchymal interactions, and its pattern of localization may correlate with 
pathways ofmigration (Chiquet-Ehrismann, 1990; Hay, 1991; Erickson, 1993). In vitro 
analyses of tenascin effects on neural crest cell migration reveal that crest cells migrate 
more rapidlyon tenascin than on fibronectin or on basal lamina isolated from embry
onic retina. Interestingly, crest cells on tenascin appear rounded and lack lamellipodia, 
whereas they are more flattened (and presumably more adhesive) on the other two 
substrates. When added to medium, however, tenascin becomes an inhibitor of cell 
migration on basal lamina. These differing effects suggest that tenascin functions to 
decrease cell-substrate interactions and to weaken tractional forces on migrating cells, 
thereby stimulating the rate of forward cell translocation (Halfter et al., 1989). Tenascin 
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can permit axonal extension while inhibiting glial cell migration, which may induce the 
compaction of nerve fascicles (Wehrle-Haller and Chiquet, 1993). 

In adults, tenascin reappears at the edges of healing wounds, particularly beneath 
migrating, proliferating epidermal cells at the dermal-epidermal junction; its distribu
tion differs from that of fibronectin, which is also thought to be involved in migration 
during wound healing (Mackie et al., 1988; Whitby and Ferguson, 1991; Whitby et al., 
1991; Herrick et al., 1992; Luomanen and Virtanen, 1993; Kanno and Fukuda, 1994). 
Tenascin first appears at approximately 2 days after wounding, forming increasingly 
intense patterns. However, it is absent from scar tissue (Betz et al., 1993). In compari
sons of fetal, neonatal, and adult murine lip wounds, tenascin emergence preceded 
fibronectin and varied from 1 to 24 hr. Its rate of appearance paralleled the rate of 
wound healing (Whitby and Ferguson, 1991; Whitby et al., 1991). Since the appear
ance of tenascin preceded cell migration, it may function to promote rapid closure of 
fetal wounds. Levels of tenascin are also increased during nerve regeneration and in 
association with various tumors (Erickson and Bourdon, 1989; Chiquet-Ehrismann, 
1990; Hoffman et al., 1990; Koukoulis et al., 1991). 

Tenascin synthesis is stimulated by serum and by cytokines including TGF-ß 
(Pearson et al., 1988; Erickson, 1993). Tenascin levels can be induced by more than 
IOO-fold by factors such as fibroblast growth factors, interleukins, and TNF-a, depend
ing on the cell type (Rettig et al., 1994). These findings suggest that tenascin regulation 
in vivo is due at least in part to growth factors associated with wounds, morphogenetic 
events, or tumors. 

6.3. Cell Interactions of Tenascin 

Some cells such as endothelial cells can adhere to tenascin or its fragments. The 
interaction with intact tenascin is weak, unlike adhesion to fibronectin. and it does not 
strengthen over time (Lotz et al., 1989). A major cell-binding site oftenascin involved 
in such adhesion has been localized by studies with antibody inhibition and proteolytic 
fragments, and it is present near the carboxy-terminus in the 10th and 11 th fibronectin 
type III repeats (Fig. 6) (Friedlander et al., 1988; Spring et al., 1989). A monoclonal 
antibody against this region can block cell adhesion to tenascin, supporting the impor
tance of this site in tenascin-mediated cell attachment. A second adhesion site exists in 
the globular fibrinogenlike domain at the carboxyl-terminal end ofthe protein. Besides 
this site, there is an Arg-Gly-Asp (RGD) sequence in the third fibronectin type III 
repeat that can also function in some cells by interaction with the avß3 integrin 
receptor (Bourdon and Ruoslahti, 1989; Prieto et al., 1992; Joshi et al., 1993). As 
described in Section 6.5, an apparently distinct non-RGD adhesion site also exists in 
this third type III repeat. 

However, tenascin also can exert a striking antiadhesive activity. Mixing tenascin 
with fibronectin when substrates are prepared for adhesion assays results in an inhibi
tion of fibronectin function; tenascin can also inhibit adhesion to laminin and to the 
GRODS peptide (Chiquet-Ehrismann et al., 1988; Lotz et al., 1989). The mechanism of 
this inhibition is not yet clear. A distinct antiadhesive region involved in this function 
can be mapped on the tenascin molecule to the region of EGF-like repeats adjacent to 
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the amino:terminal globular domain (Chiquet-Ehrismann et al., 1988; Spring et al., 
1989). Such antiadhesive activities may be of particular importance for neuronal out
growth. In some cases, however, effects may be due to simple steric inhibition of cell 
access to adhesion proteins, since tenascin can also block access of antibodies to the 
substrate (Lightner and Erickson, 1990). 

Inhibition of cell interactions by tenascin can also be demonstrated in vivo. Exog
enous tenascin injected into developing amphibian gastrulas causes an arrest of gastru
lation, an effect attributable to inhibition of mesodermal cell migration (Riou et al., 
1990). Further studies will be necessary to clarify the role of antiadhesive molecules 
such as tenascin during embryonic development (Keynes and Cook, 1990) and poten
tially in wound repair. 

6.4. Interactions of Tenascin with Other Extracellular Moleeules 

Tenascin binds to a specific chondroitin sulfate proteoglycan, and this interaction 
is dependent on divalent cations. The localization of this interacting pair of molecules 
in embryos is similar but not always coincident; in nervous tissue, tenascin is synthe
sized by glia, whereas its binding proteoglycan is specifically synthesized by neurons 
(Hoffman et al., 1988). Major chondroitin sulfate proteoglycans of nervous tissue, 
neurocan and phosphacan, have been shown to interact with tenascin and to have 
differing effects on cell adhesion (Grumet et al., 1994). Remarkably, one chondroitin 
sulfate proteoglycan of brain is a variant form of the receptor tyrosine phosphatase ß, 
and the extracellular domain of this transmembrane tyrosine phosphatase can bind 
specifically to tenascin (Bamea et al., 1994). This interaction may play roles in nervous 
system signaling in development. 

Tenascin also binds weakly to fibronectin, and in fact it can heavily contaminate 
cell surface fibronectin preparations that are not subjected to gel filtration. The interac
tion is readily reversible, but it appears to be specific in that tenascin was not found to 
bind to laminin or to collagens (Lightner and Erickson, 1990). This interaction may be 
functionally important, since it can permit inhibition of cell interactions with fibronec
tin (Chiquet-Ehrismann et al., 1988). 

6.5. Cell Surface Receptors for Tenascin 

As reviewed in Section 6.3, integrins that interact with the RGD site can be 
involved in cellular interactions with tenascin. A second type of integrin interaction is 
displayed by the novel integrin a9ßl, which binds instead to a non-RGD site in the 
third fibronectin type III repeat oftenascin (Yokosaki et al., 1994). A third type of cell 
surface ligand for tenascin is the neuronal cell adhesion molecule contactin/Fll, which 
binds to tenascin-C and -R via its immunoglobulinlike domains (Zisch et al., 1992). In 
addition, however, a novel, unexpected high-affinity "receptor" for tenascin has been 
identified as annexin 11 (Chung and Erickson, 1994). Although the latter molecule is 
present primarily as an intracellular molecule, it also appears to be released by cells to 
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serve as a cell surface receptor for tenascin. Future studies will need to clarify which 
receptors are important for particular biological functions such as adhesion or signal
ing, as weIl as which other cell surface receptors are involved in mediating the anti
adhesive activity of tenascin. 
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Chapter 3 

Macrophage Involvement in Wound 
Repair, Remodeling, and Fibrosis 

DAVID W. H. RICHES 

1. Introduction 

The process of wound repair has as its ultimate goal the restoration of normal aseptic
tissue structure and function following injury. Although injury can take many forms, 
e.g., surgical trauma, bums, immunologically mediated injury, and so forth, the general 
sequence of events that are activated in response to injury and that lead to successful 
wound repair show striking similarity irrespective of the initial injurious insult. The 
sequence comprises (l) the activation of the coagulation system, leading to a cessation 
of blood flow and the formation of a provisional matrix; (2) the local generation of a 
variety of soluble chemotactic factors formed from preformed plasma proteins that 
attract inflammatory cells to the site of injury; (3) the sequential influx of neutrophils 
and monocytes, leading to wound sterilization; (4) the debridement of damaged con
nective tissue matrix; (5) the initiation of neovascularization; and (6) the stimulation of 
mesenchymal cell proliferation and connective tissue matrix remodeling. However, 
while in many tissues and situations, this generalized sequence of events leads to the 
restoration of normal tissue structure and functions, in some tissues, such as in adult 
skin, repair is invariably associated with scarring caused as a result of abundant 
collagen synthesis by fibroblasts that proliferate and differentiate within the provisional 
matrix. While this is generally acceptable in the case of the skin, excessive tissue 
fibrosis during repair of other tissues, for example, as a consequence of injury to the 
lung or liver parenchyma, results in a dramatic and frequently fatal loss of function as a 
consequence of scarring. Thus, understanding what distinguishes these two outcomes 
may allow treatment strategies to be developed to ameliorate tissue fibrosis in suscepti
ble or "at-risk" individuals. 
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In both situations, an inflammatory response is initiated within minutes of appli
cation of the injurious insult. The first blood leukocytes to be attracted and demo
bilized at the site of tissue injury are neutrophils, whose numbers increase steadily 
before peaking after 24-48 hr. The main function of these cells appears to be to kill 
bacteria that may have been introduced into the tissue during injury. Depletion of 
circulating neutrophils in guinea pigs by treatment with antineutrophil serum was 
found to have no demonstrable effect on the subsequent healing of experimentally 
induced aseptic wounds (Simpson and Ross, 1971, 1972). Thus, unless a wound be
comes infected, the neutrophil does not appear to be an essential player in the process 
of wound repair. 

As the number of neutrophils begin to decline, the macrophage population in
creases to replace the neutrophil as the predominant professional wound phagocyte. 
For many years, the prime function of these cells was thought principally to be the 
removal and degradation of injured tissue debris, in anticipation of the reparative 
process. However, studies reported by Leibovitch and Ross in 1975 (Leibovitch and 
Ross, 1975) showed that the combined depletion of circulating blood monocytes and 
local tissue macrophages in guinea pigs resulted not only in a severe retardation of 
tissue debridement, but also in a marked delay in fibroblast proliferation and subse
quent wound fibrosis. These data indicated for the first time that macrophages playa 
vital role in the orchestration and execution of both the degradative and reparative 
phases of wound healing. As a result of further investigations during the ensuing two 
decades, it is now recognized that macrophages serve as an important source of mes
enchymal cell growth factors that stimulate the proliferation of fibroblasts, smooth 
muscle cells, and endothelial cells. The reduced oxygen tension and other intrinsic and 
possibly extrinsic factors within the avascular wound are thought to stimulate wound 
macrophages to secrete cytokines that stimulate angiogenesis, thereby initiating neo
vascularization (i.e., the directed outgrowth of new capillaries) of the wound space. 
Finally, in response to a variety of stimuli that are present in wounds, macrophages 
playa critical role as a source of growth factors and cytokines that control the synthesis 
of connective tissue proteins, especially collagen, by other cell types during the repara
tive phase of the inflammatory response. 

The objective of this chapter is to provide an overview of the multiple roles of 
macrophages in both the degradative and reparative phases of wound healing. Specifi
cally, discussion will include the origin of wound monocytes and macrophages, the 
signals involved in their emigration from the vasculature, and the mechanisms underly
ing the differentiation of monocytes into macrophages and of subsequent macrophage 
phenotypic differentiation. The involvement of macrophages in tissue debridement will 
be reviewed with particular reference to the secreted and intracellular proteolytic 
enzymes that are thought to be preeminently involved in this process. In consideration 
of the reparative phase, the focus will be on three aspects of macrophage involvement 
in repair, namely (1) the characteristics and conditions under which mesenchymal 
growth factors are expressed, (2) the role of the macrophage in angiogenesis, and (3) 
the potential of the macrophage to stimulate connective tissue matrix synthesis. Unfor
tunately, but out of necessity, this chapter intends to be heuristic rather than compre
hensive and thus will focus on underlying and emerging concepts. 



Macrophage Involvement in Wound Repair 97 

2. Origin and Kinetics of Macrophages 

The ontogeny of mononuclear phagocytes has been studied in great depth during the 
past three decades. Studies in parabiotic rats by Volkman and Gowans (1965a,b) 
provided the first indications of the bone marrow origin of mononuclear phagocytes. 
Studies in the mouse by van Furth and his colleagues (van Furth and Cohn, 1968; van 
Furth et al., 1970, 1973, 1985a) revealed the nature and tumover kinetics of the two 
monocytic progenitors, namely, monoblasts and promonocytes (Go ud et al., 1975; Goud 
and van Furth, 1975; van Furth et al., 1973). These investigations have been comple
mented by the characterization of mononuclear phagocyte lineage growth factors includ
ing colony-stimulating factor-I (CSF-l) and granulocyte-macrophage colony
stimulating factor (GM-CSF) and their respective receptors. More recent approaches 
using transgenic mice that overexpress specific myeloid growth factors (Lang et al., 
1987) or in which specific myeloid growth factor "knockout" mice have been developed 
have allowed a fuller appreciation of the redundancy of these systems as weil as several 
unexpected findings such as the occurrence of alveolar proteinosis in GM-CSF knockout 
mice (Stanley et al., 1994). Together, these studies have revealed much about the 
characteristics and conditions of growth of mononuclear phagocytes and their precursors 
both under steady-state conditions as weil as in the face of an inflammatory insult. 

2.1. Monocyte Biogenesis and Circulation 

A considerably simplified scheme of monocyte development is presented in Fig. 1. 
Monocytes are ultimately derived from a pleuripotential stern cell that, to date, has never 
been isolated or characterized. The pleuripotential stern cell is thought to give rise to 
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Figure 1. Schematic pathway of monocyte development from the pleuripotential stern cell to the circulating 
blood monocyte. 
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either a myeloid stern cell, a lymphoid stern cell, or to undergo self-renewal. The myeloid 
stern cell, sometimes referred to as CFU-GEMM (colony forming unit-granulocyte, 
erythrocyte, macrophage, megakaryocyte) gives rise to progenitor cells of the mega
karyocytic, erythroid, and granulocytic-monocytic lineages (CFU-GM). In the presence 
of specific growth factors, this latter progenitor gives rise to colonies of neutrophils, 
monocytes, or mixed colonies of both cell types. Cell culture studies in the mouse have 
defined the first detectable precursor cell derived during monocytic development from 
the CFU-GM as the inonoblast, a moderately sized (10-12 f,Lm), weakly phagocytic, 
esterase-positive cell (Goud et al., 1975). The monoblast gives rise to two promonocytes 
with a cell cycle time of approximately 11.5 hr (Goud and van Furth, 1975). While still in 
the bone marrow, promonocytes divide, with a t1/ 2 of 16.2 hr (van Furth et al., 1973), to 
give rise to two monocytes that are released into the blood where they circulate before 
randomly leaving the vasculature, under steady-state conditions, with a t 1/2 of 17.4 hr 
(van Furth et al., 1973). For more detail the reader is referred to Metcalf (1989). 

2.2. Monocyte Influx versus Local Production 

Although it was initially thought that circulating blood monocytes gave rise to the 
resident mononuclear phagocytes distributed throughout the body, other investigators 
have shown that a large proportion of resident tissue macrophages replicate in situ, and 
thus may not be absolutely dependent on circulating blood monocytes for repletion. 
The duality in the origin of tissue macrophages appears to vary according to tis
sue/organ type and whether the measurements were made under steady-state or inflam
matory conditions. For example, current evidence for the lung suggests that a major 
proportion of the pulmonary alveolar macrophage population (70%) may be sustained, 
under steady-state conditions, by local macrophage proliferation. This conclusion is 
based on several lines of evidence, including: (1) the maintenance of the size of the 
alveolar macrophage population during periods of monocytopenia induced either by 
systemic hydrocortisone administration (Lin et al., 1982) or by external or internal 
bone marrow irradiation (Sawyer et al., 1982; Tarling and Coggle, 1982); (2) the large 
reduction of the pulmonary alveolar macrophage population following irradiation of 
the thorax (Tarling and Coggle, 1982); (3) by a more accurate appreciation of the 
turnover time of pulmonary alveolar macrophages (Coggle and Tarling, 1984); and (4) 
by an analysis of the alveolar macrophage populations in parabiotic mice (Sawyer, 
1986). By contrast, the Kupffer cells of the liver appear to be more dependent on the 
circulating blood monocyte for the repletion of senescent cells under steady-state 
conditions with perhaps only about 8% being derived by local division (van Furth et 
al., 1985b). 

2.3. Monocyte Influx under Inflammatory Conditions 

Unlike the question of the origin of resident tissue macrophages, it is now abun
dantly clear that under inflammatory conditions, circulating blood monocytes are ac-
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tively recruited into organs and tissues, where they further differentiate into macro
phages. This has been shown to be true for the inflammatory response in the peri
toneal cavity following intraperitoneal injection of mild, sterile inflammatory agents, 
such as latex spherules and newbom calf serum (van Furth et al., 1973); in the lung 
following the intrabronchial instillation of BeG (Blusse van Oud Alblas et al., 1983); 
and in the liver following the intravenous administration of inflammatory stimuli such 
as zymosan particles (Bouwens and Wisse, 1985) or glucan (Deimann and Fahimi, 
1980). However, after the initial influx of circulating blood monocytes, there also 
frequently appears to be an induction of mitotic activity in local macrophages. Daems 
(1980) has suggested that under steady-state conditions, blood monocytes rapidly 
migrate through the vasculature of tissues and organs for the purposes of surveillance, 
and only under inflammatory or other insult conditions are retained in the tissues and 
differentiate into macrophages in order to assist in the activities of the resident tissue 
macrophages. An obvious implication of this idea is that it potentially allows the 
relatively immature and adaptable circulating blood monocyte to differentiate into a 
macrophage whose functional properties are determined by the prevailing conditions 
(e.g., stimuli such as bacteria, activated complement components, connective tissue 
breakdown products, oxygen tension, etc.) it encounters at the site of demobilization. 
This question of monocyte maturation and differentiation will be dealt with in more 
depth in Section 4.2. 

As a tissue, the skin contains very few macrophages, although during an inflam
matory response the numbers of cells increase dramatically. Evidence that the increase 
in macrophage numbers during an inflammatory response (wound healing) was derived 
from circulating blood monocytes was initially presented by Leibovitch and Ross 
(1975), who found that the systemic administration of hydrocortisone (an inducer of 
monocytopenia) resulted in a 66% reduction in the number of macrophages associated 
with experimentally induced skin wounds in guinea pigs. Locally administered anti
macrophage serum had no effect on the number of circulating monocytes, nor did it 
affect the number of wound macrophages. Similar conclusions have been drawn con
ceming the bone marrow origin of macrophages in healing wounds in humans by 
Stewart et al. (1981). By observing the karyotype (sex chromosome markers) ofmacro
phages and fibroblasts emigrating from explants of a 5-day skin wound in a 9-year-old 
girl who had recently received a bone marrow graft from her l1-year-old brother, it was 
found that the fibroblasts had the karyotype of the recipient, while the macrophages 
bore the karyotype of the donor. These findings suggest that the macrophages of the 
healing wound were derived from the bone marrow, whereas the fibroblasts are pre
sumed to be of loeal tissue origin. 

In an attempt to gain information about the origin and kinetics of maerophages in 
the skin under inflammatory conditions in the mouse, van Furth et al. (1985b) mea
sured the rate of appearance of mononuclear phagocytes onto a subcutaneously inserted 
glass coverslip acting as an inflammatory stimulus. Removal and examination of the 
coverslips 3- to 6-hr postinsertion revealed a large influx of granulocytes. However, 
these cells were later (6-48 hr) replaced by mononuclear cells that microscopically and 
functionally resembled blood monocytes. The number of mononuclear phagocytes that 
became attached to the glass coverslips correlated directly with the time the coverslips 
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had been left in place. On the basis first of similarities in the [3H]thymidine-labeling 
indices of circulating blood monocytes and the mononuclear phagocytes that became 
attached to the glass coverslips, and second, on the fact that the induction of mono
cytopenia (by systemic administration of hydrocortisone) prior to the insertion of the 
glass coverslips resulted in a large reduction in the accumulation of mononuclear 
phagocytes onto the surface of the coverslip, these investigators also concluded that the 
increase in the number of macrophages during this type of inflammatory response in 
the skin was almost exclusively (>99%) due to an influx of circulating blood mono
cytes, with little or no proliferation of local tissue macrophages. Thus, dependent on the 
site of injury and subsequent repair, different proportions of monocyte-derived macro
phages and resident tissue macrophages may contribute to the tissue degradation and 
repair. 

3. Monocyte Migration 

3.1. Multiplicity of in Vivo Monocyte Chemotactic Factors 

From what has been discussed above, it is clear that macrophage involvement in 
injury and repair is strongly dependent on an influx of circulating blood monocytes. 
The emigration of these cells from the vasculature to the extravascular compartment 
appears to be affected by many different endogenous and exogenous chemotactic 
agents that are initially generated from preformed precursor proteins and then later 
expressed locally by resident and infiltrating cells present within the evolving inflam
matory site. In this context, chemotactic factors that specifically attract neutrophils or 
monocytes likely provides the basis for the predominance of one type of inflammatory 
cell over another that is characteristically seen during the inflammatory response. 
Disruption of capillaries will lead to the extravasation of blood plasma and formed 
elements, platelet aggregation and activation, activation of the coagulation cascade, and 
the generation of activated complement components and kinins. Many of these ele
ments behave as strong chemotactic factors for inflammatory cells and likely provide 
the signals for the initial waves of these cells to migrate into an inflammatory site. 
Once demobilized at an inflammatory site, resident and infiltrating cells, especially 
mononuclear phagocytes, express an extensive repertoire of chemokines, which attract 
and activate additional inflammatory cells, thereby amplifying the initial inflammatory 
response and later providing signals to specifically attract the mononuclear phagocytes 
that orchestrate and execute the reparative phase. The chemokine family of low
molecular-weight chemotactic factors is subdivided into two groups, a and ß (for an 
excellent review, see Baggiolini et al., 1994). Members of the a-chemokine famly, 
which are characterized by a C-X-C motif, are generally specific for neutrophils and 
are exemplified by interleukin-8 (IL-8), growth-related protein (GRO), and melanoma 
growth stimulating activity (MGSA). Macrophages secrete IL-8 in response to a vari
ety of bacterial products and cytokines, including lipopolysaccharide (LPS), tumor 
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necrosis factor-alpha (TNF-a), and IL-Iß (Strieter et al., 1990a,b). By contrast, rep
resentatives of the ß-chemokine family, which are characterized by a C-C motif, 
generally act on mononuc1ear phagocytes and inc1ude factors such as monocyte chemo
attractant protein-l (MCP-l) and macrophage inflammatory protein-Ia (MIP-Ia). 
Both a- and ß-chemokines interact with specific heptahelical G-protein-linked recep
tors, which signal both the directed migratory response in receptive cells and the 
activation of a number of inflammatory functions, including reactive oxygen inter
mediate production and lysosomal enzyme secretion. As will be discussed in more 
depth (Section 5), this latter function is of some significance to the amplification of the 
inflammatory response since secreted lysosomal enzymes may initiate degradation of 
the connective tissue matrix, thereby generating an additional group of monocyte
specific chemotactic factors. The dominant monocyte chemotactic factors implicated 
as attractants of this cell type in vivo are summarized in Table I. 

Table I. Major Classes of Mononuclear Phagocyte Chemoattractants 

Chemoattractant Target 

Plasma-protein-derived chemoattractants 
C5a, C5a desArg Neutrophils, monocytes 
Fibrinopeptides Monocytes 
IgG-proteolytic fragments Monocytes 
Cl-Thrombin Monocytes 

Cell-derived chemoattractants 
Leukotriene B4 Neutrophils monocytes 
Monocyte-chemoattractant proteins (MCP) Monocytes 

1,2, and 3 
RANTES Monocytes, lymphocytes 
Macrophage inflammatory protein (MIP) 1 ß Monocytes, lymphocytes 
Macrophage inflammatory protein (MIP) la Monocytes, lymphocytes, 

fibroblasts 
Platelet factor 4 Monocytes 
PDGF Neutrophils, monocytes, 

fibroblasts 
TGF-ß Neutrophils, monocytes, 

fibroblasts 
Extracellular connective tissue matrix-derived chemoattractants 

Collagen/collagen fragments Monocytes, fibroblasts 

Elastin/elastin fragments 
Fibronectin fragments 

Bacterial-derived chemoattractants 
Formyl methionyl peptides 

N-acetylmuramyl-L-alanyl-D-isoglutamine 

Neutrophils, monocytes 
Monocytes 

Neutrophils, monocytes 

Neutrophils, monocytes 

Reference 

Marder et al. (1985) 
Kay et al. (1973) 
Ishida et al. (1978) 
Bar-Shavit et al. (1983) 

Ford et al. (1980) 
Kunkel et al. (1991) 

Schall et al. (1990) 
Sherry et al. (1988) 
Sherry et al. (1988) 

Deuel et al. (1981) 
Pierce et al. (1989) 

Pierce et al. (1989) 

Postlethwaite and Kang 
(1976) 

Senior et al. (1980, 1984) 
Norrls et al. (1982) 

Snyderman and Fudman 
(1980) 

Ogawa et al. (1983) 
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3.2. Complement Component Fragments C5a and C5a des Arg 

Activation of either the classical or alternative pathway of the complement system 
results in cleavage of the N-terminal region of the a chain of C5, thereby generating 
C5a, a profoundly basic ll-kDa glycopeptide possessing potent inflammatory proper
ties. The inflammatory properties of C5a are predominantly due to its ability to behave 
both as an anaphylatoxin (releasing histamine and other granule constituents from mast 
cells), as weIl as a chemotactic factor for neutrophils and monocytes. When injected 
into skin, nanogram quantities of human C5a induce a rapid (within seconds) wheal
and-flare reaction, which peaks in intensity 10-30 min after injection but which essen
tially disappears 60 min after injection (Yancey et al., 1985). The changes in vascular 
permeability induced by C5a injection are due to a direct effect on the vascular 
endothelium, as weIl as a vasodilatory effect caused by C5a-dependent prostaglandin 
production (Wedmore and Williams, 1981). After its formation, however, C5a is rap
idly hydrolyzed to C5a des Arg by serum carboxypeptidase N, thereby largely inac
tivating its anaphylatoxic properties, while inhibiting its activity as a neutrophil chemo
tactic agent by a factor of 10- to 15-fold. Interestingly, and of some significance to the 
migration of circulating blood monocytes to sites of inflammation, the conversion of 
C5a to C5a des Arg apparently has no effect on the activity of this moleeule as a 
monocyte chemotactic factor (Marder et al., 1985). In addition to their chemotactic 
properties, C5a and C5a des Arg also stimulate the in vitro adherence of purified 
human peripheral blood monocytes to monolayers of human microvascular endothelial 
cells (Doherty et al., 1987), a process essential to the emigration of monocytes through 
blood vessel walls. 

3.3. p-Chemokines 

Although not exclusively monocyte chemotactic factors, members of the 
ß-chemokine family show some specificity for this celllineage as weIl as for lymphoid 
cells (Baggiolini et al. , 1994). Most thoroughly studied is MCP-l. Originally identified 
as the fibroblast competence factor JE, MCP-l has been shown to be produced by 
many different cell types, including fibroblasts, macrophages, and endothelial cells. 
Expression of the MCP-l gene is stimulated by an equally diverse group of inflamma
tory agents, including interferon gamma (IFN-'Y), LPS, TNF-a and IL-Iß (Kunkel et 
al., 1991). Production of MCP-l and increased expression of its mRNA have been 
detected in macrophages in chronic inflammatory settings (Koch et al., 1992). The 
protein is recognized by a heptahelical heterotrimeric G-protein-linked surface receptor 
that initiates Ca2+ -dependent transmembrane signaling in responsive cells (Rollins et 
al., 1991). Monocyte-specific ß-chemokines are particularly important chemotactic 
factors since they have the potential to promote the selective accumulation of mono
cytes and macrophages during the later stages of the inflammatory response when 
neutrophil numbers begin to wane. Unfortunately, little attention has been given to the 
role of these important chemotactic factors in repair processes. 



Macrophage Involvement in Wound Repair 103 

3.4. Cytokines and Growth Factors 

Both platelet-derived growth factor (PDGF) and transforming growth factor-beta 
(TGF-ß) are potent chemotactic factors for monocytes, although both lack specificity, 
and thus, many other cells types, including neutrophils, respond similarly (Pierce et al. , 
1989). In addition to being a monocyte chemotactic factor, TGF-ß also stimulates the 
directed migration of macrophages. By contrast, PDGF receptor expression is absent in 
macrophages, and these cells fail to respond to PDGF (P. W. Noble and D. W. H. 
Riches, unpublished observations). Since both proteins are secreted from the granules 
of platelets during the early response of tissues to injury, this cell type may be an 
important source of inflammatory cell chemotactic factors to promote initial cell migra
tion to the site of injury. Later (as discussed in more depth in Sections 6.4.1 and 6.4.2), 
other cell types including macrophages express both PDGF and TGF-ß, thereby ampli
fying the inflammatory response. 

3.5. Connective Tissue Matrix Proteins 

Purified components of the connective tissue matrix itself also have been found to 
express chemotactic activity in vitro for neutrophils and monocytes, as weIl as for 
fibroblasts. These components include major structural proteins such as collagen and 
elastin, as weIl as less abundent proteins such as fibronectin and laminin. Interestingly, 
small proteolytic cleavage fragments of these proteins also have been found to be 
chemotactic for these cell types. 

Type I collagen, the major structural protein of skin, has been found to be chemo
tactic for monocytes and fibroblasts, though not for neutrophils (Postlethwaite and 
Kang, 1976; Postlethwaite et al., 1978). This property is expressed by native collagen, 
as weIl as by cyanogen bromide and proteolytically derived collagen fragments varying 
in molecular size from small oligopeptides (3-10 amino acids) to larger fragments the 
size of ovalbumin (43 kDa). Senior et al. (1980) have found that oligopeptides (14-20 
kDa) derived by digestion of human aortic elastin and bovine ligament elastin with 
human neutrophil elastase are also preferentially chemotactic for monocytes. The 
chemotactic activity of elastin has been shown to be associated with the repeating 
peptide sequence Val-Gly-Val-Ala-Pro-Gly (Senior et al., 1984). Fibronectin derived 
both from plasma and synthesized locally by a variety of cell types, including mono
nuclear phagocytes (Carre et al., 1994), is deposited at sites of injury and becomes 
associated with the provisional matrix. As discussed elsewhere in this volume, fi
bronectin exhibits multiple functions, including behaving as an anchor protein for 
fibroblasts and mononuclear phagocytes and in directing the migration of epidermal 
cells during wound reepithelialization (Clark et al., 1982; Donaldson and Mahan, 
1983). Proteolytic fragments derived from plasma fibronectin also serve as potent 
chemotactic factors for circulating blood monocytes, though not for neutrophils or 
lymphocytes. 

If connective tissue fragments are to be chemotactically active in vivo, this raises 
the question of how are they generated, since it implies that some degradation of the 
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connective tissue matrix must take place before monocytes can be attracted to the area. 
One possibility is that neutrophils, whose accumulation at an inflammatory site gener
aHy precedes that of monocytes, promote some limited degradation of the connective 
tissue matrix, thereby generating monocyte chemotactic factors. Consistent with this 
notion is the finding that neutrophil granules contain both elastase (Murphy et al., 
1977) and collagenase (Robertson et al., 1972) activities that are capable of degrading 
insoluble collagen and elastin to soluble (and therefore potentially chemotactic) frag
ments. Human granulocyte elastase also has been reported to degrade fibronectin 
(McDonald and Kelley, 1980). However, in apparent contradiction of this hypothesis, 
Simpson and Ross (1971, 1972) found that neutrophil depletion of guinea pigs with 
antineutrophil serum had no effect on the migration of monocytes to a site of inflamma
tion in the skin. 

3.6. Macrophage Secretion of Chemotactic Factors 

Not only do macrophages respond to generic and specific chemotactic factors, 
they are also a major source of chemotactic factors that attract other inflammatory 
cells, mesenchymal cells, and ceHs of the immune system. As will be discussed later, 
many of these agents are pleiotropic growth factors and cytokines that influence the 
inflammatory response and subsequent repair in many ways. For example, macro
phages secrete PDGF and TGF-ß, which act as monocyte chemotactic factors, as weH 
as profoundly influencing matrix remodeling and angiogenesis (see Section 5), while 
IL-8, an a-chemokine produced by macrophages (Carre et al., 1991; Strieter et al., 
1990a) and other cells, also plays a role in angiogenesis (Koch et al., 1986; Strieter et 
al., 1992). Nevertheless, despite these potentially confounding issues, macrophages 
serve an important role in attracting additional inflammatory cells into an inflammatory 
site, thereby amplifying the inflammatory response. 

3.7. Interactions with Multiple Chemotactic Factors 

We have discussed the nature and characteristics of just a few of the multiple 
chemotactic factors that are generated during an inflammatory response in vivo. Evi
dence presented over a decade ago (Cianciolo and Snyderman, 1981; Falk and Leonard 
1980, 1981) showed that cells migrating into a nucleopore filter in response to one 
chemotactic factor could then migrate out of the filter in the reverse direction when the 
chemotactic factor was removed from the lower chamber and a second chemotactic 
factor was placed in the upper chamber. Furthermore, stimulus-specific desensitization 
to one stimulus (N-formyl-methionyl-Ieucyl-phenylalanine) did not inhibit the migra
tion of cells to another stimulus (activated serum) when chemotactic factors were 
employed at low concentrations, although high doses of single chemotactic agents will 
induce astate of cross-desensitization to other stimuli (Cianciolo and Snyderman, 
1981). These data suggested that the ability of monocytes to migrate toward specific 
chemotactic factors is due to the expression of multiple receptors for specific chemo-
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taxins. Since chemotactic factor receptor expression does not appear to be restricted to 
specific subpopulations of monocytes, the implications of these findings are (1) that 
multiple chemotactic factors may be generated during an inflammatory response for 
which the monocyte expresses a repertoire of surface receptors, and (2) that the re
sponding monocyte population is relatively homogeneous in this respect. 

4. Monocyte Maturation and Differentiation 

4.1. Monocyte-Macrophage Maturation 

Monocytes rapidly differentiate into macrophages upon arrival at a site of injury. 
Often referred to as "inflammatory" or "responsive" macrophages, these cells have 
been studied extensively in vitra and can be obtained in relatively large quantities by 
irritation of the peritoneal cavity of laboratory animals with sterile stimuli such as 
thioglycollate medium, proteose peptone, mineral oil, heterologous serum, and endo
toxin, or by the expansion of bone marrow progenitor cells in liquid culture. Many of 
the functions of these cells are suggestive of their presumed function in the inflamma
tory response, Le., as a predominent mediator of tissue debridement. Notable examples 
include increased levels of lysosomal enzymes, enhanced capacities for endocytosis, 
the ability to ingest particulate material via CDllb/CDI8, and the induction of secre
tion of the neutral proteases plasminogen activator and elastase. The role of some of 
these altered capacities in the process of tissue debridement will be discussed in 
Section 5. 

The mechanisms responsible for driving the differentiation of monocytes into 
inflammatory macrophages remain poorly understood. In vitra studies have indicated 
that several serum constituents may be implicated (Musson, 1983), including la,25-
dihydroxyvitamin D3 (Proveddini et al., 1986; Tanaka et al., 1983). In addition, adher
ence has been reported by Shaw et al. (1990) to play an important role in the differen
tiation of monocytes into macrophages. In the context of wound repair, an attractive 
theory for the extravascular differentiation of monocytes has stemmed from experi
ments in which the effect of fibronectin binding to monocytes was investigated. Circu
lating blood monocytes bind fibronectin via the fibronectin receptor, a ß 1 integrin. 
Engagement of fibronectin receptors by sUrface-bound ligands was found to induce 
several functional changes within the monocyte, including the phagocytic activation of 
receptors for C3b and iC3b (Wright et al., 1983) and the ability to secrete plasminogen 
activator and elastase following nonspecific phagocytic stimulation (Bianco, 1983). 
Both of these qualities are associated with inflammatory or responsive macrophages 
such as those obtained by irritation of the peritoneal cavity of the mouse with 
thioglycollate medium or proteose peptone. Thus, as has been suggested by Hosein et 
al. (1985), the mere process of binding of monocytes to connective tissue fibronectin 
may, by itself, be sUfficient to drive the differentiation of monocytes into responsive 
macrophages. The finding that soluble fibronectin binds minimally to monocytes 
whereas surface-bound or particulate fibronectin binds more effectively is suggestive 
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of a control mechanism to limit monocyte differentiation to areas of fibronectin deposi
tion. This mechanism, of course, does not exclude other possible mechanisms for the 
induction of monocyte differentiation, which probably involve the autocrine and/or 
paracrine effects of endogenously derived factors and/or cytokines. 

4.2. Macrophage Phenotypic Differentiation 

Although being traditionally perceived as a scavenger cell involved in the uptake 
and degradation of foreign agents, senescent cells, and tissue debris, the macrophage is 
now acknowledged to contribute to many diverse aspects of host defense, including the 
recognition and elimination of virally and neoplastically transformed cells, the destruc
lion of pathogenic microorganisms and obligate intracellular parasites, the processing 
and presentation of antigens to the immune system, as weIl as the aforementioned vital 
roles in the degradative and reparative phases of the inflammatory response. One of the 
major issues in contemporary macrophage biology has been delineating the mechanis
tic basis underlying the generation of macrophage functional diversity. Two general 
hypotheses, illustrated in Fig. 2, have been advanced to explain the heterogeneity 

A. Precursor Monocyte Macrophage 

- ~- ®-V-FunctionA 

Function-specific ~.. - rj'\ - V.' 00 - Function B precursor ~ 
populations 

~ ~- ®-V-,"",,;OOC 

B. 
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~- ®-V-FUnCtiOnB 

~FUnCtiOnc 
Figure 2. Prototypical pathways leading to the development of macrophage functional diversity. (A) 
Function-specific monocyte precursors are viewed as giving rise to function-specific subpopulations of 
monocytes and ultimately to function-specific subpopulations of macrophages. (B) Monocytes are viewed as 
a relatively homogeneous population of cells that respond to the stimuli and conditions that prevail at the site 
10 which Ihey have been allracled. In Ihis hypolhesis, macrophage functional diversity is viewed as being 
induced in an adaptive fashion. Abundant data support this latter hypothesis (panel B). 
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exhibited by these cells. The possibility that diversity is generated by functionally 
distinct and committed subpopulations of macrophages, while being conceptually at
tractive, has received little experimental support. The alternative hypothesis is that 
macrophages are pleuripotential eells that adapt themselves to the stimuli or eonditions 
that prevail at the site to which they have been attracted, and thus functional hetero
geneity in this hypothesis is viewed as an adaptive response of a relatively homoge
neous population of precursor eells. 

Support for the adaptation concept was first reported in the late 1970s with the 
observation by Russell et al. (1977) and by Ruco and Meltzer (1978) that monocyte
derived peritoneal exudate macrophages could respond in vitro to immune and bacterial 
stimuli by differentiating to express a new functional activity, cytoeidal activity, that 
endows these cells with the capacity to recognize and destroy transformed target cells. 
During this transition, we and others have shown that macrophages are induced to 
express a number of gene products that collectively contribute to the new funetional 
activity. Included in the genes whose expression is up-regulated during maerophage 
eytocidal differentiation are inducible nitrie oxide synthase (iNOS) (Ding et al., 1988; 
Lowenstein et al., 1992; Xie et al., 1992), complement component Bf (Riches et al., 
1988; Riches and Underwood, 1991), and IFN-ß (Riehes and Underwood, 1991). 
Importantly, however, the process of macrophage eytoeidal differentiation is aceom
panied by the down-regulation of expression of a number of constitutively expressed 
genes, including the mannose receptor (Imber et al., 1982), the secretory protein 
apolipoprotein E (Werb and Chin, 1983), and the genes encoding a number of lysoso
mal acid hydrolases (Riches, 1988; Riches and Henson, 1986). As might be expected, 
the reduced expression of these gene products results in a diminution or eessation of 
basic scavenging properties of macrophages as reflected by a reduction of both ligand 
uptake and intralysosomal degradation of ingested material (De Whalley and Riches, 
1991). Thus, the development of cytocidal activity results in a cessation of other 
macrophage functional activities. 

By analogy to the development of cytocidal activity, we have proposed that other 
complex macrophages funetions, such as those that underlie the role of this cell in both 
the debridement and reparative phases of the inflammatory response, mayaiso be 
explained on the basis of distinct phenotypic states defined by the expression of distinct 
but restricted patterns of gene expression (Laszlo et al., 1993). A notable feature of 
macrophages that aceumulate in vivo in response to partieulate inflammatory stimuli, 
such as zymosan particles and ß-l,3-glucan, is the presenee of dramatically elevated 
levels of a number of lysosomal acid hydrolases such as ß-hexosaminidase and 
ß-glucuronidase (Deinmann and Fahima, 1980; Meister et al., 1977; Schorlemmer et 
al., 1977; Sugimoto et al., 1978). In vitro exposure of macrophages to many of these 
stimuli has been shown to stimulate the increased synthesis of these enzymes over a 
similar time course to that seen in vivo (Lew et al., 1986, 1991). Thus, in contrast to 
eytocidal activation of macrophages, during whieh the synthesis of lysosomal acid 
hydrolases is down-regulated (Riches, 1988; Riches and Underwood, 1991), exposure 
of macrophages to inflammatory stimuli results in an up-regulation of lysosomal en
zyme synthesis and content. Although these findings could be considered distinct 
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A. Unstimulated B. Poly [I:C] 

Figure 3./n situ hybridization of unstimulated and poly [I:C]-stimulated monolayers of mouse macrophages 
with a complement component Bf cRNA probe. Following stimulation with poly [I:C]. the majority of the 
macrophage population are seen to be expressing Bf-specific transcripts. indicating relative uniformity in the 
responding population. 

responses of separate subpopulations of macrophages, we have recently presented 
data that strongly argue against this possibility. As shown in Fig. 3, using in situ 
hybridization, we have shown that exposure of macrophages to poly [I:C], a stimulus 
that induces cytocidal differentiation, induces the uniform expression of the comple
ment component Bf transcript (a gene product whose expression accompanies macro
phage cytocidal differentiation) within the macrophage population (Laszlo er al .• 
1993). Thus, distinct macrophage stimuli induce distinct patterns of gene expression 
that appear to be an adaptive response of the macrophage population rather than a 
response of distinct macrophage subpopulations. Figure 4 illustrates three mutually 
exclusive patterns of gene expression that are currently under investigation in our 
laboratory. 

These findings raised the question of how macrophage phenotypic states may be 
controlled. Given the fact that macrophage responses are expressed in a tightly con
trolled fashion, we questioned if macrophage phenotypic states may be regulated in a 
mutually antagonistic fashion to preclude the possibility of the simultaneous expression 
of multiple states. Induction of the cytocidal state with poly [I:C], while stimulating the 
expression of genes associated with this state, led to astate of unresponsiveness in 
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Figure 4. Prototypic pathways of macrophage phenotypic development and the groups of gene products 
associated with each response. (A) Expression of cytocidal activity following stimulation with poly [I:C] is 
accompanied by the expression of the complement component Bf. IFN-ß. and the formation of nitric oxide 
catalyzed by the enzyme-inducible nitric oxide synthase. In response to stimulation with the inflammatory 
stimulus ß 1.3-g1ucan. macrophages express increased levels of the lysosomal enzyme ß-glucuronidase, the 
growth factors PDGF-B and TGF-ß, and a receptor that recognizes phosphatidylserine and appears to be 
involved in the uptake of apoptotic neutrophils and Iymphocytes. Stimulation with the matrix component 
hyaluronic acid or the fibrogenic stimulus chrysotile asbestos fibers leads to increased expression of the 
fibroblast growth factor, IGF-1. These pathways of development are expressed in a mutually restricted 
fashion. (B) Macrophage functional development is generally regulated in at least two steps. In the first step, 
cells are primed and exhibit increased sensitivity to a secondary ("triggering") stimulus. In the case of 
cytocidal activation, as illustrated here, priming is achieved by interferons cx, ß, or "I. Full activation is 
achieved in response to reception of a second signal provided by TNF-cx. Neither the priming stimulus nor 
the triggering stimulus are individually effective in promoting activation. 

which the cells failed to respond to ß 1,3-glucan (Laszlo et al., 1993). Conversely, 
exposure of macrophages to ß 1,3-glucan led to astate of anergy in which the cells 
failed to respond to poly [I:C] (Laszlo et al., 1993). These findings may have signifi
cant implications in the role of macrophages in host defense. For example, the intro
duction of a tumor inoculum into naive mice initiates a macrophage-rich inflammatory 
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response at the site of injection. However, the macrophages isolated from such pro
gressing tumors do not express cytocidal activity. By contrast, macrophages isolated 
from regressing tumors are spontaneously cytocidal against tumor target cells (Russell 
et al., 1977). This finding suggests that at some pivotal point between tumor progres
sion and tumor regression, a change in functional phenotype occurs consistent with a 
change from an inflammatory phenotype to a cytocidal phenotype. Interestingly, and as 
will be discussed in more depth later, interferons, which are required to initiate the 
pathway of cytocidal differentiation, express anti-inflammatory activity in a number of 
animal models of acute and chronic inflammation as well as in rheumatoid arthritis 
(Heremans and Billiau, 1989; Heremans et al., 1987a,b; Mecs and Koltai, 1982; Shio
zawa et al., 1992). In addition, the induction of inflammatory gene expression is 
dependent on autocrine- and/or paracrine-acting TGF-ß, which antagonizes cytocidal 
activation (see Section 6.4.1.3). Phenotypic anergy is only transiently expressed, and 
following decay of a given phenotype, macrophages regain the capacity to respond to 
subsequent stimulation both to the same stimulus as well as to other stimuli (Laszlo et 
al., 1993). These findings suggest that at the single-cell level, an infiltrating macro
phage may have the potential to contribute to both tissue degradation and repair in a 
sequential fashion. 

5. The Role of Mononuclear Phagocytes in Tissue Debridement 

Put very simply, the extracellular connective tissue matrix comprises a cross
linked supporting framework of collagen fibrils that confers the property of tensile 
strength to the tissue. To this is added a cross-linked network of elastin fibers that 
provide the tissue with elastic properties. Finally, the mesh of collagen and elastin 
fibrils is saturated with a filler substance composed of proteoglycans (which consist of 
a protein backbone to which are attached long-chain glycosaminoglycans) and other 
glycoproteins such as laminin and fibronectin that mediate the interaction between 
matrix and adhesive cells via integrins. Successful breakdown of the connective tissue 
matrix requires enzymes that are capable of degrading these major constituents. There 
is now abundent evidence to implicate mononuclear phagocytes as major effector cells 
involved in the removal and degradation of damaged connective tissue at inflammatory 
sites prior to, or during, the initiation of tissue reconstruction. As mentioned in Section 
4.1, inflammatory macrophages synthesize and secrete a repertoire of neutral and acid 
pH-optimum proteases and glycosidases that play instrumental roles in this degradative 
process. These include activities capable of degrading collagen and elastin, as weIl as 
the ground substance proteoglycans and their constituent glycosaminoglycans. In addi
tion, the fibroblast is an important source of several collagenolytic metalloproteinases. 
It seems likely that some cleavage of the extracellular connective tissue matrix is 
initiated extracellularly or at the cell-substratum interface, thereby generating smaller 
fragments of tissue debris, which can subsequently be ingested by macrophages and 
degraded intracellularly within the lysosomal system. 



Macrophage Involvement in Wound Repair 111 

5.1. Monocyte Involvement in Matrix Degradation 

In general, monocytes contain a mixed complement of tissue-degrading enzymes 
that overlap with those of neutrophils, macrophages, and fibroblasts and consist of 
metalloproteinases, serine, and cysteine proteases and acid hydrolases, all of whieh 
appear to act both intracellularly and extracellularly. Collagen degradation by mono
cytes appears to be mediated by a procollagenase that bears immunologie and bio
chemical similarities to the procollagenase of fibroblasts and alveolar macrophages, 
i.e., interstitial collagenase or matrix metalloproteinase-l (MMP-l) (Campbell et al., 
1987). However, the levels of procollagenase secreted by monocytes are low by com
parison with those of macrophages, even when the cells are stimulated with LPS or 
phorbol die sters (Campbell et al., 1987). Monocytes and the promonocytic cell line 
U937 also secrete the 92-kDa type IV collagenase (MMP-9) (Welgus et al., 1990), 
which functions to support further degradation of cleaved native collagen, and hence is 
important in the degradation of the damaged or partially degraded collagen found at 
sites of injury. The activities of monocyte MMP-l and MMP-9 are opposed by tissue 
inhibitors of metalloproteinases (TIMP), of whieh TIMP-l is constitutively secreted in 
abundant levels by monöcytes (Campbell et al. , 1987) and which may serve to limit the 
activity of secreted metalloproteases. Given the fact that inflammatory cells are ubiqui
tously attached to elements of the surrounding connective tissue matrix and that matrix 
degradation is mediated at sites of cell-substratum contact that are inaccessible to 
antiproteases, the abundance of antiproteases within an inflammatory site would seem 
important to control the release of proteases from damaged or dead cells or to inhibit 
the activity of proteases that diffuse away from the cell of origin. 

Unlike the macrophage collagen-degrading metalloproteinases, monocytes de
grade elastin via serine and cysteine proteases. These include an elastase that is bio
chemieally and antigenieally indistinguishable from human neutrophil elastase (Sand
haus et al., 1983), neutral pH-optimum cathepsin G (Campbell et al., 1989), and 
cathepsin L, an acid pH-optimum cysteine protease (Etherington et al., 1988; Shapiro 
et al., 1991). In addition, plasma-derived antiproteases inhibit serine and cysteine 
proteases, thereby controlling their activity. Monocytes are also capable of secreting 
preformed lysosomal acid hydrolases, although the relative abundance of these en
zymes is low compared with macrophages. 

Based on the available data, the role of the monocyte in connective tissue matrix 
breakdown during debridement is difficult to specify precisely. The monocyte does not 
appear to secrete stromelysin (MMP-3) (Campbell et al., 1991), a metalloproteinase 
that degrades proteoglycans and is required to activate the interstitial procollagenase, 
MMP-l. Moreover, the level of synthesis of MMP-l is small in comparison with that of 
macrophages and fibroblasts. However, monocytes do secrete at least one gelatinase 
(92-kDa MMP-9) that can degrade damaged or cleaved collagens. Thus, it is possible 
that upon entering a site of injury, monocytes participate in the initial debridement of 
the site but do not contribute in any substantial fashion to remodeling, a process that 
requires the coordinated and controlled balance between matrix-degrading metallopro
teinases and matrix synthesis. In addition, as monocytes differentiate into macro-



112 

Monocyte Macrophage 

[ 

MMp·1 Interstitial collagenase 

M 11 MMP·2 Gelatinase 
eta o· 

proteinases MMP-3 Stromelysin 

Elastase 

serine/cxsteine[ 
proteinases 

Cathepsin G 

Elastase 

Acid Hydrolases 
(cathepsins. glycosidases) 

® • 
:::::::::= 

F 
7 

F 
7 -

Chapter 3 

Figure 5. Changes in the types and levels of tissue-degrading serine and cysteine proteinases, lysosomal acid 
glycosidases, and metalloproteinases as monocytes differentiate into macrophages. 

phages, the pattern and level of expression of tissue-degrading enzymes undergoes 
differential regulation, as illustrated in Fig. 5. 

5.2. Macrophage Involvement in Extracellular Matrix Degradation 

Investigations initiated in the mid-1970s identified several secreted neutral pro
teinase activities, including elastase, collagenase, and plasminogen activator. Plas
minogen activator itself has httle proteolytic activity; but in the presence of plas
minogen, the potent proteolytic enzyme plasmin is generated. The role of these 
enzymes in the degradation of connective tissue matrices has been studied in vitra, 
using radiolabeled extracellular connective tissue matrix synthesized by vascular 
smooth muscle cells, endothelial cells, or fibroblasts du ring in vitra culture as substrate 
(lones and Scott·Burden 1979; Werb et al., 1980). Using this system, highly purified 
mouse macrophage elastase was found to degrade both the elastin and glycoprotein 
(including laminin and fibronectin) components of the connective tissue matrix, while 
plasmin, a product of macrophage plasminogen activation, degraded 50-70% of the 
glycoprotein component, but had no effect on collagen or elastin (Werb et al., 1980). 
However, degradation of all three components of the connective tissue matrix was 
accomplished when peritoneal exudate macrophages were cultured on the connective 
tissue matrix. Ultrastructural and biochemical observations of the macrophage
connective tissue matrix interactions have revealed that matrix is initially degraded 
extracellularly in the immediate vicinity of the cells, although degradation can some· 
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times extend several millimeters from the cells (Werb et al., 1980). Following their 
characterization as enzyme activities, recent work has led to the purification and cDNA 
cloning of a number of macrophage tissue-degrading enzymes. 

5.2.1. Macrophage Elastinolytic Metalloproteinase 

Mouse macrophage elastase is optimally active at pH 8.0, has a molecular weight of 
approximately 22 kDa, and is inhibited by a 2-macroglobulin but not by a1-antitrypsin. In 
addition to hydrolyzing elastin, macrophage elastase is also proteolytically active against 
a variety of none las tin substrates, including fibrinogen, fibrin, fibronectin, laminin, 
immunoglobulins, and proteoglycans (Banda et al., 1983, 1985). The cDNA encoding 
the enzyme was cloned in 1992 by Shapiro et al. (1992). The proenzyme has a molecular 
weight of 53 kDa and undergoes proteolytic processing to yield the active enzyme by 
cleavage of sequences at both the C-terminal and the N-terminal. The involvement ofthe 
human counterpart of this metalloproteinase in elastin degradation was demonstrated by 
Senior et al. (1989) using alveolar macrophages. They showed that direct macrophage
substrate contact was required for elastin degradation. Furthermore, elastin degradation 
was blocked by dexamethasone and cycloheximide. The recent cloning of the cDNA 
encoding the human enzyme has shown its precursor to be similar in size to the mouse 
enzyme (54 kDa) and to undergo a similar mechanism of processing to yield the 22-kDa 
active enzyme (Shapiro et al., 1993). 

5.2.2. Collagenolytic Metalloproteinases 

Originally recognized as an collagenolytic activity, macrophages are now known 
to synthesize and secrete a number of metalloproteinases that collectively play an 
important role in collagen degradation. Hibbs et al. (1987) observed that human alveo
lar macrophages secrete a gelatinase upon culture in vitro. The gelatinase had an 
apparent molecular weight of 90-92 kDa (MMP-9) and showed immunologic cross
reactivity to human neutrophil gelatinase. Interestingly, the protein appeared to be a 
major secretory product of alveolar macrophages. In a study of human macrophage 
metalloproteinases, Welgus et al. (1990) showed that human alveolar macrophages 
secrete interstitial collagenase (MMP-l) and stromelysin (MMP-3), although the mech
anisms underlying their expression appear distinct. Stromelysin (MMP-3) was secreted 
only in response to stimulation of alveolar macrophages with LPS. As a general 
statement, these authors suggested that as macrophages became more differentiated, 
they secreted a broader spectrum of metalloproteinase and in greater quantities (Welgus 
et al., 1990). However, while macrophages can undoubtedly mediate degradation of 
extracellular connective tissue matrix by secreting metalloproteinases and other degra
dative enzymes, comparison of the level of secretion of metalloproteinases induced in 
vitro with the level of secretion of many of these enzymes by fibroblasts revealed 
fibroblasts to be quantitatively more active in metalloproteinase secretion (Welgus et 
al., 1990). The issue of the role of macrophages in controlling the production of 
metalloproteinase by fibroblasts will be addressed later in section 5.5. 
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5.2.3. Activities of Secreted and Cell Surface Matrix-Degrading Enzymes 

Secreted lysosomal enzymes or enzymes acting at the cell-substratum interface 
may be involved in the degradation of the connective tissue matrix. A significant issue 
regarding the role of lysosomal enzymes in the degradation of the connective tissue 
matrix is the question of whether the pR of the local pericellular microenvironment can 
be reduced sufficiently to allow the acid pR-optimal lysosomal enzymes to become 
active. Evidence has been presented to indicate that under certain conditions, mono
nuclear phagocytes can acidify their immediate local environment. This appears to be 
true for the chondrocyte during cartilage breakdown (Dingle, 1975) and the osteoclast 
during bone resorption (Blair et al., 1986, 1988, 1989). Indeed, Silver et al. (1988) and 
Etherington et al. (1981), using microelectrodes, have shown that th~ pR at the attach
ment site of a macrophage to experimental substata can rapidly drop into the range of pR 
3.6-3.7. In general, lysosomal enzymes have pR optima in the 3.5-5.5 range, and thus 
under these conditions lysosomal acid hydrolases would be expected to be fully active. 

5.3. Intracellular Degradation of the Connective Tissue Matrix 

While the in vitro investigations discussed above have shown that connective 
tissue matrices can be partially degraded extracellularly (Jones and Werb, 1980; Werb 
et al., 1980), other studies of connective tissue matrix breakdown in vivo (using the 
mouse uterus at postpartum as a model) have shown macrophages to be actively 
engaged in the phagocytosis of stromal collagen fibers (ParakkaI, 1972), which are 
considerably larger than the fragments generated in in vitro studies. Furthermore, by 
localizing the lysosomal enzyme acid phosphatase to the collagen-containing organ
elles, it has been shown that the collagen fibers were in the process of being digested by 
the lysosomal system (Parakkai, 1972). Since the collagen fibers were only discernable 
for 24-48 hr, it was evident that the ingested collagen was rapidly digested. The 
reasons for the differences in the reported sizes of the connective tissue fragments 
produced in these two studies are unclear. Rowever, the studies do differ fundamentally 
in several ways, the most notable being that (1) the composition of the connective 
tissue matrices produced in vitro may be significantly different from those laid down in 
vivo, and (2) differences almost certainly exist in the diffusional capacity and the 
enzyme : substrate ratios of secreted enzymes in the two models, which may result in 
significant differences in the rate of extracellular and intracellular degradation. 

The characteristics of two lysosomal enzymes that are implicated in the intracellu
lar degradation of collagen fragments have been studied by Etherington (1979). Ca
thepsins B and N are both thiol-dependent proteinases that are optimally active at pR 
3.5, with negligible activity being seen above pR 4.5. Both enzymes appear to cleave 
the collagen molecule in the nonhelical N-telopeptide region (Etherington, 1976), and 
the fragments produced by the action of cathepsins B and N are then presumed to be 
further degraded by other lysosomal endo- and exopeptidases. Thus, the clear indica
tion from these studies is that macrophage-dependent degradation of the connective 
tissue matrix probably represents a two-step process in which some degradation is 
initiated extracellularly, thereby producing fragments that are subsequently ingested 
and digested intracellularly within the lysosomal system. 
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5.4. Regulation of Fibroblast Metalloproteinase Secretion 
by Macrophages 
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As mentioned earlier, accumulating evidence points to the fibroblast as being an 
important connective tissue cell involved in collagen breakdown under physiological and 
pathological conditions. The secretion of collagenase is not a constitutive property of 
fibroblasts, but rather is an inducible response that is dependent on de novo protein 
synthesis and which appears to be tightly controlled by factors secreted by macrophages. 
Early evidence of macrophage regulation of fibroblast collagenase secretion was ob
tained by Huybrechts-Godin et al. (1979), who observed that coincubation of macro
phages and fibroblasts on a 14C-Iabeled collagen film led to a more rapid and extensive 
degradation of the collagen matrix when compared with eitherfibroblasts ormacrophages 
alone. Similarly, conditioned medium from macrophages also stimulated the degradation 
of the collagen films by fibroblasts. These early investigations also suggested that the 
secretion of the macrophage factors capable of inducing collagenase secretion by 
fibroblasts was developmentally regulated. Maximal induction of collagenase secretion 
was noted during the third day of macrophage culture and declined thereafter. 

Later investigations focused on the identity of the factors responsible for the 
induction of fibroblast collagenase synthesis (Huybrechts-Godin et al., 1985). On the 
basis of similarities in the physical characteristics of the purified factor, several inde
pendent laboratories concluded that the active material is IL-Iß (Ito et al., 1988; 
Unemori et al., 1994). This is true not only of the factor secreted by bone marrow 
macrophages, but also of the mononuclear cell factor that has been shown to be 
involved in the control of collagenase synthesis by rheumatoid synovial fibroblasts and 
rabbit articular chondrocytes. More recent studies have gone on to shown that a wide 
range of macrophage-derived cytokines, including PDGF (Hiraoka et al., 1992) and 
TNF-Cl (Chua and Chua, 1990; Ito et al., 1990), are capable of inducing collagen
degrading metalloproteinase secretion by fibroblasts. However, the induction and/or 
catalytic activity of these enzymes is controlled by other cytokines, including IFN-'Y, 
which suppresses the IL-l ß induction of stromelysin synthesis by fibroblasts (Unemori 
et al., 1991), and IL-6 (lto et al., 1992) and TGF-ß (Wright et al., 1991), which 
stimulate the synthesis of TIMP. 

6. Macrophage Involvement in Repair, Remodeling, and Fibrosis 

Experiments conducted almost two decades ago, in which mononuclear phagocyte 
depletion in guinea pigs was shown to be associated with a dramatic impairment of 
wound healing (Leibovitch and Ross, 1975), provided the first concrete evidence that 
macrophages actively participate in the process of tissue repair and remodeling. There is 
little doubt that this work set the stage for the industrious pursuit in the last two decades 
of the mechanisms underlying the involvement of this cell type in both wound repair and 
pathological tissue fibrosis. Subsequent studies in multiple experimental systems have 
extended these seminal studies by showing that macrophages are a vital source of growth 
factors and cytokines that collectively induce (1) the migration and proliferation of 
fibroblasts, endothelial cells, and smooth muscle cells, thereby stimulating connective 
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tissue growth and neovascularization of injured tissue, and (2) control the synthesis of 
connective tissue matrix components by mesenchymal cells, especially fibroblasts. 

At the time of preparation of the first edition of this book in 1986, only a limited 
number of macrophage-derived proteins and peptides capable of stimulating fibroblast 
proliferation and collagen synthesis had been characterized. However, in the intervening 
years, the field has undergone nothing short of a renaissance with the discovery of a large 
number of cytokines and growth factors that have profound effects on the proliferation 
and differentiation of mesenchymal cells. U sing reverse transcription of mRNA and the 
polymerase chain reaction, Rappolee et al. (1988) reported that macrophages isolated 
from subepidermally implanted wound cylinders in mice contained the transcripts for 
PDGF-A, TGF-ß, basic fibroblast growth factor (bFGF), insulin-like growth factor-I 
(IGF-I), TGF-a, and IL-1 ß, showing that macrophages are an important source of 
multiple cytokines and growth factors. A indication of the breadth of cytokines and 
growth factors currently known to be produced by macrophages is illustrated in Table 11. 

As our understanding of the diversity of activities expressed by individual cyto
kines and growth factors has increased, it has become abundantly clear that categoriz
ing these molecules on the basis of their ability to stimulate one activity or another is 
increasingly more difficult, since most cytokines and growth factors exhibit pleiotropic 
activities. For example, IL-2, while being traditionally viewed as a T-cell growth factor, 
can also stimulate macrophages to express cytocidal activity in the presence of IFN-"1 
(Cox et al., 1990). Conversely, PDGF, while being originally thought of (and de
scribed) as a fibroblast competence-type growth factor, is now recognized as being a 
potent stimulus of fibroblast and monocyte chemotaxis (Pierce et al., 1989). Thus, 

Table 11. Major Cytokines and Growth Factors Produced by Macrophages 

Cytokine/growth factor 

TNF-a 
IL-I a/IL-I ß 
IL-6 
IL-8 
IL-1O 
IL-12 
MIP-Ia 
MIP-Iß 
MIP-2 
IFN-ß 
IFN-a 

PDGF-A/B 
TGF-ß 
TGF-a 
aFGF/bFGF 
Heparin-binding epidermal 

growth factor 
IGF-I 

LPS 
LPS 
LPS 
LPS 
LPS 
IFN-'Y 
LPS 
LPS 
LPS 

Stimulus 

Double-stranded RNA, viruses, LPS 
Double-stranded RNA, viruses, LPS 

LPS 
LPS 
LPS 
Scavenger receptor ligands 
Constitutive 

TNF-a, advanced-glycosylation end-products 
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categorizing macrophage-derived cytokines and growth factors as fibroblast growth 
factors, angiogenic factors, regulators of matrix synthesis, and so on would underrep
resent their potential contributions to wound repair. Therefore, in what follows, the 
discussion has been focused (1) on the broad activities of macrophages in repair and 
fibrosis, and (2) on the contrasting and/or overlapping functional activities of 
macrophage-derived growth factors and cytokines whose expression is known to con
tribute to repair and fibrosis. 

6.1. Mesenchymal Cell Growth Factors 

From a historical perspective, once it was recognized that macrophages were a 
primary orchestrator of wound repair, subsequent studies soon showed that macro
phages actively secrete factors that induce the proliferation of serum-deprived fi
broblasts (Leibovitch and Ross, 1976). These mesenchymal cell growth factors were 
collectively known as macrophage-derived growth factor (MDGF) and were shown to 
be synthesized and secreted rather than stored intracellularly. In vitro studies suggested 
that the secretion of MDGF is a constitutive property of monocytes and macrophages, 
although the likelihood of trace contamination of culture materials with LPS cannot be 
excluded in studies from this period. However, the level of MDGF secretion was 
significantly increased following stimulation of macrophages with a variety of agents, 
including LPS, concanavalin A (Glenn and Ross, 1981), fibronectin (Martin et al., 
1983), phorbol diesters (Leslie et al., 1984), and the phagocytic stimuli, zymosan 
particles and silica (Schmidt et al., 1984). Macrophage-derived growth factor was also 
shown to stimulate the in vitro proliferation of other mesenchymal cells, specifically 
smooth muscle cells and vascular endothelial cells (Martin et alo, 1981; Polverini et alo, 
1977). Subsequent studies have shown that a number of previously characterized 
growth factors are contained in the macrophage and monocyte conditioned media, 
including PDGF (Shimokado et alo, 1985), IL-Iß (Schmidt et alo, 1984), bFGF (Baird 
et afo, 1985), TGF-ß (Assoian et alo, 1987), TGF-a (Madtes et alo, 1988; Rappolee et 
af., 1988), and IGF-l (Rappolee et af., 1988). 

6.2. Macrophage-Derived Angiogenic Factors 

Studies also initiated in the mid-1970s showed that another significant contribu
tion of macrophages to the process of wound repair is as a source of angiogenesis 
factors that stimulate neovascularization of the provisional matrix. Early evidence 
suggesting the involvement of macrophages in wound neovascularization came from 
the finding that macrophages isolated from wound fluids were potently angiogenic 
when injected into rat corneas (Greenberg and Hunt, 1978; Thakral et alo, 1979). 
Similarly, culture supernatants of wound macrophages were also found to be an
giogenic, indicating that these factors were secreted products of macrophages. Other 
investigations showed that freshly explanted elicited mouse peritoneal macrophages 
secreted angiogenesis factors (Polverini et alo, 1977), suggesting perhaps that this 
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response is a general capacity of inflammatory macrophages. The following findings 
are consistent with this idea: (1) recently migrated peripheral blood monocytes proba
bly acquire the same phenotype as thioglycollate-induced inflammatory macrophages 
as part of their differentiation and maturation; (2) macrophages isolated from solid 
tumors secrete angiogenesis factors (Polverini and Leibovitch, 1984), and here, also, an 
inflarnmatory response to the tumor is usually present; and (3) macrophages isolated 
from human rheumatoid synovia have also been found to be potent inducers of neo
vascularization (Koch et al., 1986), while unstimulated monocytes or macrophages (as 
weIl as neutrophils and lymphocytes) failed to secrete angiogenesis factors. 

The mechanism(s) controlling the secretion of angiogenesis factors were initially 
studied in a number of laboratories. Banda et al. (1982), on the basis of their findings 
that rabbit bone marrow-derived macrophages secrete angiogenesis factors during peri
ods of hypoxia, suggested that the reduced oxygen tension found in the center of a 
healing wound might trigger newly recruited macrophages to secrete angiogenesis 
factors. Of significance to the validity of their hypothesis was the finding that elimina
tion of the oxygen gradient from the hypoxic core of a wound to the oxygenated edge 
inhibited wound neovascularization (Knighton et al., 1981, 1983). Since the secretion 
of angiogenesis factors ceased when macrophages were returned to 20% oxygen 
growth conditions, it seemed possible that the secretion of angiogerresis factor(s) was 
self-limiting, i.e., the response was down-regulated once neovascularization of the 
wound was complete. Other conditions of induction of angiogenesis factor secretion by 
macrophages have been determined by in vitro studies. For example, Polverini et al. 
(1977) found that the phagocytosis of latex spheres by resident macrophages was 
sufficient to induce angiogenesis factor secretion, while Koch et al. (1986) have shown 
that incubation of purified populations of human peripheral blood monocytes secreted 
angiogenesis factors when exposed to high concentrations of bacterial endotoxin (5 
J.Lg/ml) or concanavalin A (25 J.Lg/ml). As with the aforementioned characterization of 
mesenchymal cell growth factors, the identity of several macrophage-derived an
giogenesis factors has been revealed during the past 8 years, and in most situations, 
they also represent previously identified growth factors and cytokines to which the 
ability to stimulate angiogenesis represented a new functional activity. Currently char
acterized macrophage-derived angiogenic factors include bFGF (Baird et al., 1985), 
TGF-a (Madtes et al., 1988), TGF-ß (Wiseman et al. , 1988), and TNF-a (Leibovitch et 
al., 1987). In addition, recent work has shown that the neutrophil chemotactic and 
activating cytokine IL-8 is also a potent angiogenic factor (Koch et al. , 1994; Strieter et 
al., 1992). 

6.3. Macrophage Cytokines and Growth Factors Implicated in Repair 
and Fibrosis 

Following the initial studies showing that wound macrophages secrete factors that 
can increase collagen synthesis in an in vivo corneal assay system (Hunt et al., 1984), 
an increasing number of macrophage-derived growth factors and cytokines have been 
recognized by their ability to stimulate synthesis of components of the connective 
tissue matrix and a significant emphasis has now been placed on understanding their 
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mechanism of action. Many of the cytokines and growth factors secreted by macro
phages are pleiotropic and influence cell proliferation, angiogenesis (in which cell 
proliferation is an important element), and extracellular connective tissue matrix syn
thesis. Of these pleiotropic factors, five currently stand out as being critical to efficient 
wound repair, namely, TGF-ß, PDGF, IGF-I, FGF, and TGF-a, and the discussion 
presented considers these factors in terms of their multiple individual activities. 

6.3.1. TGF-ß 

The TGF-ß represents a group of related proteins that, based on biochemical 
characterization and sequence analysis of cDNA clones, currently comprises five mem
bers, namely, TGF-ßl, TGF-ß2, TGF-ß3, TGF-ß4, and TGF-ß5, which exhibit identi
ties ranging from 82% (between TGF-ßI and TGF-ß4) to 64% (between TGF-ß2 and 
TGF-ß4) (Roberts and Sporn, 1991). With the exception ofTGF-ß4, wh ich comprises 
304 amino acids, each family member is synthesized as a latent precursor protein with 
a molecular weight of approximately 50 kDa and consisting of 380-412 amino acids. 
Following homodimerization, the precursor protein is proteolytically cleaved in the 
COOH-terminal to yield the mature, 25-kDa active TGF-ß molecule, representing a 
homodimer of the COOH-terminal 112 amino acid fragments. There are also data to 
suggest that TGF-ßl and TGF-ß2 may form a heterodimer, TGF-ß1.2. The mature 
processed dimeric TGF-ß protein, however, remains noncovalently associated with the 
larger remnant dimeric NH2-portion of the precursor (74 kDa), which in turn is cova
lently bound to a 135-kDa TGF-ßl binding protein (Wakefield et al., 1988). While in 
this state, TGF-ß remains functionally inactive. Release of active TGF-ß from the 
latent protein complex can be achieved by extreme acidification to pH 1.5 or by 
proteolysis with lysosomal cathepsin D or with plasmin (Lyons et al., 1988). In addi
tion, both the TGF-ßl binding protein and the 74-kDa precursor remnant contain 
N-linked oligosaccharides. Hydrolysis with endo-F or sialidase or interruption of car
bohydrate interactions with either mannose-6-phosphate or sialic acid have also been 
reported to induce release of active dimeric TGF-ß from the latent complex (Miyazono 
and HeIdin, 1989), suggesting interactions between oligosaccharide moieties and the 
active molecule. 

6.3.1a. Macrophages Are a Major Source of TGF-ß. Studies in experimental 
animal models have revealed macrophages to be an important source of TGF-ß follow
ing their arrival in tissues 12-24 hr after the initiation of injury. In addition, macro
phages likely represent the major source of the cytokine in the fibroproliferative phase 
of repair. During the evolution of hepatic granulomas in LEW IN rats following the 
intraperitoneal injection of sonicated suspensions of streptococcal cell walls, Manthey 
et al. (1990) have shown TGF-ß 1 protein to be present in infiltrating macrophages and 
in Kupffer cells as early as 18 hr after injection. Moreover, TGF-ßI was observed to 
colocalize intracellularly with streptococcal cell wall antigens, suggesting a localized 
response of Kupffer cells and infiltrating macrophages to the ingested material. Inter
estingly, TGF-ß1 continued to be expressed as the macrophage clusters developed into 
more organized granulomas over time. As the granulomas became encapsulated with 
fibrotic tissue, extracellular staining for TGF-ßl was detected at the interface between 
macrophages and the fibrotic capsule (Manthey et al., 1990). 
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The association between macrophages, TGF-ß, and increased collagen deposition 
in human fibrotic disorders and animal models is striking. In the bleomycin model of 
pulmonary fibrosis, Phan and Kunkel (1992) have shown an increase in total lung 
TGF-ß mRNA prior to the induction of increased collagen synthesis. At the protein 
level, Khalil et al. (1989) observed that totallung TGF-ß protein was increased approx
imately 30-fold over control animals 7 days after instillation of bleomycin. Moreover, 
immunohistochemical staining of TGF-ß in lung sections revealed intense staining of 
macrophages in the alveolar interstitium and in organized clusters. At later time points, 
TGF-ß protein was localized extracellularly in areas of increased cellularity and tissue 
repair. Similarly in biopsy specimens obtained from patients with idiopathic pulmonary 
fibrosis, Khalil et al. (1991) have observed an increased abundance of TGF-ß in 
macrophages and epithelial cells compared to patients without fibrosis. Similar find
ings have been reported in hepatic fibrosis (Nakatsukasa et al., 1990) and in the 
fibroproliferative aspects of joint inflammation in rheumatoid arthritis (Chu et al., 
1992). Thus, macrophages appear to be a major source of TGF-ß during repair and 
fibrosis. 

Only recently have studies begun to identify stimuli capable of initiating the 
release of active and latent TGF-ß by macrophages. The expression of TGF-ß is 
stringently regulated at both the transcriptional and translationallevel. In unstimulated 
macrophages, TGF-ß mRNA is constitutively expressed but translationally repressed 
(Assoian et al., 1987; Laszlo et al., 1993; Noble et al., 1993a). Work first reported by 
Assoian et al. (1987) showed that incubation of human alveolar macrophages with 
concanavalin A or human monocytes with LPS stimulated the synthesis and release of 
latent TGF-ß from these cells. Since that time, a number of other stimuli have been 
shown to induce the release of latent and/or active TGF-ß from macrophages, includ
ing the inflammatory particulate stimulus, ß 1,3-glucan (Noble et al., 1993a), the HIV 
Tat protein (Zauli et al., 1992), and a number of obligate and facultative intracellular 
parasites such as Toxoplasma gondii (Bermudez et al., 1993) and Mycobacterium 
avium intracellulare (Bermudez, 1993), which apparently utilize macrophage-derived 
TGF-ß to inactivate macrophage cytocidal mechanisms, thereby allowing organism 
survival (see Section 6.4.1c). Control ofTGF-ß actions is also modulated by release of 
the active cytokine from the latent complex, and the macrophage has many mecha
nisms at its disposal to mediate this process. First, as pointed out in Section 5.1, 
macrophages have powerful mechanisms for generating acid both intracellularly and 
extracellularly. Thus, in the inflammatory milieu, especially at cell-substratum contact 
points, macrophages may reduce pH to a level capable of inducing some release of 
active TGF-ß dimer from the latent complex. However, Lyons et al. (1988) reported 
that at pH 4.5, only about 20-30% of active TGF-ß1 was released from the latent 
complex. Second, macrophages are capable of secreting a wide repertoire of neutral 
and acid pH-optimum proteases and glycosidases (Riches and Stanworth, 1980, 
1982a,b; Riches et al., 1983, 1985), which may degrade the precursor remnant to 
release active TGF-ß. Last, several studies have shown that secreted TGF-ß becomes 
associated with protein and glycosaminoglycan components of the connective tissue 
matrix and that macrophages can cleave active TGF-ß from matrix in a plasmin
dependent fashion at neutral pH (Falcone et al., 1993a,b). Thus, in response to a variety 
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of stimuli and conditions, both the expression of TGF-ß and its release in an active 
form are mediated by macrophages. 

6.3.1b. Inductive Actions of TGF-ß on Macrophages. In addition to its potent 
monocyte chemotactic activity discussed earlier (Section 3.4), TGF-ß exerts at least 
one other important inductive effect on mononuclear phagocytes. As discussed in 
Section 4.2, the intravenous injection of ß 1,3-glucan induces a chronic inflammatory 
response in the liver, culminating in severe hepatic fibrosis in experimental animals. 
Work conducted in this laboratory has shown that in vitro exposure of mouse bone 
marrow-derived macrophages to ß 1,3-glucan resulted in the increased expression of a 
number of inflammatory and fibrogenic gene products, including the lysosomal hydro
lase ß-glucuronidase (Laszlo et al., 1993; Lew et al., 1991) and the growth factor 
PDGF-B (Laszlo et al., 1993; Noble et al., 1993a). In work recently reported (Noble et 
al., 1993a), we have shown that TGF-ß primes macrophages for increased expression 
of these inflammatory gene products. Incubation of mouse bone marrow-derived mac
rophages with TGF-ß had no direct effect on the expression of ß-glucuronidase or 
PDGF-B. However, pretreatment with TGF-ß prior to exposure to ß 1,3-glucan aug
mented the expression of both gene products; but, more importantly, it dramatically 
increased the sensitivity of the macrophage to subsequent stimulation with ß 1,3-
glucan such that the cells were able to respond to a concentration of ß 1,3-glucan, 
which by itself did not stimulate the expression of either ß-glucuronidase or PDGF-B. 
In addition, the priming activity of TGF-ß extended to a nonspecific phagocytic stimu
lus, i.e., latex particles, which by itself did not stimulate the expression of either 
ß-glucuronidase or PDGF-B. Thus, TGF-ß primes macrophages to express increased 
levels of inflammatory and fibrogenic gene products in response to phagocytic stimuli. 
We further showed that macrophage-derived TGF-ß acts in a paracrine or autocrine 
fashion to regulate the response of these cells to phagocytic stimuli (Noble et al. , 
1993a). Exposure of macrophages to moderate concentrations of ß 1,3-glucan stimu
lated the increased expression of TGF-ß mRNA and the secretion of TGF-ß protein 
into culture supernatants (Noble et al., 1993a). However, exposure to ß 1,3-glucan in 
the presence of anti-TGF-ß antibody substantially inhibited the increased expression of 
ß-glucuronidase and PDGF-B, an effect not seen with anti-PDGF-B antibody. More
over, supernatants from ß 1,3-glucan-stimulated macrophages were found to prime 
macrophages for increased ß-g1ucuronidase and PDGF-B mRNA expression in a fash
ion that was also b10cked by anti-TGF-ß antibody. Collectively, these results suggest 
that TGF-ß is produced after exposure to the particulate inflammatory stimulus ß 1,3-
glucan and that its production enhances the expression of inflammatory and fibrogenic 
gene products. Clearly, given the fact that in the early phases of the inflammatory 
response macrophages engage in the phagocytosis and debridement of damaged con
nective tissue in the presence of abundant levels of platelet-derived TGF-ß, these 
fmdings have important implications for the amplification of the inflammatory re
sponse and the ensuing reparative phase. 

6.3.1c. "Deactivation" of Macrophage Functions by TGF-ß. As illustrated in 
Fig. 6, and as discussed above, TGF-ß can augment certain macrophage responses 
associated with the degradative and reparative phases of the inflammatory response. 
However, a growing body of work has shown that TGF-ß exerts striking inhibitory 
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Figure 6. Opposing actions of TGF-ß on monocytes and macrophages. 
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effects on macrophage functions, particularly on the expression of reactive oxygen 
intermediates and reactive nitrogen intermediates that individually and collectively are 
responsible for many of the cytocidal functions of macrophages with respect to the 
killing of bacteria, obligate intracellular organisms such as Leishmania donovani and 
Toxoplasma gondii , and the destruction of neoplastically transformed target cells. For 
example, Tsunwaski et al. (1988) demonstrated that pretreatment of human macro
phages with TGF-ßl and TGF-ß2 potently inhibited the ability of these cells to pro
duce °2- in response to stimulation with phorbol myristate acetate (PMA). Using 
assay systems to examine the killing of amastogotes of Leishmania donovani and the 
killing of tumor target cell 1023, Nelson et al. (1991) showed that pretreatment of 
mouse macrophages with TGF-ß effectively abolished killing induced by the combina
tion of IFN--y and LPS. Importantly, recent studies have implicated macrophage
derived TGF-ß in the "deactivation" of killing mechanisms. For example, Bermudez et 
al. (1993) have shown that infection of mouse macrophages with Toxoplasma gondii 
led to the release of active TGF-ß and replication of the organism within macrophages. 
However, infection in the presence of anti-TGF-ß antibodies led to a partial inhibition 
of infection. Similarly, Silva et al. (1991) showed that macrophages secreted TGF-ß in 
response to Trypansoma cruzi and that the addition of purified TGF-ß to macrophage 
monolayers increased parasite replication. The deactivating effect of TGF-ß appears to 
be related at least in part to down-regulation of receptors for macrophage-activating 
cytokines such at IFN--y (Pinson et al. , 1992) and TNF-a (Bermudez et al., 1993). 

Taken together, these findings raise several important questions about the effects 
of TGF-ß on macrophage functional activity in inflammation and wound repair. First, 
during the initial phase of the inflammatory response, when bacteria may still be 
present, it would seem important that the macrophage should be able to express its 
cytocidal activities, since infection of the inflammatory site/wound as a consequence 
of injury must be controlled. If so, how are the deactivating effects of TGF-ß overcome 
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since platelet-derived TGF-ß is likely to be ubiquitously present? Perhaps the tissue 
level of TGF-ß in the early phases of the inflammatory response is below the threshold 
to deactivate macrophage cytocidal responses and only later rises sufficiently to sup
press oxygen or nitrogen free radical formation. Second, why are macrophage cytocidal 
functions suppressed by TGF-ß? The answer to this seems more apparent since, as 
Tsunawaki et al. (1988) and Nathan (1991) have pointed out, the phagocytosis of 
particulate stimuli (and this may include damaged components of the connective tissue 
matrix) frequently elicits activation of the respiratory burst with the resulting genera
tion of tissue and cell-damaging reactive oxygen intermediates, including 02 -, H20 2, 
OH-, and so on. The ability ofTGF-ß to inhibit the generation ofthese tissue-damaging 
molecules without preventing the phagocytosis and intracellular and/or extracellular 
degradation of particulate stimuli seemingly would be desirable in wound repair. Third, 
what are the mechanisms goveming these "switches" in macrophage functional activ
ity? One mechanism involves heterologous desensitization; thus, as we have shown 
(Laszlo et al., 1993), once the macrophage is committed to expressing a functional 
activity or capacity , e.g., inflammatory gene expression, it transiently loses the capacity 
to respond to other stimuli. Thus, during the expression of genes such as ß-glucur
onidase and PDGF-B, the macrophage is unable to express cytocidal activity and vice 
versa. 

6.3.1d. Functions of TGF -ß in Repair. TGF-ß is a potent stimulant of connec
tive tissue matrix accumulation, especially collagen, in vivo and, as might be suspected 
for such a pleiotropic agent, the mechanisms leading the increase in matrix abun
dance are many and varied and include: (1) increased collagen synthesis by fibro
blasts, (2) increased synthesis of other matrix components such as glycosaminoglycans 
and fibronectin, (3) decreased synthesis of matrix-remodeling metalloproteinases such 
as collagenase, and (4) increased synthesis of TIMPs. 

Roberts et al. (1986) have shown that subcutaneous injection of TGF-ß into 
I-day-old mice led to the formation of a palpable lump within 2-3 days at the site of 
injection, an effect that was not observed with epidermal growth factor (EGF). Histo
logical examination of excised tissue revealed a striking induction of granulation tissue 
characterized by the presence of neutrophils, fibroblasts, endothelial cells, and macro
phages surrounded by a newly formed collagenous network. Of some significance, the 
effect of injected TGF-ß was reversible and self-resolving, suggesting that the avail
ability of TGF-ß is an important determinant of the duration of the fibrotic (and 
angiogenic) response that this agent elicits. The ability of TGF-ß to stimulate synthesis 
of collagen by fibroblasts has also been confirmed in vitro. For example, exposure of 
fibroblasts obtained from skin and lung to TGF-ß has been shown to stimulate the 
expression and secretion of a variety of collagen genes, including collagen types land 
III (Appling et al., 1989; Fine and Goldstein, 1987; Fine et al., 1990; Raghow et al., 
1987). The increased expression of collagen genes appears to be mediated in part by 
increased transcription of collagen mRNAs through effects of TGF-ß on nuclear factor 
1 (NF1) and Spl binding sites in the collagen promoter (Inagaki et al., 1994; Rossi et 
al., 1988), as weIl as by increased stability of the procollagen mRNA (Raghow et al., 
1987). In addition, TGF-ß has differing effects, dependent on the system studied, on 
the synthesis of other components of the extracellular connective tissue matrix. Using a 
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wound-healing model in rabbits in which purified recombinant growth factors were 
applied to excisional ear wounds, Pierce et al. (1992) were unable to document a 
change in the level of hyaluronic acid and other glycosaminoglycans in response to 
TGF-ß at 7 days, while a significant decrease in glycosaminoglycan content was seen 
at 21 days postinjury (Pierce et al., 1992). However, in contrast to its effects on wound 
glycosaminoglycan levels, TGF-ß has been shown to increase the level of fibronectin 
in healing wounds, and since fibronectin appears to be one avenue for fibroblast 
migration and proliferation in the provisional matrix, TGF-ß coordinately up-regulates 
several mechanisms for fibroblast proliferation and matrix synthesis. 

The effects of TGF-ß in wound repair and fibrosis, however, are not restricted to 
stimulating collagen and matrix synthesis, as might be expected for such a pleiotropic 
cytokine. Normal turnover of the connective tissue matrix during remodeling associ
ated with tissue growth is mediated by the concerted action of collagen-degrading 
metalloproteinases that mediate collagen breakdown during collagen synthesis in a 
controlled fashion. Work reported from severallaboratories has shown that, in addition 
to stimulating collagen synthesis by fibroblasts, TGF-ß inhibits the expression of 
MMP-l and MMP-2 by fibroblasts (Overall et al., 1989, 1991), a response stimulated 
by many agents including the growth factors PDGF (Circolo et al., 1991) and IL-Iß 
(Ito et al., 1988; Unemori et al., 1994). In addition, the activities of collagenase, 
stromelysin, and other connective tissue-degrading metalloproteinases are kept in 
check by a number of inhibitors, including the TIMPs. In vitro studies reported by 
Wright et al. (1991) have shown that TGF-ß acts to stimulate the synthesis and 
secretion of TIMP by IL-l ß-stimulated human rheumatoid synovial fibroblasts. Thus, 
in addition to stimulating collagen synthesis, TGF-ß also prevents collagen degrada
tion by blocking the synthesis of collagen-degrading enzymes and by increasing the 
synthesis of metalloproteinase inhibitors, thereby creating an imbalance between col
lagen synthesis and collagen degradation. 

Other mechanisms whereby TGF-ß may contribute to scarring and fibrosis in
clude (1) its suppressive activities on the proliferation of epithelial cells, which, by 
suppressing reepithelialization of denuded basement membranes, may potentiate scar
ring and fibrosis that appears itself to be initiated in the absence of efficient reep
ithelialization; and (2) TGF-ß has quite profound inhibitory activities on cells of the 
immune system (Kehrl et al., 1986; Lotz et al., 1994; Morris et al., 1989; Ruegemer et 
al., 1990). As will be discussed later, IFN-'Y, a cytokine product ofT helper type 1 cells 
(Thl cells), has been shown to antagonize tissue collagen accumulation in several 
models of fibrosis. Hence, by suppressing the accumulation and/or activation of this 
T-cell subpopulation, TGF-ß mayaiso indirectly potentiate tissue scarring and fibrosis. 

6.3.2. PDGF 

The PDGF exists in either homodimeric or heterodimeric complexes as PDGF
AA, PDGF-BB, and PDGF-AB. Although platelets are able to deliver preformed 
PDGF during the early host response to injury, other cell types, especially macro
phages, serve as a continuing source of this fibroblast competence-type growth factor 
during tissue repair, remodeling, and fibrosis. However, whlle PDGF is a potent mono-
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cyte chemotactic factor, PDGF receptor expression is not detected in macrophages 
(Reuterdahl et al., 1993; P. W. Noble and D. W. H. Riches, unpublished observations), 
and thus macrophages are essentially refractory to stimulation by this growth factor. 
Therefore, unlike the situation with TGF-ß where macrophages both express and 
respond to the cytokine, macrophages can only be considered a source of PDGF. 

During normal wound repair, local expression of PDGF isoforms by infiltrating 
macrophages is greatly increased. For example, Reuterdahl et al. (1993), using immu
nofluorescence, have shown that approximately 43% of infiltrating macrophages in 
skin wounds express PDGF-AB/BB, whereas in normal skin, PDGF expression was 
restricted to peripheral nerve fibers and solitary cells in the epidermis and superficial 
dermis. In the exaggerated reparative response seen in idiopathic pulmonary fibrosis, 
Nagaoka et al. (1990) observed an approximately tenfold increase in PDGF-B expres
sion by alveolar macrophages compared to normal healthy volunteers. Interestingly, 
there was a marked skewing of production toward PDGF-B with only about one tenth 
the level of expression of PDGF-A. At the tissue level, Antoniades et al. (1990) 
employed in situ hybridization to explore the cell types responsible for PDGF expres
sion in idiopathic pulmonary fibrosis and showed that both alveolar macrophages and 
epithelial cells were significant sources of PDGF. The stimuli for PDGF expression by 
macrophages have not been systematically investigated, although a number of auto
crine- and paracrine-acting cytokines, including IL-Iß (Raines et al., 1989).and IFN-'Y 
(Shaw et al., 1991) have been shown to induce PDGF expression. As mentioned earlier, 
work reported by this laboratory has shown that PDGF-B mRNA expression is initiated 
following phagocytosis of the particulate inflammatory stimulus, ß l,3-glucan (Noble 
et al., 1993a). An extensive discussion of the role of PDGF in wound repair and its 
effects on mesenchymal cell proliferation is presented elsewhere in this volume. 

6.3.3. IGF-I 

The IGF-I is a progression-type growth factor for fibroblast proliferation that 
allows these and other cell types to progress through the GI phase of the cell cycle and 
to synthesize DNA. Although produced predominantly by the liver and circu1ating in 
the plasma in combination with IGF-I-binding proteins, there is now extensive evi
dence that IGF-I can also be expressed at increased levels by wound macrophages 
(Rappo1ee et al. , 1988) in vivo and by macrophages stimu1ated with a variety of 
fibrogenic stimuli in vitro (Noble et al., 1993b; Rom et al., 1989). For example, 
exposure of macrophages to chrysotile asbestos fibers stimulated the increased accu
mu1ation of IGF-I protein in culture supernatants. 

Seeking to further understand the mechanism controlling IGF-I expression by 
macrophages, work recently conducted in this laboratory addressed the hypothesis that 
components of the extracellular matrix may stimulate the expression of fibrogenic 
growth factors, especially IGF-I. In pulmonary fibrosis and in asthma, several matrix 
components have been detected in cell-free brochoalveolar lavage fluid (BALF), in
cluding hyaluronic acid (Bjermer et al., 1989; Nettelbladt et al., 1988). Importantly, the 
increased abundance of hyaluronic acid in BALF is thought to precede tissue fibrosis 
(Nettlbladt and Hallgren, 1989). This suggested to us the possibility that hyaluronic 
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acid may regulate IGF-I expression by macrophages. In vitro exposure of mouse bone 
marrow-derived macrophages to hyaluronic acid stimulated a two- to fourfold increase 
in the synthesis of IGF-I protein, with maximal stimulation being observed approx
imately 18-24 hr after stimulation, an effect not seen with other glycosaminoglycans, 
including chondriotin sulfate A or heparan sulfate (Noble et al., 1993b). The interaction 
between hyaluronic acid and macrophages was shown to be mediated by CD44, a 
ubiquitous cell surface receptor for hyaluronate. In addition to stimulating the synthesis 
ofIGF-I, hyaluronic acid stimulated the expression of TNF-a and IL-1ß with a time 
course that preceded the expression of IGF-1. To address the possible involvement of 
these cytokines in the regulation of IGF-I expression, macrophages were exposed to 
hyaluronic acid in the presence of antibodies directed against either TNF-a or IL-1 ß. 
Antibodies directed against TNF-a but not against IL-1 ß inhibited the stimulation of 
IGF-I synthesis in response to hyaluronic acid. Furthermore, purified recombinant 
TNF-a was found to directly stimulate the expression of IGF-1. Taken together, these 
data suggest that hyaluronic acid stimulates IGF-I synthesis in a TNF-a-dependent 
fashion (Noble et al., 1993b). In addition, given the discussion presented earlier that 
macrophages initially participate in the degradative phase of the inflammatory re
sponse, it is plausible that during this phase, soluble matrix components may be 
released that can then serve to set in motion the events that underlie the reparative 
phase. 

6.3.4. FGF 

Two functionally identical FGFs have been characterized, isolated, and cloned: 
namely, acidic FGF (aFGF) and basic FGF (bFGF). Both FGFs have a molecular 
weight of approximately 17 kDa and while lacking a conventional signal peptide are 
nevertheless exported to the exterior of the cell where they bind strongly to the connec
tive tissue matrix through an interaction with heparan sulfate. Both aFGF and bFGF are 
potent growth factors for vascular endothelial cells, fibroblasts, and smooth muscle 
cells, and hence both proteins are highly angiogenic. aFGF was initially characterized 
in extracts of brain and pituitary and its expression for many years was thought to be 
restricted to these sites. By contrast, bFGF has been detected in many cells and tissues 
including macrophages. 

Constitutive expression of bFGF by mouse peritoneal exudate macrophages was 
first reported by Baird et al. (1985), who detected the growth factor by immu
nocytochemistry. Similar results were obtained by Joseph-Silverstein et al. (1988), 
using a radioimmunoassay for bFGF. Analyses of FGF expression in animal models of 
injury and repair have revealed infiltrating macrophages to be a major cellular source 
of bFGF. Rappolee et al. (1988) detected bFGF mRNA in macrophages isolated from 
subepidermally implanted wound cylinders, although expression of bFGF protein was 
not investigated in this report. More recently, Henke et al. (1993) studied bFGF mRNA 
and protein expression in the fibroproliferative response initiated after acute lung injury 
in humans. Polymerase chain reaction (PCR) and Northem bIot analysis of RNA 
isolated from alveolar macrophages revealed the presence of two species of bFGF 
mRNA, and biosynthetic labeling with [35S]methionine followed by immunoprecipita-
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tion with anti-bFGF antibody revealed the presence of the 18-kDa protein. Of signifi
cance, immunocytochemical staining of postmortem lung tissue revealed the presence 
of numerous bFGF-staining macrophages in alveoli containing variable degrees of 
fibroplasia and vascular endothelial cell growth. Thus, alveolar macrophages appear to 
be an important source of bFGF in the induction of alveolar fibrosis following lung 
injury. Although it has generally been accepted that expression of aFGF is restricted to 
the brain and neuronal tissue, arecent report has also suggested that macrophages may, 
under certain conditions, express aFGF. In a study of FGF expression in atheromatous 
and nonatheromatous human arteries, Brogi et al. (1993) detected marked expression 
of aFGF in atheroma but not in control arteries. Expression of aFGF was greatest in 
areas of neovascularization and in macrophage-rich regions of plaque. Moreover, the 
expression of aFGF by macrophages was extended by showing that the human mono
cytic cell line THP-l expressed aFGF mRNA following stimulation with the phorbol 
ester, PMA. Thus, these collective data indicate that human macrophages are capable 
of expressing aFGF and suggest that plaque macrophages may contribute to the neo
vascularization seen in human atheroma. Clearly, this area needs to be explored further 
to question if aFGF also contributes to macrophage-mediated neovascularization in 
other situations initiated by injury. 

The question of how FGFs interact with responsive cells has been debated for 
several years. It is not yet clear how FGFs gain access to the extracellular compartment 
in the absence of a classical signal peptide. Possibilities include (1) a mechanism 
analogous to that of IL-l ß, which, like FGF, lacks a signal peptide, or (2) release from 
dead or apoptotic cells. Once in the extracellular environment, FGF is strongly bound 
by elements of the connective tissue matrix and while in this state appears to be 
incapable of stimulating cell proliferation. For example, using immunocytochemistry, 
bFGF has been shown to be bound to basement membranes of blood vessels, although 
endothelial cell proliferation is not seen. Recently reported work suggests that macro
phages may play an important role in releasing bFGF from extracellular connective 
tissue matrix and rendering the growth factor available for grOWth stimulation (Falcone 
et al., 1993a,b). The enzyme responsible appeared to be a membrane-associated 
urokinaselike plasminogen activator since release of bFGF from cell-derived matrices 
was markedly enhanced by the addition of purified plasminogen. The released growth 
factor was not inactivated during its release since biologically active bFGF accumu
lated in culture supematants. Interestingly, this property was not restricted to bFGF 
and, as alluded to earlier, matrix-bound TGF-ß was released under the same conditions. 
Furthermore, purified soluble TGF-ß, though not bFGF, TNF-a, or IL-l ß, stimulated 
the activity of the macrophage urokinaselike plasminogen activator, indicating that 
TGF-ß may be capable of amplifying the release of growth factors and/or cytokines 
from the extracellular tissue matrix (Falcone et al., 1993a). 

6.3.5. TGF-n 

TGFa is a comparatively small macrophage-derived growth factor with a molecu
lar weight of approximately 5-6 kDa. Sequence analysis has revealed that TGF-a 
shares almost 40% homology with EGF and interacts with responsive cells via the EGF 
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receptor. TGF-a is a growth factor for endothelial cells, epithelial ceIls, and fibroblasts 
and stimulates angiogenesis in vivo. TGF-a has been reported to be secreted by alveo
lar macrophages stimulated in vitro with endotoxin (Madtes et al., 1988) and is thought 
to mediate the induction of liver metallothionin following systemic injection of endo
toxin in rats (Iijima et al., 1989). In addition, stimulation of human tonsillar macro
phages with GM-CSF resulted in a marked stimulation of TGF-a expression as de
tected by Northem analysis of cells and immunoassays of culture supernatants (Zhu et 
al., 1991). Work conducted in the promyelocytic cell line HL-60 has shown that 
differentiation along the monocytic pathway in response to PMA results in an induction 
of TGF-a expression, leading to both secretion and intracellular retention of the newly 
synthesized protein (Davies et al., 1990). Interestingly, in this study, evidence was 
presented to suggest that proteases mediated the release of TGF-a from the cells, since 
in the presence of protease inhibitors, there was a decrease in the secretion of TGF-a 
and a reciprocal and concurrent increase in intracellular levels. 

In vitro studies have provided some important insights into the conditions under 
which macrophages secrete TGF-a, although few studies have investigated TGF-a 
production in vivo. Rappolee et al. (1988) detected TGF-a mRNA and TGF-a protein 
in macrophages isolated from wound cylinders, indicating that TGF-a is produced in 
vivo by macrophages during wound repair. In an analysis of TGF-a protein and mRNA 
expression by human adult and fetal tissues, Yasui et al. (1992) detected constitutive 
expression of TGF-a in epithelial cells of the gut, liver, pancreas, kidney, skin, adrenal, 
and mammary gland. Constitutive expression of TGF-a was also detected in macro
phages of the lung and spleen. However, given the potential contribution of TGF-a to 
epithelial growth, additional studies will be required to investigate if and where TGF-a 
levels are detected in response to injury and during repair and fibrosis. 

7. Cytokine Control of Repair Processes 

With the greatly improved understanding of the macrophage growth factors and 
cytokines that stimulate mesenchymal cell proliferation, angiogenesis, and extraceIlu
lar connective tissue matrix synthesis, attention is now being focused on identifying the 
mechanisms that both positively and negatively control the expression of these media
tors. As might be expected for such a complex process, the mechanisms of control are 
anything but simple and involve multiple cell types of mesenchymal, myeloid, and 
lymphoid origin as weIl as structural motifs found in the extracellular connective tissue 
matrix. For the sake of simplicity and brevity, the focus of this section will be on 
factors known to induce repair and fibrosis and on emerging but limited data concem
ing the antagonism of this response. 

7.1. Positive Regulation 

The involvement of TNF-a in inflammation, repair, and fibrosis has been exten
sively studied. However, while several studies initially suggested that TNF-a serves as 
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a growth factor for fibroblasts and as an angiogenesis factor (Leibovitch et al., 1987), it 
is now recognized that many of these effects are indirect and require the expression of 
other growth factors and cytokines. For example, although TNF-a has some growth
promoting activity, it also induces the expression of PDGF by fibroblasts and IGF-I by 
macrophages. In addition, TNF-a induces the expression of IL-6, which has also been 
shown to induce the expression of PDGF. Therefore, perhaps a more accurate descrip
tion of one of the roles of TNF-a is as a mediator of growth factor production. 

The involvement of TNF-a in mediating tissue fibrosis was shown several years 
aga in the induction of pulmonary fibrosis in response to bleomycin and silica (Piguet 
et al., 1989, 1990). In both models, TNF-a mRNA was detected in mouse lung within a 
few days of instillation of the stimulus. Importantly, passive immunization with anti
TNF-a antibodies completely prevented the induction of pulmonary fibrosis as mea
sured by lung hydroxyproline levels and severely retarded the inflammatory response. 
Further studies are clearly required to distinguish between the potential involvement of 
TNF-a in (1) the genesis of the chronic inflammatory response leading to essentially 
irreversible epithelial damage, which may favor a fibrogenic response, and (2) the 
direct or indirect involvement of TNF-a in the initiation of abnormal collagen accu
mulation. Given the observed opposing actions of TNF-a and TGF-ß, in which TNF-a 
amplifies the inflammatory response and TGF-ß antagonizes these events (Flynn and 
Palladino, 1992), the former possibility would appear more likely. 

An additional area for further study concems the role of the immune system in 
repair and fibrosis. In normal repair processes, for example, in the skin, the involve
ment of the immune system seems very limited and indeed may not be required at all. 
However, there is increasing evidence that activation of the immune system contributes 
to tissue fibrosis. Piguet et al. (1989, 1990) showed that the combined depletion of CD4 
and CD8 cells prevented the induction of pulmonary fibrosis and chronic alveolitis in 
mice instilled intratracheally with bleomycin. Furthermore, Hu and Stein-Streilein 
(1993) have developed a cell-mediated model of pulmonary fibrosis in hamsters and 
mice in which contact sensitivity to trinitrophenol is induced by skin painting. The 
pulmonary fibrosis that occurs following intratracheal instillation of the hapten is 
dependent on both CD4 and CD8 cells, and sensitivity can be adoptively transferred by 
immune spleen cells. Future studies need to be conducted to determine how the im
mune system mediates fibrosis in these model system. For example, do specific T-cell 
subset-derived cytokines favor inflammatory responses or fibrogenic responses? Inter
estingly, IL-4 transgenic mice experience spontaneous fibrosis of the eyelid (Dvorak et 
al., 1994). The use of other cytokine transgenic and cytokine (and their receptor) 
"knockout" mice should allow a better understanding of these events, particularly with 
reference to how T-cell-derived cytokines control macrophage functions. 

7.2. Negative Regulation 

How the repair process is negatively regulated is far from clear. However, some 
details are beginning to emerge. In a study of the effects of IFN s and IFN inducers on 
the induction of pulmonary fibrosis in mice, Hyde and co-workers observed that 
pretreatment of animals with the IFN inducer poly [I:C] (Hyde and Giri, 1990) or with 
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recombinant IFN-'Y (Hyde et al., 1988) dramatically inhibited the formation of col
lagen, as measured by total lung hydroxyproline. The responding cell population was 
not identified in these studies. In in vitro studies of the effects of IFN s on growth factor 
expression by macrophages, we have shown that IFN-ß and IFN-'Y abrogated the 
stimulation of IGF-I synthesis by mouse bone marrow-derived macrophages in re
sponse to both hyaluronic acid and TNF-a (Lake et al., 1994). Interestingly, we found 
that coincident with the down-regulation of IGF-I synthesis, the synthesis of a gene, Bf, 
whose expression accompanies macrophage cytocidal activation, was up-regulated. 
Thus, in the absence of IFNs, TNF-a stimulated IGF-I synthesis but not Bf synthesis, 
while in the presence of IFNs, IGF-I synthesis ceased and the synthesis of Bf was 
initiated (Lake et al., 1994). These data imply that IFNs mediate a "switch" from 
growth factor production to a pattern of gene expression consistent with cytocidal 
activation. Interestingly, the effects of IFN s on the suppression of growth factor expres
sion was not restricted simply to IGF-I. In other work we also have shown that IFNs 
inhibit the expression of PDGF-B and TGF-ß (L. Weinstein and D. W. H. Riches, 
unpublished observations). Clearly, additional studies are required to allow a broader 
and more accurate picture of the mechanisms leading to the cessation of repair and 
fibrosis. The immune system and mononuclear phagocyte system would appear to be 
logical targets for further study. 

8. Concluding Comments 

The experimental data that have been discussed establish that the blood-derived 
mononuclear phagocyte is essential to the execution of both the degradative and repar
ative phases of wound repair, and there is now abundant data to indicate which 
macrophage-derived enzymes, cytokines, and growth factors are the major players in 
this sequence of events. However, there remain multiple challenges in the future. We 
still have few clues as to why some tissues respond to injury with a complete restora
tion of structure and function, while other tissues respond with the formation of scar 
tissue. While scar formation may be desirable in some situations such as the skin, the 
response is clearly detrimental in other situation such as in the lung or in the liver. Is 
scar formation the result of an increased level of collagen synthesis by fibroblasts, a 
decreased level of collagenase expression and/or activity, or both? What is the involve
ment of the immune system? Normal wound repair occurs in the absence of significant 
infiltration of immune cells. What are the functions of T cells and B cells in tissue 
fibrosis? Mast cells are present in increased levels during tissue fibrosis. What is their 
role, if any? And finally, since macrophages are necessary for both repair and fibrosis, 
how do the different cell populations mentioned above influence p-tacrophage activity 
and vice versa? These and other questions are guaranteed to keep biologists busy for 
many years to come. 
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Chapter 4 

Resolution of Inflammation 

CHRISTOPHER HASLETT and PETER HENSON 

1. Introduction 

Inflammation is a highly effective component of the innate response of the body to 
infection or injury. The inflammatory response is an important consequence of injury 
and one that normally leads to repair and restoration of function. Indeed, until the last 
two or three decades, inflammation was perceived as an entirely beneficial host re
sponse. From his experiences on the battle fields of Europe, John Hunter stated "In
flammation is itself not to be considered as a disease but as a salutary operation 
consequent either to some violence or to some disease" and Eli Metchnikoff (1968), the 
father of modem inflammatory cell biology, emphasized this concept in his work. The 
clear-cut implication of these observations is the close connection between the inflam
matory process and repair. It has become apparent, however, that inflammation can 
contribute to the pathogenesis of a large number of diseases. For example, neutrophil 
infiltration, if not controlled, contributes to tissue injury and necrosis. A relationship 
between inflammation and scarring has been recognized in such disorders as adult 
respiratory distress syndrome, fibrosing alveolitis in the lung, hepatitic cirrhosis, glo
merulonephritis, as well as infected cutaneous wounds. Extensive scarring or fibrosis 
of any organ can cause catastrophic loss of function of that organ. 

These observations emphasize the importance of the processes by which inflam
mation normally resolves. However, little attention has been paid to this area. In the 
past two decades there has been a great deal of research into the early stages of 
evolution of the inflammatory response, but so many chronic inflammatory diseases 
(e.g., fibrosing alveolitis) may not present until the pathogenic events have progressed 
far beyond the early initiation stages. It is just as reasonable to suppose that understand
ing how inflammation normally resolves will not only provide important insights into 
the circumstances leading to the persistent inflammation that characterizes most in-
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flammatory diseases but will also suggest novel therapies directed at promoting those 
mechanisms favoring resolution. In his treatise on acute inflammation, Hurley (1983) 
considered that the acute inflammatory response might terminate by development of 
chronic inflammation, suppuration, scarring, or by resolution. It is reasonable to sup
pose that all the alternatives to resolution are nonideal and could contribute to disease 
processes, particularly in organs whose function depends on the integrity of delicate 
exchange membranes. The remainder of this chapter therefore represents a somewhat 
theoretical consideration of some of the processes that are likely to occur in the 
resolution of inflammation and speculation concerning how a better understanding of 
these mechanisms will help elucidate the pathogenesis of inflammatory disease and 
suggest novel anti-inflammatory therapy. 

In order for tissues to return to normal during the resolution of inflammation, all 
of the processes occurring during its evolution must be reversed. Thus, in the simplest 
model of a self-limited inflammatory response, such as might occur in response to the 
presence (e.g., by instillation of bacteria into the alveolar airspace ) these must include: 
removal of the inciting stimulus and dissipation of the mediators so generated; cessa
tion of granulocyte emigration from blood vessels; restoration of normal microvascular 
permeability; limitation of granulocyte secretion of potentially histotoxic and pro
inflammatory agents; and cessation of the emigration of monocytes from blood vessels 
and their maturation into inflammatory macrophages, as weIl as removal of extrava
sated fluid, proteins, bacterial and cellular debris, granulocytes, and macrophages. 
FinaIly, any damage to the tissues themselves must be repaired. Experiments in vitro 
and in vivo suggest that neutrophils and monocytes are capable, under some circum
stances, of emigrating between endothelial cell and epithelial cell monolayers without 
necessarily causing injury to these "barrier cells." However, it is also clear even at sites 
of "beneficial" inflammation, such as streptococcal pneumonia, that there may be quite 
extensive endothelial and epithelial injury and even areas of complete destruction and 
denudation of these celllayers; but the capacity of streptococcal pneumonia to resolve 
implies that this injury must not be sufficient in degree or extent to inhibit mechanisms 
necessary for repair. Therefore, during the resolution of inflammation, there must also 
exist very effective mechanisms for repair of damage and reconstitution of resident 
tissue cells. With the completion of resolution and repair events, the stage should be set 
for full recovery of normal tissue architecture and function. 

Each of these events will be considered in the following discussion, but factors 
relevant to the behavior of neutrophil and eosinophil granulocytes in the resolution of 
inflammation will receive most attention. The neutrophil is the archetypal acute inflam
matory cello It is essential for host defense, but it is also implicated in the pathogenesis 
of a wide range of inflammatory diseases (Malech and Gallin, 1988). It is usually the 
first cell to arrive at the scene of tissue perturbation, and a number of key inflammatory 
events including monocyte emigration (Doherty et al., 1988) and the generation of 
inflammatory edema (Wedmore and Williams, 1981) appear to depend on the initial 
accumulation ofthis cell type. Neutrophils contain a variety of agents with the capacity 
not only to injure tissues (Weiss, 1989) but also to cleave matrix proteins into chemo
tactic fragments (Vartio et al., 1981) with the potential to amplify inflammation by 
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attracting more cells, and they have recently been shown to contain a granule compo
nent, the chemotactic protein CAP37 (Spitznagel, 1990), which is a specific monocyte 
chemotaxin. Eosinophils play an important role in host defense against worms and 
other parasites, yet paradoxically they are also specifically implicated in the patho
genesis of allergic diseases. The presence of large numbers of eosinophils in tissues is 
often associated with a local fibrogenic response. Termination of granulocyte emigra
tion from blood vessels and their subsequent clearance from inflamed sites are obvious 
prerequisites for inflammation to resolve and are important events to consider in the 
control of inflammatory tissue injury generally. Moreover, gaining further knowledge 
of the mechanisms controlling the cessation of the emigration of these cells and their 
disposal may suggest new therapeutic opportunities for manipulating inflammation and 
promoting mechanisms that favor resolution rather than the persistence of inflamma
tion. 

2. Removal or Disappearance of Mediators 

During the resolution of inflammation, the powerful mediators initiating the re
sponse must somehow be removed, inactivated, or otherwise rendered impotent. The 
"downside" of mediator biology has received much less attention than mechanisms 
involved in their initial generation, and it is likely that different mechanisms may be 
utilized for different mediators. For example, thromboxane A2 and endothelial-derived 
relaxing factor (nitric oxide) are labile factors that are spontaneously unstable. Platelet
activating factor (PAF) and C5a are inhibited in vitro by appropriate inactivating 
enzymes (Berenberg and Ward, 1973), and some chemotactic cytokines such as inter
leukin-8 are thought to become inactivated by binding to other cells, e.g., erythrocytes. 
Reduction of mediator efficacy might occur by local reduction of their concentration 
consequent upon dilution during the generation of inflammatory edema. Mediator 
efficacy may also be reduced by attenuation of target ceH responsiveness, for example, 
in the down-regulation of receptors that occurs during desensitization of neutrophils to 
high concentrations of a variety of inflammatory mediators (Henson et al., 1981; 
Colditz and Movat, 1984). It is also likely in vivo that locally generated factors may 
exert opposite effects, for example, neutrophil-immobilizing factor would tend to coun
teract the chemotactic effects of locally generated chemotactic peptides. In cytokine 
biology, much attention has been paid to agents that initiate or amplify inflammation; 
but, by analogy with the proteins involved in the blood coagulation cascade, the whole 
system is kept under close control by very effective inhibitors and other negative 
influences. Similar agents operative in inflammation include interleukin-l receptor 
antagonist (IL-Ira), yet the inhibitory "partners" of most cytokines and chemotactic 
peptides have yet to be described. The final requirement for the success of most of the 
above mechanisms is that the production of mediators at the site must cease. 

It is thus likely that control of a single, complex function such as neutrophil 
chemotaxis in response to a chemotactic peptide, e.g., C5a or interleukin-8, is influ-
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enced at a number of points and by a number of factors, including the concentration of 
mediators, the concentration of their inhibitors or inactivators, possible desensitizing 
mechanisms, and the effects of other locally generated agents with negative influences 
on chemotaxis. The redundancy of the inflammatory response in vivo must also be 
taken into consideration. Not only may single mediators exert multiple effects under 
different circumstances, but important events may be provoked by agents from differ
ent mediator families. For example, C5a, leukotriene B4 , interleukin-8, ENA-78, and 
probably many more factors are likely to exert neutrophil chemotactic effects in vivo. 
In order to gain a dynamic perspective of the resolution of inflammation, it will 
therefore be necessary to consider how a variety of important mediators may act in 
concert at the inflamed site and seek to appreciate the integrated impact of negative and 
positive stimuli on dynamic events in situ. Thus, the overall propensity for inflamma
tion to persist would be expected to cease when the balance of mediator effects tips 
toward the inhibitory rather than the stimulatory, presumably as a result of the combi
nation of at least some of the possible mechanisms considered above. 

3. Cessation of Granulocyte and Monocyte Emigration 

Until quite recently it was considered that the differential rate of emigration of 
granulocytes and monocytes at the inflamed site was mainly due to a slower respon
siveness of monocytes to "common" chemotactic factors, e.g., C5a. In the light of new 
discoveries in chemokine and adhesive molecule biology, however, it is reasonable to 
suggest that the emigration through microvascular endothelium of specific leukocytes 
in different pathological circumstances is likely to be caused by the combined effects of 
the local release of cell-specific chemokines and the utilization of different components 
of the adhesive molecule repertoire that control adhesion of inflammatory cells to 
endothelial cells. For example, interleukin-8 is a specific neutrophil chemotaxin, and 
transcapillary neutrophil migration is likely to be mediated by the adhesive interaction 
between leukocyte adhesion molecules and their counterparts such as intercellular 
adhesion molecule (ICAM-l) and CD31 on the endothelial surface, whereas specific 
chemotactic peptides such as macrophage chemotactic protein-l (MCP-l) and the use 
of alternative adhesive molecule interactions between such as very late antigen-4 
VLA-4 on the monocyte surface and VCAM-I on the endothelium may be utilized to 
achieve specific monocyte emigration. Since VCAM-l tends to be expressed later than 
E-selectin by stimulated endothelial cells, sequential emigration of leukocytes mayaiso 
be influenced by the time course of endothelial adhesin expression. Experiments in 
vitro suggest that eosinophils mayaiso have the capacity to use the vascular cell 
adhesion molecule-l (VCAM-l)/VLA-4 adhesive axis, but PAF, "Rantes," and inter
leukin-5 are important in their initial attraction and stimulation. 

The factors controlling cessation of inflammatory cell emigration remain obscure. 
Evolution and resolution of inflammation are dynamic processes, and simple histologi
cal techniques may inadequately represent these events. Because poorly understood 
factors such as cell removal rates mayaiso exert major influences on the number of 
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cells observed in "static" histological sections, the study of neutrophil emigration 
kinetics requires the careful monitoring of labeled populations of cells. When intra
venous pulses of radiolabeled neutrophils were used to define the emigration profiles of 
neutrophils from blood into acutely inflamed skin (Colditz and Movat, 1984), joints 
(Haslett et al., 1989a), or lung (Clark et al. , 1989), it was found that neutrophil influx 
ceased remarkably early, in contrast with the greatly prolonged influx that occurred in 
an inflammatory model that progressed to chronic tissue injury and scarring (Haslett et 
al., 1989). Indeed, in experimental streptococcal pneumonia, where the histological 
appearance at 48 hr would suggest massive and continued neutrophil influx (Fig. 1), we 
were able to show that neutrophil migration to the site had ceased at least 24 hr 
previously (Fig. 2). Cessation of granulocyte emigration occurring so soon in the 
evolution of acute inflammation may therefore represent one of the earliest resolution 
events, and a number of hypothetical mechanisms could be responsible: 

1. As mentioned above, locally generated chemotactic factor inhibitors could 
inactivate neutrophil chemotactic factors. Agents with the capacity to inactive C5a 
activity in vitro have been isolated in plasma (Berenberg and Ward, 1973), but these 
factors have not been characterized and quantified at inflamed sites, and a plasma
derived inactivator is unlikely to account for cessation of neutrophil emigration in 
situations where extravascular protein leakage is minimal or absent. 

2. "Deactivation" or desensitization of neutrophils to high concentrations of in
flammatory mediators may lead to extravasated neutrophils becoming umesponsive to 
further chemotactic factor stimulation (Ward and Becker, 1967). This might be ex
pected to occur at the center of an inflamed site where the concentration of chemotax
ins would be expected to be highest, but it seems unlikely that this mechanism could be 
involved in the cessation of neutrophils entering the site. 

Figure 1. Histological section of experimental streptococcal pneumonia at 48 hr after the onset of disease 
(X ca. 4(0). There are large numbers of extravasated neutrophils and monocytes in the alveolar spaces. 
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Figure 2. (A) Extemal 24·hr g-camera scintigram of a rabbi! that had received intravenous IIIIn-labeled 
neutrophils 6 hr after the bronchoscopic introduction of Streptococcus pneumoniae into the right upper lobe. 
This is a major emigration of labeled cells to the lung. (B) In contrast the 24-hr scintigram of a rabbit which 
had received intravenous IIIIn-labeled neutrophils 24 hr after streptococcal pneumonia instillation shows 
that neutrophil emigration to the lung has ceased. 

3. A negative feedback loop might operate whereby neutrophils that have already 
accumulated exert an influence that prevents more neutrophils entering from the blood
stream. For localized inflammatory reactions in the lung, a neutrophil-dependent inhi
bition of local blood flow (and thus of delivery of new inflammatory cells to the site) 
has been demonstrated-a process that appears to involve mediators such as PAF and 
thromboxane (HelleweIl et al. , 1991). 

4. Cessation of neutrophil emigration may simply occur as a result of dissipation 
or removal of chemotactic factors from the inflamed site. 

5. The layers of endothelial and epithelial cells that normally permit neutrophils to 
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emigrate during the initiation of inflammation could alter to form a "barrier" to further 
neutrophil emigration. It is weIl recognized that neutrophils can migrate between 
endothelial cells (Hurley, 1963) and epithelial cells (Milks and Cramer, 1984) without 
causing obvious injury. This process, known as diapedesis or transmigration, involves 
complex intercellular adhesive mechanisms together with the opening of intercellular 
endothelial and endothelial junctions by mechanisms that are as yet obscure. 

Which of these hypothetical events are important in vivo is by no means dear. In a 
skin model of inflammation, it appeared that a desensitization mechanism (Colditz and 
Movat, 1984) was operating, and in some forms of human disease involving persistent 
inflammation there have been suggestions that chemotactic factor inhibitory agents 
may be defective. However, in experimental arthritis we found no evidence for a 
desensitization mechanism or for a chemotactic factor inhibitory mechanism (Haslett et 
al. , 1989a). Cessation of neutrophil emigration into the joint coincided with loss of 
chemoattractants from the joint space. Loss of chemoattractants was not dependent on 
cellular accumulation at the site, an observation providing evidence against a simple 
negative feedback mechanism (Haslett et al., 1989a). Although the mechanism respon
sible for the loss of chemotaxin was not identified, these observations suggest that the 
local generation and removal of chemoattractants are likely to be centrally important in 
the persistence and cessation of neutrophil emigration. 

Neutrophil surface adhesive molecules are up-regulated very rapidly upon neu
trophil exposure to chemotaxins such as C5a and interleukin-8. It is now thought that 
L-selectin on the surface of the neutrophil is important in the initial interaction with 
endothelial cells under the conditions of shear stress that exists in vivo, whereas the 
leukocyte integrins, e.g., CD 11 b/CD 18 (Mac-I), are particularly important in the 
second phase of "tight" adhesion necessary for capillary transmigration. Neutrophil 
adhesive molecules must then uncouple to permit the next stage of migration to pro
ceed. Molecular mechanisms controlling the "turn-on" and "turn-off" signals of the 
integrins and other surface molecules are now the subject of detailed scrutiny. 

The endothelium also plays an active role in these events. Neutrophil adhesins 
interact with counterreceptors on the endothelium, e.g., E-selectin, ICAM-l, ICAM-2, 
and P-selectin. It appears that endothelial P-selectin and E-selectin are involved in the 
initial neutrophil adhesion (P-selectin and E-selectin), whereas the link between 
ICAM-l on the endothelium and thee leucocyte integrin CR3/Mac-l integrin on the 
neutrophil surface is likely to be important in the second stage of adhesion and trans
migration. Endothelial adhesive molecules are markedly up-regulated by factors such 
as interleukin-l and tumor necrosis factor (TNF), which are generated by local cells, 
particularly macrophages, during the initiation of inflammation. 

There has been no detailed in vivo research on changes of adhesion molecule 
expression during the termination of neutrophil emigration, but in experimental arthri
tis it is dear that the inflamed site will permit a further wave of neutrophil emigration 
in response to a second inflammatory stimulus (Haslett et al., 1989a). Therefore, any 
"barriers" to cell adhesion or transmigration existing at the time of cessation of neu
trophil emigration must be readily reversible, presumably by the further action of 
newly generated inflammatory cytokines, which induce renewed expression/activation 
of endothelial surface adhesive molecules together with parallel effects on neutrophil 
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locomotion and the expression/activation of neutrophil surface adhesive molecules. 
Thus, it is still reasonable to suggest that the detailed identification of mechanisms 
controlling the local generation and dissipation of agents that promote chemotaxis and 
up-regulation and activation of adhesive molecules is essential for our understanding of 
the processes of termination or persistence of neutrophil emigration at inflamed sites. 

Much less is understood of the control of eosinophil and monocyte emigration in 
situ, although similar principles would be applicable to the identification of mecha
nisms involved in the cessation of their emigration. 

4. Restoration of Normal Microvascular Permeability 

There are circumstances in which an inflammatory response can be generated 
experimentally in the lung without detectable leak of plasma proteins from the micro
vessels. From classical ultrastructural studies, it is apparent that neutrophil migration to 
inflamed sites is not necessarily associated with overt endothelial or epithelial injury 
(Majno and Palade, 1961). Nevertheless, in "real" acute inflammation, such as experi
mental pneumococcal pneumonia (Larsen et al., 1980) or suppurative wounds, there is 
clear morphological evidence of endothelial injury ranging from cytoplasmic vacula
tion to areas of complete denudation and fluid leakage into the surrounding tissue. 
However, the endothelial and epithelial cells must retain the capacity for complete 
repair as the inflammation resolves. Since many inflammatory diseases, e.g., the adult 
respiratory distress syndrome (ARDS), are characterized by severe and persistent endo
thelial and epithelial injury and there is evidence of at least a degree of inevitable 
endothelial and epithelial injury in examples of "beneficial inflammation," this may 
represent a pivotal point at which the loss of the normal controls of tissue injury and 
repair might represent a major mechanism in the development of inflammatory disease. 
Although the underlying processes are poorly understood, repair is likely to occur by a 
combination of local cell proliferation to bridge gaps and the recovery of some cells 
from sublethal injury. Little is known of how endothelial cells recovery from sublethal 
injury, but epithelial cells (parsons et al. , 1987) in vitro appear to be able to recover 
from hydrogen peroxide-induced injury by a mechanism that requires new protein 
synthesis. Such cytoprotective mechanisms have received little study. Similarly, it is 
known that endothelial monolayers, deliberately "wounded" in vitro, have a remarkable 
capacity to reform, yet little is known of the underlying mechanisms (Haudenschild 
and Schwartz, 1979). 

S. Control of Inflammatory Cell Secretion 

Injury to tissues is not mediated by the accumulation of inflammatory cells alone; 
rather, it is their secretion of potentially injurious constituents that produces the dam
age. Tight control and ultimately cessation of inflammatory cell synthesis and secretion 
are likely to be important in the limitation of inflammatory tissue injury and the 
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resolution of inflammation. Although there has been much recent study of the initiation 
and up-regulation of phagocyte secretion in vitro (Henson et al., 1988), little is under
stood of how secretion is down-regulated or of how these processes are controlled in 
vivo. Secretion in situ is likely to be modulated by the balance between stimulatory and 
inhibitory mediators. The simplest mechanism for termination of secretion, that is, the 
cell exhausting its secretory potential, is unlikely since cells removed from inflamed 
sites retain major capacity for further synthesis and secretion upon stimulation ex vivo 
(Zimmerli et al., 1986). Other factors that may contribute to down-regulation or termi
nation of secretion are the exhaustion of internal energy supplies, receptor desensitiza
tion and down-regulation, dissipation of stimuli, and finally death or removal of the cell 
itself. 

In a short-lived, terminally differentiated celllike the neutrophil, which normally 
has a blood half-life of about 6 hr, the ultimate demise of the cell could itself represent 
an important mechanism in the irreversible down-regulation of its secretory function. 
We have recently observed that aging neutrophils and eosinophils undergo pro
grammed cell death or apoptosis (see Section 6.3 onward). During apoptosis, the 
neutrophil retains its granule enzymes and an intact membrane but loses the ability to 
secrete granule contents in response to external stimulation with inflammatory media
tors (Whyte et al., 1993b). The apoptotic neutrophil undergoes surface changes by 
which it becomes recognized as "senescent self" and phagocytosed by inflammatory 
macrophages. Apoptosis therefore provides a mechanism that renders the neutrophil 
inert and functionally isolated from inflammatory mediators in its microenvironrnent, 
thus greatly limiting the destructive potential of the neutrophil before it is removed by 
local phagocytes. 

6. The Clearance Phase of Inflammation 

Once extravasated inflammatory cells have completed their defense tasks for 
the host, and inciting agents, e.g., bacteria, have been effectively destroyed or rendered 
impotent, the site must then be cleared of fluid, proteins, antibodies, and debris. 
Then the key cellular players of inflammation-granulocytes and inflammatory 
macrophages-must be removed before the tissues return to normality. 

6.1. Clearance of Fluid, Proteins, and Debris 

Most fluid is probably removed via the lymphatic vessels, although reconstitution 
of normal hemodynamics may contribute by restoring the balance of hydrostatic and 
osmotic forces in favor of net fluid absorption at the venous end of the capillary. 
Proteolytic enzymes in plasma exudate and inflammatory cell secretions are likely to 
break down any fibrin clot at the inflamed site, and products of this digestion are likely 
to be drained by the lymphatics which become widely distended as the removal of fluid 
and proteins increases. 
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The macrophage mayaiso play an important role in this phase. It can remove 
fluids (which might contain a variety of proteins) by pinocytosis. In activated inflam
matory macrophages, pinocytosis can occur at a rate such that 25% ofthe cell surface is 
reused each minute (Steinmann et al., 1976). Inflammatory macrophages also have a 
hugely increased phagocytic potential. They can recognize opsonized and nonop
sonized particles and they express cell surface receptors for a wide variety of altered 
and damaged cells and proteins. The critical role of macrophages in the clearance phase 
of inflammation was first recognized by Metchnikoff more than a century ago, and we 
are now just beginning to elucidate the molecular mechanisms of some of his seminal 
observations. 

6.2. The Clearance of Extravasated Granulocytes 

Although we have been aware for some time of the tissue-damaging potential of a 
wide variety of neutrophil contents, the fate of this cell in situ has not received much 
attention until very recently. There is no evidence that extravasated neutrophils return 
to the bloodstream or that lymphatic drainage provides an important disposal route, and 
it is generally agreed that the bulk of neutrophils meet their fate at the inflamed site. It 
was widely assumed that the majority of neutrophils inevitably disintegrate locally 
before their fragments are removed by macrophages (Hurley, 1983). However, if this 
were the rule, healthy tissues would inevitably be exposed to large quantities of poten
tially damaging neutrophil contents. Although a number of pathological descriptions 
have favored neutrophil necrosis as a major mechanism operating in inflammation, 
many of these examples have derived from tissue disease states rather than from 
examples of more "benign," self-limited inflammation. Furthermore, there has been 
evidence for over a century of an alternative fate for extravasated neutrophils, based on 
the classical observations of Metchnikoff (1968). He was the first to catalogue the 
cellular events of the evolution and resolution of acute inflammation in vital prepara
tions. Rather than neutrophil necrosis as the major mechanism, he described an alterna
tive process whereby intact senescent neutrophils were removed by local macrophages. 
Over the ensuing decades there have been a number of sporadic reports in both health 
and disease of macrophage phagocytosis of neutrophils, and of particular relevance to 
the resolution of inflammation is the clinical phenomenon of "Reiter's cells"
neutrophil-containing macrophages that have been described in the cytology of syn
ovial fluid from the inflamed joints of patients with Reiter 's disease and other forms of 
acute arthritis (Pekin et al., 1967; Spriggs et al., 1978). In experimental peritonitis, 
where it is possible to sampie the inflammatory exudate with ease, it appears that 
macrophage ingestion of apparently intact neutrophils is the dominant mode of neu
trophil removal from the inflamed site (Chapes and Haskill, 1983). The mechanisms 
underlying these in vivo observations have only recently been addressed in vitro. 
Newman et al. (1982) showed that human neutrophils harvested from peripheral blood 
and "aged" overnight were recognized and ingested by inflammatory macrophages (but 
not by monocytes), whereas freshly isolated neutrophils were not ingested. This sug
gested that, during aging, a time-related process must have been associated with 
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changes in the neutrophil surface, leading to its recognition as "nonself" or "senescent 
self." The development of improved methods for harvesting and culturing human 
neutrophils with minimal activation and avoiding celliosses from aggregation allowed 
us to study in detail the changes occurring in cultured neutrophils. We have found that 
aging granulocytes constitutively undergo apoptosis or programmed cell death and that 
this process is responsible for the recognition of intact senescent neutrophils by macro
phages (Savill et al., 1989a). 

6.3. Necrosis versus Apoptosis 

From the work of Wyllie and his colleagues it is now recognized that the death of 
nucleated cells can be classified into at least two distinct types: necrosis or accidental 
death, and apoptosis (programmed cell death) (Kerr et al., 1972; Wyllie et al., 1980). 
Necrosis can be observed where tissues are exposed to gross insults such as high 
concentrations of toxins or hypoxia. It is characterized by rapid loss of membrane 
function and abnormal permeability of the cell membrane and can be observed by 
failure to exclude vital dyes such as trypan blue. There is early disruption of organelles 
including lysosomal disintegration and irreversible damage to mitochondria. The stim
uli inducing necrosis usually affect large numbers of contiguous cells, and the wide
spread release of lysosomal contents can cause local tissue injury and the initiation or 
amplification of a local inflammatory response. By contrast, apoptosis occurs in situ, in 
situations where death is predictable or indeed physiological, such as the removal of 
unwanted cells during embryological remodelling, involution of the thymus, and a 
number of other situations in which cell tumover is physiologically rapid, e.g., crypt 
cells in the gut epithelium. Recognizing the widespread importance of this process in 
tissue kinetics, Wyllie and his colleagues sought a suitably descriptive "neologisrn." 
With the help of the Professor of Classics at Aberdeen University, they coined the term 
apoptosis, meaning the "the falling off, as of leaves from a tree" in ancient Greek. This 
had an appealing analogy with leaf fall during Autumn, a carefully programmed and 
regulated event in which the 10ss of individual leaves occurs in a random fashion and 
the overall process is not detrimental to the host. 

In the many physiological and pathophysiological situations where apoptosis is 
now recognized, the process occurs with remarkably reproducible structural and broad 
biochemical changes, implying a common underlying series of molecular mechanisms 
(Wyllie et al., 1980). During apoptosis, cells shrink and there are major changes in the 
cell surface, which becomes featureless with the loss of microvillae and with the 
development of deep invaginations in the surface. However, the membrane remains 
intact and continues to eXclude vital dyes, and organelles such as mitochondria and 
lysosomes remain intact until very late in the process, although the endoplasmic reticu
lum appears to undergo characteristic, marked dilatation, which, on light microscopy, 
may give the appearance of vacuoles in the cytoplasm. The ultrastructural changes in 
the nucleus are most characteristic, with condensation of chromatin into dense, 
crescent-shaped aggregates and prominence of the nuceolus (Fig. 3). Apoptotic cells 
are very swiftly ingested by phagocytes in vivo, such that in tissue sections of the 
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Figure 3. Electron micrograph (X ca. 11,(00) of an apoptotic human neutrophil showing the characteristic 
chromatin aggregation, prominent nucleolus, and dilated cytoplasmic vacuoles. Note that the cell membrane 
is intact and the granule structure appears normal. (Electron micrograph laken by Jan Henson.) 

remodeling embryo, apoptotic cells are usually seen contained within other cells. 
Usually macrophages are responsible for their ingestion, but other "semiprofessional" 
phagocytes, e.g., epithelia and fibroblastlike cells, can also participate. The speed and 
efficiency of clearance of cells undergoing apoptosis, together with the fact that it 
occurs in cells at random within the population, renders this mode of cell death much 
less conspicious than necrosis in histological sections. It is quite remarkable that in 
embryonic remodeling or during thymus involution whole tracts of tissue can be 
removed by this process over a few hours without causing local tissue injury or inciting 
an inflammatory response (thus avoiding a potentially catastrophic effect on the devel
oping embryo). 

A key biochemical feature of apoptosis is internucleosomal cleavage of chromatin 
in a pattern indicative of endogenous endonuclease activation (Wyllie, 1981). This 
creates low-molecular-sized fragments of chromatin that are integers of the 180 base 
pairs of DNA associated with a nucleosome. When DNA extracted from apoptotic cells 
is subjected to agarose gel electrophoresis, this results in a characteristic "ladder" 
pattern of DNA fragments. Over the past decade a number of laboratories have been 
pursuing the endonuclease(s) responsible for this particular feature of apoptosis. Activ
ities have been isolated that cleave DNA in a characteristic fashion. These appear to be 
dependent on calcium and magnesium, but are inhibited by zinc. Final characterization 
has remained elusive; while a number of candidates have been put forward (Shi et al., 
1992; Pietsch et al., 1993), there is as yet no agreement on the molecular nature of the 
endonuclease concerned. 
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It is now recognized that the process of apoptosis can be influenced by external 
mediators that are to some extent cell lineage restricted but can also be modulated by 
internal genetic influences. However, the biochemical processes integrating the exter
nal influences, the genetic influences, the nuclease responsible for chromatin cleavage, 
and the cell surface changes responsible for cell removal are yet to be determined. 

7. Apoptosis in Aging Granulocytes 

Neutrophils harvested from blood or from acutely inflamed human joints remain 
intact and continue to exclude trypan blue for up to 24-hr "aging" in culture (Savill et 
al., 1989b). With time in culture there is a progressive increase in the proportion of 
cells exhibiting the light microscopica1 features of apoptosis, confirmed by electron 
microscopy and by the chromatin cleavage ladder pattern indicative of endogenous 
endonuclease activation (Savill et al., 1989b). These changes occur in parallel with an 
increase in the proportion of human monocyte-derived macrophages ingesting cultured 
neutrophils in a phagocytic assay. That apoptosis is the change in the aging neutrophil 
population determining recognition was confirmed using counterflow centrifugation to 
separate aged neutrophils populations into fractions with varying proportions of apop
totic cells. Macrophage recognition was directly related to the proportion of cells 
showing apoptosis in each fraction taken from the same time point (Savill et al. , 
1989b). Neutrophil apoptosis is obvious at 2-3 hr in culture, and by 10 hr up to 50% of 
the cells show apoptotic morphology. By 24 hr in culture, the majority of neutrophils 
display features of apoptosis, but there is minimal (usually less than 3%) evidence of 
cell necrosis or release of the granule contents (Savill et al. , 1989b). Nevertheless, 
apoptotic neutrophils are not indestructible. Beyond 24 hr in culture, there is a progres
sive increase in the percentage of cells that fail to exclude trypan blue and spontaneous 
release of granule enzymes occurs. However, when neutrophils are cu1tured beyond 24 
hr in the presence of macrophages, the removal of apoptotic cells is so effective that no 
trypan blue positive cells are seen and there is no release of granule materials into the 
surrounding medium (Kar et al., 1993). 

Eosinophils undergo apoptosis at a much slower apparent constitutive rate than 
neutrophils, with the first apoptotic cells being obvious at about 72 hr and maximum 
percentage apoptosis by about 96 hr (Stern et al., 1992). Up to 96 hr, there is minimal 
evidence of eosinophil necrosis assessed by trypan blue exclusion, but thereafter the 
percentage of necrotic cells steadily increases. However, the time difference between 
onset of apoptosis and onset of necrosis suggests that the bulk of apoptotic eosinophils 
can exist in culture for up to 2 or 3 days before undergoing necrosis and ultimate 
dis integration. As in the neutrophil, eosinophil apoptosis is responsible for macrophage 
recognition of the intact senescent cell (Stern et al., 1992). 

The speed with which macrophages recognize, ingest, and destroy apoptotic neu
trophils in vitro is quite remarkable. Individual macrophages can ingest several neu
trophils (see Fig. 4), and once ingested there is extremely rapid degradation of the 
neutrophils, such that in electron microscopic studies it is necessary to fix macrophages 
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Figure 4. (A) A macrophage that in vitro has ingested four apoptotic neutrophils within minutes. (B) Ingested 
apoptotic neutrophils have degraded to the point at which they are barely recognizable. 

within minutes of the initial interaetion in order to demonstrate reeognizable neu
trophils within the phagoeytes. Thereafter, ingested eells are no longer reeognizable. 
This may help explain why the dynamie eontribution of this proeess to eell and tissue 
kineties has not been fully appreeiated until reeently. However, there are now several 
examples demonstrating clear histological evidenee of a role for apoptosis in the in vivo 
removal of granuloeytes in aeute inflammation. These include aeute arthrides (Savill et 
al., 1989b), neonatal aeute lung injury (Grigg et al., 1991), and experimental pneu
moeoeeal pneumonia during its resolution phase (Fig. 5). Histologieal evidenee of 
eosinophil apoptosis and ingestion by loeal maerophages has been deseribed in 
dexamethasone-treated experimental eosinophilic jejunitis. 

Given the proinflammatory potential of neutrophils and their eontents, there are 
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Figure 5. An electron micrograph of resolving experimental streptococcal pneumonia showing a macro
phage that contains an apoptotic neutrophil. 

now several lines of in vitro experimental evidence to support the hypothesis that 
apoptosis provides an injury-limiting neutrophil clearance mechanism in tissues that 
would tend to promote resolution rather than persistence of inflammation: 

1. During the process of neutrophil apoptosis, there is marked loss of a number of 
neutrophil functions, including chemotaxis, superoxide production, and secretion of 
granule enzymes upon deli berate external neutrophil stimulation. These data suggest 
that apoptosis may lead to "shuuing off" of neutrophil functions, resulting in it becom
ing functionally isolated from external stimuli that would otherwise trigger responses 
that could damage tissue (Whyte et al., 1993b). This mechanism could be important if 
fully mature and competent phagocytes are not immediately available in the vicinity of 
the neutrophil undergoing apoptosis. 

2. Neutrophils undergoing apoptosis are very rapidly taken up by macrophages. In 
these model systems apoptotic neutrophils retain their enzyme contents and are in
gested while still intact, thus preventing the leakage of granule enzymes that would 
occur should the cell disintegrate before or during uptake by macrophage. This is 
emphasized by preliminary in vitro data of a simple model in which macrophages and 
neutrophils are cocultured. If macrophage uptake of apoptotic neutrophils is blocked 
(with colchicine, for example) (Kar et al., 1993), rather than being ingested the apopto
tic cells then disintegrate and release toxic contents such as myeloperoxidase and 
elastase before their cellular fragments are taken up by macrophages. 

3. The usual response of macrophages to the ingestion of particles in vitro is to 
release proinflammatory mediators, enzymes, and cytokines. However, it has been 
found that even maximal uptake of apoptotic neutrophils fails to stimulate the release 
of mediators (Meagher et al. , 1993). This was not simply the result of a toxic inhibitory 
effect of the apoptotic neutrophil on the macrophage since phagocytes that have in-
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gested apoptotic cells were able to generate maximum release of potential mediators 
when subsequently stimulated by opsonized zymozan. Moreover, when apoptotic neu
trophils were deliberately opsonized prior to ingestion, macrophages did respond by 
the release of thromboxane (Meagher et al., 1995). Furthermore, when granulocytes are 
cultured beyond apoptosis to a point when they fail to exclude trypan blue, their 
ingestion by macrophages induces the normal release of mediators. From these experi
ments we can conclude that (1) it is recognition of the senescent granulocyte in the 
apoptotic morphology rather than the necrotic morphology that determines the lack of 
macrophage proinflammatory response, and (2) this lack of macrophage response is not 
a function of the apoptotic particle itself, but relates to the mechanism by which the 
apoptotic cell is normally ingested. These observations provided considerable impetus 
for our work on the molecular mechanisms by which macrophages recognize and 
ingest apoptotic cells. 

7.1. Mechanisms Whereby Macrophages Recognize 
Apoptotic Neutrophils 

Early work by Duval and Wyllie (Duvall et al., 1985), using various sugars to 
inhibit the interactions between macrophages, had suggested that phagocytes possess a 
lectin mechanism capable of recognizing sugar residues on the apoptotic thymocyte 
surface exposed by loss of sialic acid. This mechanism does not appear to be involved 
in the macrophage recognition of apoptotic granulocytes; but these findings stimulated 
our early work demonstrating that recognition of apoptotic neutrophils occurred by a 
"charge-sensitive" mechanism, inhibitable by cationic molecules such as amino sugars 
and amino acids and directly influenced by minor changes of pH, in a fashion suggest
ing involvement of negatively charged residues on the apoptotic neutrophil surface 
(Savill et al., 1989b). These data implied that low pH and the presence of cationic 
molecules might be expected to adversely influence the clearance of apoptotic cells at 
inflamed sites. This was of particular interest, since a number of granulocyte-derived 
products such as elastase, myeloperoxidase, and eosinophil-derived major basic protein 
from eosinophils are known to be highly cationic and have been detected in significant 
amounts in the tissues. Furthermore, in situations where inflammation is chronic or 
where there is abscess formation, interstitial pH may be very low. 

The amino sugar inhibition pattern helped define at least one set of macrophage 
cell surface molecules involved in the clearance of apoptotic neutrophils: (1) Since 
amino sugars are known to inhibit the functions of certain members. of the integrin 
family, this led to a detailed series of investigations using a range of monoclonal 
antibodies directed against candidate integrins in the ß2 and ß3 family, leading to the 
implication of macrophage surface <Xv ß3 in the recognition of apoptotic neutrophils 
and also apoptotic lymphocytes (Savill et al., 1990). (2) This amino sugar inhibition 
pattern was previously described in platelet-platelet interactions occurring via throm
bospondin and thrombospondin receptors on their surfaces. This led to work that now 
implicates CD36 on the macrophage surface (Savill et al., 1992a), and it is thought that 
thrombospondin itself may serve as an intracellular-bridging molecule between the 
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Figure 6. A model of possible surface mechanisms by which macrophage recognize apoptotic cells. (From 
Savill et al., 1993. Reprinted with permission.) 

macrophage and the apoptotic cell surface. Our present model of this recognition 
mechanism so far is depicted in Fig. 6. The moiety on the surface of the apoptotic cell 
that is responsible for apoptotic cell recognition in this system has not yet been 
identified. 

Parallel studies addressing the putative ionic sites on the apoptotic cell surface that 
might be involved in macrophage recognition led to the observation that "receptors" on 
macrophages can recognize exposed phosphatidylserine (PS) residues on the surface of 
apoptotic cells (Fadok et al. , 1992a). Cell membranes normally exhibit asymmetry with 
regard to the distribution of phospholipid classes. PS is normally confined to the inner 
leaflet of the membrane lipid bilayer. During apoptosis, however, we have shown that 
the normal control elements that limit to this site are lost and the phospholipid is 
permanently expressed on the membrane surface (in a fashion that may be analogous to 
that occurring during the sickling of erythrocytes). It appears that the main difference 
between these two recognition systems relates to the utilization of alternative recogni
tion mechanisms by different subpopulations of macrophages (Fadok et al., 1992b). 
The "in vivo" significance of these observations is as yet uncertain, but the redundancy 
in recognition mechanisms serves further to emphasize the importance of this removal 
process. 
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The definition of cell surface molecules involved in macrophage uptake of apop
totic neutrophils suggests mechanisms by wh ich this function might be regulated. 
Recent data show that a number of cytokines, including granulocyte-macrophage 
colony-stimulating factor (GM-CSF), interleukin-l ß, TNF-a, and gamma interferon 
promote macrophage uptake of apoptotic neutrophils. As an alternative regulatory 
process, phagocytosis of digestable particles by relatively undifferentiated macro
phages induces expression of the PS-recognition mechanism and thus of the ability to 
remove apoptotic cells (Fadok et al., 1993). This particular macrophage maturation 
pathway is controlled by the autocrine/paracrine actions of transforming growth factor
beta (TGF-ß) and PAF (Noble et al., 1993). Since these mediators/cytokines may 
amplify inflammation by recruiting leukocytes to the inflamed sites through their 
effects on endothelial cell adhesive molecule expression and activation, it is possible 
that their capacity to promote resolution by enhancing macrophage removal of apopto
tic neutrophils may represent an "anticipatory" control mechanism for the removal of 
cells subsequent to their exudation. 

7.2. Clearance of Apoptotic Granulocytes by Cells Other 
Than Macrophages 

It is well recognized histologically in embryonic remodeling and in thymus invo
lution that while apoptotic cells are usually taken up by local macrophages, they may 
also be seen within epithelial cells or fibroblastlike cells. We therefore compared the 
ability of monolayers of fibroblasts, endothelial cells, and epithelial cells from a variety 
of sources to recognize apoptotic neutrophils in vitro. In these experiments only the 
fibroblast appeared to recognize and ingest apoptotic neutrophils (Hall et al., 1994). 
The fibroblast has long been recognized as a "semiprofessional" phagocyte capable of 
ingesting latex beads, dye particles, and mast cell granules. The significance of fi
broblast phagocytosis of senescent neutrophils is uncertain, but the fibroblast appears 
to employ recognition mechanisms differing from the macrophage in that fibroblasts 
appear to utilize a sugar-Iectin recognition mechanism in addition to the integrin 
mechanism described in the macrophage-neutrophil system (Hall et al., 1994). More 
recently, Savill et al. (1992) have shown that renal mesangial cells, also recognized as 
semiprofessional phagocytes, have the capacity to take up large numbers of apoptotic 
neutrophils. 

The significance of these observations is uncertain. It is possible that uptake of 
apoptotic neutrophils by resident cells, including fibroblasts, serves as a clearance 
mechanism before extravasated monocytes have fully matured into inflammatory mac
rophages capable of recognizing and ingesting apoptotic cells. Alternatively, it may 
serve as a "backup" mechanism should the macrophage disposal mechanism be over
whelmed by waves of neutrophil apoptosis. However, since the fibroblast is responsible 
for scar tissue matrix protein secretion, it is possible that this possible clearance route is 
an "undesirable" alternative, particularly if the uptake of apoptotic neutrophils should 
cause fibroblast replication and secretion of collagen. 
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Recent histological observations of resolving pulmonary inflammation suggested 
that extravasated neutrophils undergo apoptosis at a slower rate than neutrophils de
rived from peripheral blood. In experimental pneumonia at 48 hr (see Fig. 1), large 
numbers of neutrophils without any significant evidence of apoptosis were seen. The 
use of radiolabeled pulses of neutrophils delivered intravenously' during the evolution 
of this model suggested that neutrophil emigration from the blood to the inflamed lung 
had largely ceased by 16 hr. This implied that the bulk of neutrophils observed at 48 hr 
had been present for at least 24 hr, yet the t1/2 of neutrophils in blood is about 4-5 hr. 
These observations suggested that factors present at the inflamed site might have 
retarded the inherent rate of neutrophil apoptosis. We have now shown that the rate at 
which neutrophils undergo apoptosis in vitro is inhibited by a variety of inflammatory 
mediators (Lee et al., 1993), including endotoxic lipopolysaccharide, C5a, and GM
CSF (which is particularly potent). If, as seems likely, apoptosis controls the tissue 
longevity of neutrophils by leading to macrophage removal of unwanted cells, this 
might represent an important mechanism controlling the "tissue load" of inflammatory 
cells in situ. Experiments with eosinophils in vitro show that GM-CSF inhibits eo
sinophil apoptosis; but interleukin-5 is also extremely potent in this regard, whereas it 
has no effect on neutrophil longevity. 

Intracellular mechanisms governing apoptosis are as yet poorly understood. How
ever, there are indications that internal controls in granulocytes may differ from lym
phoid cells. In thymocytes, elevation of intracellular calcium [Ca2+]j concentration by 
calcium ionophores induces apoptosis, and apoptosis induced by other stimuli, such as 
gluocorticoids, is associated with raises in [Ca2 +]j (McConkey et al., 1989). In neu
trophils spontaneously undergoing apoptosis, however, there were no such rises in 
[Ca2 +]j' and agents increasing [Ca2+]j caused dramatic slowing ofneutrophil apoptosis 
without inducing necrosis (Whyte et al., 1993a). Furthermore, treatment of aging 
neutrophils with the chelating agents MAPTAM and BAPTA, which bind intracellular 
calcium, is associated with an increase in the rate of neutrophil apoptosis (Whyte et al., 
1993a). Rises in intracellular calcium are known to occur when neutrophils are primed 
or activated in vitro, and this is likely to represent at least part of the mechanism 
underlying the retardation of neutrophil apoptosis observed after external stimulation 
with inflammatory mediators. Further, when neutrophils are aged in the presence of 
inhibitors of protein synthesis, e.g., cycloheximide, there is an acceleration of the 
constitutive rate of apoptosis. This is in marked contrast to corticosteroid-induced 
thymocyte apoptosis, which is inhibited by cycloheximide. These observations suggest 
the existence of a protein synthesis-dependent, apoptosis-inhibitory factor in neu
trophils. It is hypothesized that external inflammatory mediators inhibit the rate of 
neutrophil apoptosis by causing a rise in intracellular calcium, which subsequently acts 
on downstream processes including mRNA and protein synthesis of this putative 
inhibitory factor(s). 

It is now clear that apoptosis in a variety of cell types can be influenced by proto-
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oncogene expression. The best worked out system is bcl-2 (Fanidi et al., 1992; Vaux et 
al., 1992), the expression of which is associated with inhibition of apoptosis in a variety 
of cell types; but its significance in the neutrophil is uncertain. Expression of c-myc in 
fibroblasts and lymphoid cells appears to induce apoptosis (Evan et al., 1992), and 
more recently p53 and Rb-l have also been implicated. It remains to be established 
whether the products of these genes are relevant for the control of inflammatory cell 
apoptosis, and it is presently unclear how the genetic controls are linked with second 
messenger controls and the final eeffector events including endonuclease activation, 
down-regulation of cell function, and cell surface changes responsible for phagocyte 
recognition. 

Clearly, we are only just beginning to scratch the surface of the internal mecha
nisms of apoptosis, but ultimately it may be possible to regulate granulocyte apoptosis 
for therapeutic benefit. It is intriguing that two such closely related cells as the neu
trophil and eosinophil should appear to possess different inherent rates of apoptosis that 
are further influenced by different external mediators. These observations suggest that 
at in the future it may be possible to specifically induce eosinophil apoptosis without 
influencing neutrophil apoptosis. This would presumably result in the tissue clearance 
of eosinophils by the nonphlogistic mechanisms "that nature intended" and yet leave 
other inflammatory cells available for host defense purposes. 

7.4. A Role for Granulocyte Apoptosis in the Control of Inflammation? 

Granulocyte apoptosis could play at least two important roles in the control of 
inflammation. First, by controlling the functional longevity and tissue removal of 
unwanted granulocytes and providing a pivotal point at which inflammatory cytokines 
and growth factors exert their contmis on inflammatory cell Iongevity, it is likely that 
(together with neutrophil influx) neutrophil apoptosis is a critical determinant of the 
overall tissue load of inflammatory cells (see Fig. 7). Second, it is reasonable to suggest 
that neutrophil removal (whether by apoptosis or by necrosis) is an important factor in 
the control of inflammation. Inflammatory disease is now thought to result from a 
quantitative imbalance between potentially damaging and protective mechanisms, as 
exemplified by the proteinase-antiproteinase theory of emphysema. Whether neu
trophils meet their fate by a mechanism that involves removal of the whole cell or 
whether they meet their fate via a mechanism that results in disintegration and dis
gorgement of their potentially histotoxic and proinflammatory contents is therefore 
critical. We have given detailed consideration to the observations that apoptosis may 
serve to keep potentially injurious granule contents within the cell membrane, while at 
the same time the cell becomes unable to respond by degranulation in response to 
external stimuli; and finally the intact cell is removed by a novel phagocytic recogni
tion mechanism that determines that macrophages fail to release proinflammatory 
mediators during macrophage recognition and phagocytosis. This is not to suggest that 
apoptosis is the only mechanism for removal of neutrophils at an inflamed site; exam
pIes of neutrophil necrosis are also seen in such diseases as systemic vaseulitis where 
light microscopic features of neutrophil necrosis and disintegration have been de-
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Figure 7. The "balance" between the capacity of inflarnmatory cells to injure tissues and tissue defense 
mechanisms. including pivotal points at which factors involved in the emigration and clearance of granu
locytes may impinge on the equation. (From Savill et al .• 1993. With permission.) 

scribed in tissues elose to inflamed vessels and called leukocytoclastic vaseulitis. It is 
possible therefore that the balance between the degree of neutrophil apoptosis and the 
degree of neutrophil necrosis at an inflamed site may represent a pivotal point in the 
control of tissue injury and in the propensity of an inflamed site to resolve or to 
progress. 

At the present time the proper in vivo validation of this hypothesis presents a 
number of problems. It is difficult to make even semiquantitative estimates of the 
degree of apoptosis and necrosis at inflamed sites, since we do not have specific 
surface markers to enable us to develop tools for quantifying with confidence the rates 
of these processes in situ. This difficulty is compounded by the rapidity with which 
apoptotic cells are known to be recognized and ingested in vitro and degraded to the 
point at which the cell of origin is no longer easily recognizable. Moreover, at the 
present time we can only speculate what the actual consequences of neutrophil dis in
tegration in situ would be. Attention has been drawn to the enorrnous injurious poten
tial of a wide variety of granulocyte contents that would inevitably be disgorged during 
granulocyte activation and necrosis. It is also recognized that there are tissue defense 
mechanisms ineluding antioxidants and antiproteinases that norrnally serve to shield 
tissues from the effects of these toxic agents. However, there is abundant evidence that 
this antiproteinase shield can be overcome, particularly in circumstances that generate 
very high localized concentrations of the damaging agent, such as the intercellular 
microenvironment between cells adherent to matrix or other cells. Furtherrnore, potent 
antiproteinases can be rendered ineffective in the presence of oxidants generated 10-
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cally by inflammatory cells. Moreover, a variety of toxie neutrophil and eosinophil 
contents do not have obvious tissue inhibitors or regulators, such as the nonenzymatie, 
cationie antimicrobial proteins of neutrophils and the major basic protein and eo
sinophil cationie protein content of eosinophils. Neutrophil enzymes can cleave che
motactie fragments from complement and from matrix proteins such as fibronectin 
while the granule protein CAP37 also has monocyte-specific chemoattractant proper
ties. Thus, neutrophil contents have the capacity to recruit more leukocytes to an 
inflamed site, amplifying and prolonging the response. 

Therefore, with knowledge presently available it seems reasonable to suggest that 
granulocyte necrosis at inflamed sites can be regarded as a deleterious and undesirable 
mode of clearance that, by contrast with apoptosis, is likely to favor persistence of 
inflammatory tissue injury rather than resolution of inflammation. 

8. The Fate of Macrophages 

Although monocytes have the capacity to undergo apoptosis in vitro. the mecha
nisms involved in the clearance of macrophages that have completed their functions in 
host defense and clearance of inflammation remain entirely obscure. 

9. Summary and Conclusions 

9.1. Resolution Mechanisms and the Control of Inf1ammation 

On preliminary evidence, a speculative scheme can be proposed whereby a stereo
typed sequenee of inflammatory events results in the resolution of inflammation: Injury 
to endothelial and epithelial eell "barriers" is minimized but is assoeiated with leakage 
of fluid and protein; reeonstitution of normal microvaseular permeability oeeurs by the 
reforming of eell junetions and the regeneration of eell sheets; neutrophil influx eeases 
early in the evolution of aeute inflammation and relates to eessation of loeal ehemoat
traetant generation and dissipation; monoeytes mature into inflammatory maerophages 
to remove proteins and other debris; neutrophil seeretion is restrieted and the aged eell 
undergoes apoptosis, whieh eontrols neutrophil longevity and determines the maero
phage removal of the intaet seneseent eell without stimulating maerophage release of 
proinflammatory mediators; and exeess tissue maerophages are removed by unknown 
proeesses. There are several steps in this seheme that eould go awry and lead to 
eireumstanees favoring the development of persistent inflammation. For example, if 
the maerophage fails to develop the appropriate receptors for removing apoptotic ceUs, 
neutrophils would eventually beeome neerotie and disgorge their damaging contents, or 
altematively they may be taken up by local fibroblasts, possibly with a profibrotie 
response. Onee a ehronic inflammatory state begins to develop, there is evidenee that 
the loeal pH falls. This would tend to inhibit macrophage recognition of apoptotic 
neutrophils, as would the continued aecumulation of inflammatory eell eationie prod-
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ucts such as elastase, major basic protein, and so forth, which would contribute to the 
inhibition of macrophage clearance of apoptotic neutrophils. 

9.2. Potential Therapeutic Application of Resolution Mechanisms of 
Inflammation 

Hurley (1983) recognized that there were several mechanisms other than resolu
tion whereby acute inflammation could terminate. These include chronic inflammation, 
scarring, and abscess formati<?n. By comparison with resolution, all of these termina
tion events clearly must be regarded as detrimental to organ function. As we begin to 
leam more about the mechanisms involved in the resolution of inflammation, it may be 
possible to "divert" inflammatory processes down resolution pathways rather than one 
of the other less desirable pathways. More specifically, with increasing knowledge of 
apoptosis and its internal mechanisms as weIl as the specific mechanisms available for 
the removal of apopotic cells, it may be possible to use this "controlled" process of cell 
suicide or programmed cell death to remove specific inflammatory cells at particular 
pathogenetic stages when they are critical to the disease process. 
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Chapter 5 

Epidermal Growth Factor and 
Transforming Growth Factor-a 

LILLIAN B. NANNEY and LLOYD E. KING, JR. 

1. Introduction 

Since its discovery in 1963 as a polypeptide that accelerated the in vivo maturation of 
epithelial tissues (Cohen and Elliott, 1963), epidermal growth factor (EGF) has been 
assumed to be important in regulating epidermal growth, differentiation, and repair. 
Over the last 30 years, the concepts inherent to EGF and its related growth factors have 
merged with that of lymphokines, interferons, and cytokines to become synonymous 
with small peptide factors that regulate multiple functions of cells and tissues. The 
regulatory signals induced by binding of soluble and matrix protein-bound growth 
factors/cytokines to specific receptors is termed signal transduction. Although in vitro 
and in vivo biochemical and genetic studies of signal transduction are unfolding at a 
rapid pace, these complex signaling mechanisms have not yet been evaluated in the 
more complicated milieu within cutaneous wounds. To provide an appropriate back
ground for this chapter on EGF and its common factors involved in wound healing, a 
brief description of this expanding family of EGF-like molecules, their cellular interac
tions, and emerging signal transduction mechanisms is described below. 

2. Background 

An ever-growing subfamily of molecules with EGF homologies has been identi
fied by biochemical and molecular methods. Molecules with EGF-like regions include 
transforming growth factor-alpha (TGF-a) (Derynck, 1986), amphiregulin (Shoyab et 
al., 1989), vaccinia virus growth factor (Brown et al., 1985), neu differentiation factor 
(NDF) (Pe1es et al., 1992; Wen et al., 1992), heparin-binding (HB) EGF-like growth 
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Table I. EGF Subfamily and Proteins with EGF Motifs 

Amphiregulin EGF 
Beta cellulin TGF-Ol 
NDF/heregulin cripto 
Extracellular Matrix Moleeules 

Aggrecan 
Fibrillin 
Laminin 
Tenascin 

Adhesion Moleeules 
P-Selectin 
L-Selectin 
ESelectins 

Coagulation Factors 
Factor IX Protein C 
Factor X Protein S 

Heparin-binding EGF-like protein 
Myxoma virus growtb factor 
Vaccinia virus growtb factor 

Plasminogen activator, tissue type tPA 
Plasminogen activator, urokinase type uPA 

References: Carpenter (1993); Hayaski et al. (1994); Nawa et al. (1994); Nowak et al. (1994); 
Smith et al. (1994); Zhong et al. (1994); Medved et al. (1994); Watanabe et al. (1994); Graves et al. 
(1994); Sasada et al. (1993); Heavner et al. (1993); Kansas et al. (1994); Lightner (1994); Molleret 
al. (1994). 
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molecules (Higashiyama et al., 1991), and betacellulin (Shing et al., 1993) (Table I). 
EGF sequences have also been reported in extracellular matrix molecules such as 
aggrecan (Moller et al. , 1994), tenascin (Taylor et al., 1989; Nies et al., 1991), and the 
laminin molecule (Panayotou et al., 1989) (Table I). Two additional groups of proteins, 
the adhesion molecules and coagulation factors, are also known to have EGF modular 
domains (Table I). 

Interactions of these potentialligands with different members of the EGF receptor 
(EGF-R) family are much better characterized in vitra than in vivo; therefore, much 
remains to be learned of how each may play a role in cutaneous wound repair. In 
addition to this family of EGF-like ligands, other growth factors/cytokines such as the 
TGF-ßs, platelet-derived growth factors (PDGFs), insulinlike growth factors (IGFs), 
and tumor necrosis factor (TNF-a), which have their own discrete receptors, can also 
indirectly modify or transmodulate this common receptor, the EGF-R (Massague, 
1985; Olashaw et al., 1986; Krane et al., 1991; Donato et al., 1992). As these compet
ing cytokine functions and interactions are defined, we are certain to gain insight into 
the singular processes such as cell migration, division, secretion, and differentiation 
that comprise wound repair. 

3. The Common Receptor Pathway for EGF-Iike Ligands 

The common receptor, EGF-R, is apart of a subfamily of receptor tyrosine kinase 
molecules. To date, at least four members of this EGF-R subfamily have been identi
fied in mammalian tissues (Holmes et al., 1992; Plowman et al., 1993) (Table 11). Only 
the EGF-R and neu(c-erbB-2) have been localized in normal human skin (Nanney et 
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Table 11. EGF Receptor Tyrosine Kinase Subfamily 

Binding/activation of receptor 
Mol. wt. 

(kDa) EGF TGFo: Amphiregulin gp30 NeuDF HER4DF 

EGF-R 170 + + + + 
HER2/erbB2 185 + + 
HER3/erbB3 160 
HER4/erbB4 180 + 

References: Carpenter (1993); Callaghan et al. (1993); Plowman et al. (1993); Qian et al. (1994). 

al. , 1984; Maguire et al., 1989). Although EGF-R remains as the prototypic cytokine 
receptor, much remains to be learned about how, when, where, why, and which EGF
like ligands interact with one or more EGF-R subfamily members. Some of these 
interactions may be restricted embryologically and be cell type or species specific. 

A complete description of the exon-intron structure of the EGF receptor has only 
been described for the chicken EGF-R (Callaghan et al., 1993) that is encoded by the 
proto-oncogene c-erbB-l. This form of the EGF-R is composed of 28 exons and spans 
over 75 kilobases (kb) that encode for the four previously identified domains: a ligand
binding (LB) domain; the transmembrane (TM) domain; the catalytic protein tyrosine 
kinase (PTK) domain; and the C-terminal regulatory (REG) domain. The REG domain 
consists of a calcium intemalization (CAIN) subdomain, autophosphorylation domains 
that are also involved in bin ding with proteins containing src homology domains (for 
reviews, see Carpenter, 1992, 1993), and unspecified sites that interact with other 
proteins involved in signal transduction pathways such as G-proteins, ras, and 
mitogen-activated protein (MAP) kinase pathways (Fig. 1) (for reviews, see Carpenter, 

Figure 1. EGF-related signal transduction pathways. The three major signal transduction pathways mediat
ing EGF-receptor-induced biological activation include (I) G-protein pathways, (2) MAP kinase pathway, 
and (3) JAK-Stat pathways. 
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Table III. Moleeules Directly Involved in EGF Receptor Signal Transduction 

Mol. wt. SH2/SH3 
Molecule (kDa) domains PY Function 

Membrane lipids, metabolism and cytoskeleton 
PLC-y-l 145 + + PI 4,5-P2 ~ 1,4,5-IP3 + DAG 

DAG kinase 86 + DAG~PA 

pp85 85 + ? Regulatory subunit, PI-3 

a Adaptin 100 Interacts with coated pits 

Ezerin 80 + Cytoskeletal component 
Annexin I 35 + Phospholipid-binding protein 

PTPlD 65-68 + + PTPase 
ras GTP pathway 

pp190 190 + Associates with GAP 

pp62 62 + Associates with GAP 

GAP 20 + + Activates ras GTPase 
Grb-2 25 + Binds SOS, Shc-2 

Shc-2 66 + + Binds SOS, Grb-2, EGF-R 
Jak/Stat pathway (p91) 

Jak 1 130 + Associates with cytokine receptors 
Jak2 130 + and phosphorylates Stat proteins 
Tyk2 135 + 
Statla 91 + + Interacts with nuclear/DNA sites 

Statlj3 84 + + 
Stat2 113 + + 
Stat3 92 + + 

Abbreviations: SH2,3 Src homology domain 2,3; PY, tyrosine phosphorylation; GAP, GTPase activating protein; PA, 
phosphotidic acid; DAG, diacylglycerol. References: Carpenter (1992, 1993); Soler el al. (1993); Sorokin and Carpenter 
(1993); Hall (1994); Damell et al. (1994); Zhong el al. (1994). 

1992, 1993; Blenis, 1993; Egan and Weinberg, 1993; Rozakis-Adcock et al., 1993; 
Williams et al., 1993; Hall, 1994). EGF-R itself has been subjected to site-directed 
mutagenesis to define the functions of these domains, but other subfamily members 
have been less weIl studied (for reviews, see Cadena and Gill, 1992; Soler er al., 1994). 

The EGF-R-related signal transduction mechanisms that activate the intrinsic 
tyrosine kinase and dimerization of EGF-R have been intensely studied (for reviews, 
see King et al., 1991; Carpenter, 1993; Cadena and Gill, 1992; Sorokin er al., 1994). 
The role of the autophosphorylation sites on the EGF-R in regulating its tyrosine kinase 
activity and binding of proteins containing src homology domains has provided impor
tant insights into signal transduction by many different types of receptors (Carpenter, 
1992; Soler et al., 1994; Lamer er al., 1993; Ruff-Jamison et al., 1993; Sadowski er al., 
1993; Damell et al., 1994). However, the mechanisms whereby substrates for EGF-R 
induce tyrosine phosphorylation (Table III) and mediate the plasma membrane, cyto
solic, mitochondrial, and nuc1ear signals regulating cell growth, differentiation, and 
migration are just now becoming more c1early understood (Rozakis-Adcock et al., 
1993; Williams et al., 1993). Figures 1-4 show simplified diagrams of EGF-



Epidennal Growth Factor and Transfonning Growth Factor-a 175 

Figure 2. JAK-Stat signal transduction pathways. The Janus kinase (JAK) mediates a rapid response pathway 
to the nucleus via Stat protein family members and specific ONA binding sites such as GAS and ISRS. 

EGF 

Inactive 
Active 

Figure 3. Ras-GTP signal transduction pathway. The ras protein GTP pathway is activated by hydrolysis of 
GTP to GOP, mediated by a complex of proteins shown in this figure. 
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Figure 4. MAP kinase signal transduction pathway. The MAP kinase pathway also interacts with cytosolic 
and nuclear receptors as shown in the figure. 

R-activated signal transduction mechanisms. Since this area is very dynamic, the reader 
is referred to recent articles on varying aspects of these pathways (Aronson, 1992; 
Egan and Weinberg, 1993; Pelech and Sanghera, 1992; Hall, 1994; Damell et al., 
1994). Recently, a rapid, more direct mechanism to relay EGF-R-activated signal 
transduction to the nucleus, different from the pathway described in Figs. 3 and 4, was 
proposed (Fu and Zhang, 1993; Lutticken et al., 1994; Damell et al., 1994) (JAK Stat 
pathway, Fig. 2). 

In the EGF-R-mediated signal transduction pathway, more emphasis has been 
placed on tyrosine kinases than serine/threonine kinases and phosphotyrosyl phospha
tases (PTPases). Although a PTPase activity was documented in the original studies of 
EGF-R-induced tyrosine kinase activity (Carpenter et al., 1978), interactions of ty
rosine kinases with PTPases were not intensely studied until a large family of PTPases 
was identified by cloning and sequencing (Fisher et al., 1991). Currently, PTPases have 
been localized in normal human skin (Gunaratne et al., 1994), but have not been 
examined in the wound-healing setting. What role(s) PTPases may play in wound 
healing should be a fruitful area for study, since it is now appreciated that stimulatory 
signals mediated through tyrosine kinase receptors such as the EGF-R must be attenu
ated with regulatory molecules such as the PTPases. In vitro studies have recently 
shown that EGF stimulates substrate-selective protein tyrosine phosphatase activity 
(Hemandez-Sotomayor et al. , 1993) and mitogen-activated protein kinase regulates the 
EGF-R through activation of a tyrosine phosphatase (Griswold-Prenner et al., 1993). 
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Powerful new techniques such as the polymerase chain reaction (PCR), in situ 
hybridization, and biological studies of transgenic mice are now available to define 
with greater specificity how growth factors and cytokines regulate wound healing. 
Overexpression of growth factors such as TGF-a (Sandgren et al., 1990; Dominey et 
al., 1993) and inactivation of signal transduction (Blessing et al., 1994) were recently 
employed to study how such mutations affect normal development and wound repair. 
Such studies in transgenic mice have already provided major insights and surprises. As 
it was supposed that TGF-a was a major regulator of keratinocyte growth (Coffey et 
al. , 1987; Pittelkow et al., 1993), it came as a surprise that transgenic mice with a 
deletion of TGF-a grew and developed with no discemible effect on wound healing, 
although the untraumatized normal skin exhibited wavy hairs (Luetteke et al., 1993). 
Similarly, transgenic "knockout" mice that do not express tenascin had normal
appearing skin, hair, and teeth and did not exhibit grossly abnormal wound healing 
(Saga et al., 1992). Conversely, transgenic mice overexpressing TGF-a did show gross 
and microscopic abnormalities (papillomas) in the skin in response to cutaneous trauma 
(Dominey et al., 1993). Targeted disruption of EGF receptor in transgenic mice 
produced hair follicle abnormalities (Threadgill et al., 1995; Sibilin and Wagner, 1995). 
As expected, overexpression of inhibitory molecules of the TGF-ß family (bone 
morphogenetic protein-4) did produce mice with severe deficiencies in keratinocyte 
growth (Blessing et al., 1993). Thus experiments with overexpression and elimination 
of modulatory molecules can provide valuable information. These in vivo experiments 
may suggest the intrinsic importance of EGF-related molecules and their common 
receptor forms. Biological redundancy in this critical pathway would act to minimize 
otherwise lethal effects of inherited (or induced) mutations (Brookfield et al., 1992; 
Erickson, 1993a). The challenge then remains to utilize in vivo models such as trans
genic mice with selective impairment of various elements of the signal transduction to 
test potentially therapeutic wound-healing strategies (Threadgill et al., 1995; Sibilin 
and Wagner, 1995). Until then, feasibility studies using various growth factors or 
cytokines will continue to be based on in vitro models prior to moving to the more 
costly and time-consuming in vivo studies on human wounds. 

4. Biological Relevance of EGF-R Pathways 
in Human Wound Healing 

Although in vivo studies related to wound healing and the EGF-R pathways in 
other species had been previously reported (for review, see King et al., 1991), the first 
prospective, double-blind trial demonstrating clinical efficacy of topical EGF in human 
cutaneous wound repair was not published until 1989 (Brown et al., 1989). This study 
documented a modest acceleration in the rate of skin resurfacing in partial thickness, 
donor site wounds following twice daily topical applications of EGF. Enthusiasm for 
this report was out of proportion to its clinical utility since donor sites are not problem
atic wounds. By documenting that "normal" wounds (surgically created under ideal 
conditions) could be induced to heal faster by topically delivered EGF, this paper put to 
rest the old clinical bias that normal wound repair could not be accelerated. This study 
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also confinned what most investigators involved in wound healing already knew to be 
true: The modest effect of topical EGF in wounds was a reflection of the complex 
interactions of cells, growth factors/cytokines, type of wound, and individual patient 
differences. The clinical challenge remains of how to target the EGF-R and related 
cytokine pathways so that acute and chronic human cutaneous wounds achieve satis
factory healing despite the presence of underlying disease states such as diabetes or 
other adverse wound-healing circumstances. 

5. Regulation of EGF -R-Related Pathways 
in Normal Human Skin 

The vast number of in vitro studies evaluating the EGF-R-related pathways con
tinue to race ahead of the clinical studies addressing cytokine participation within the 
wound-healing setting. It is difficult in biological trials to mimic in vitro models of 
EGF-R signal transduction pathways that provide such seemingly clear-cut results. 
These difficulties in defining a precise function for EGF-R or any other cytokine in 
vivo are related to a number of variables such as age, anatomical site, proliferative state, 
degree of differentiation, preexisting cutaneous and systemic abnonnalities, temporal 
intervention after injury, type of injury, and other undefined genetic and environmental 
factors. To date, the in vivo relevance and regulation of EGF-R have been examined in 
nonnal and abnonnal skin using the currently available technologies. These techniques 
have been limited to immunoreactive localization of EGF-R and its substrates, in situ 
localization of the mRNA of interest, and therapeutic trials. Results of such studies and 
their interpretation are provided below. 

5.1. EGF -R in Normal Fetal and Neonatal Human Skin 

One way to gain insight into the participation of EGF-R and its ligands (Table I) in 
wound repair is to consider the known roles for this pathway during embryogenesis of 
human skin and its appendages. Nonnal embryological processes may recapitulate 
certain wound repair events necessary for the reestablishment of epithelial integrity and 
function. The original work with EGF injections into neonatal mice clearly showed that 
EGF could affect epithelial structures by modulating the nonnal developmental process 
(Cohen and Elliott, 1963). Since all known functions of EGF and related molecules are 
mediated by the EGF-R, immuno10calization of EGF-R and radioactive EGF binding 
sites during embryonic development of skin and its appendages were perfonned in 
rodents (Green and Couchman, 1984) and humans (Nanney et al., 1984, 1990b) to gain 
insights by spatial localization. In utero and even in the neonatal human epidennis, 
EGF-R localization was nonnally distributed throughout in all nucleated layers of the 
epidennis and was not restricted to the genninative population of keratinocytes (Nan
ney et al., 1990a,b). This same pattern of detection in alllayers of the epidennis was 
also noted in rapidly proliferating epidenna1 diseases (Nanney et al., 1986, 1992a) and 
even in nonnal hyperproliferative adult interfollicular epidennis (Fig. SB) (Wenczak et 
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Figure 5. Immunoreaetive EGF-R in paraffin embedded sampies of human skin x 45. (A) Normal human 
skin shows EGF-R restrieted to the basal/spinous population in the epidermis (E). (B) Hypertrophie epider
mis near the edge of a human bum wound at postbum day 7 shows EGF-R throughout all nucIeated eell 
layers of the epidermis (E). (C) The migrating and proliferating epithelium at the wound edge (arrows) as 
weil as the deeper surviving epithelial eells from a hair follicIe (HF) and eeerine sweat duet show immu
noreaetive EGF-R at postbum day 3. (D) Deeper surviving epithelial eells from hair follicles (HF) show 
positive staining for EGF-R at postbum day 4. 

a1. , 1992); however, in the majority of normal adult specimens, EGF-R was confined 
primarily to the basal cell layer (Figs. 5A and 7 A). This EGF-R distribution presum
ably reflects the increased mitotic rate in neonatal epidermis. Although the presence of 
EGF-R in a11 epidermal layers seems to correlate best with proliferation (Figs. 5A and 
7 A) (Green et al., 1983; Stoscheck et al. , 1992), the in vivo evidence directly linking 
EGF-R to keratinocyte mitosis remains unproven although indirectly implicated (Ellis 
et al., 1990; Nanney et al. , 1992a; Wenczak et al., 1992). Other possibilities beyond 
mitotic functions need to be explored. For example, disturbances in the permeability 
barrier that may mimic trauma may be the trigger for this altered EGF-R distribution. 
Certainly psoriatic lesions, neonatal skin, and wounded epidermis, lesions in which the 
permeability barrier functions are disturbed, exhibit this common pattern of persistent 
EGF-R throughout all epidermal layers. Increased EGF-R can likewise be indirectly 
correlated with parakeratosis since this general pattern is also inherent to focal regions 
of parakeratosis in psoriatic lesions (Nanney et al., 1986) and normal oral mucosa. 

A third distribution pattern has also been reported for EGF-R. When EGF-R 
localization was examined in restrictive dermopathy, a condition with abnormal dermal 
proliferation, EGF-R was found to be restricted to the basal layer as compared to the 
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expression of EGF-R throughout all epidermal layers normally expected at that age 
(Nanney et al., 1990a). Therefore, developmental and disease-related events that regu
late EGF-R cannot be predicted based on a simple model of EGF-R being expressed 
only in mitotically active cells. This provides additional support for the theories that the 
EGF pathway is not restricted to epidermal proliferation but extends into the realm of 
mesenchymal-epidermal interaction. 

5.2. EGF-R in Normal Adult Human Skin 

As has been reviewed above, in normal adult unperturbed thin and thick skin, EGF-R 
is spatially located primarily within the basal epidermal population (Figs. 5A and 7 A). 
This localization ofEGF-R in adult skin was confirmed by both immunoreactive EGF-R 
and by autoradiography of radioactive EGF (Nanney et al., 1984). Ten years later, this 
spatiallocalization was again confirmed, but this time by the new technique of reverse 
transcriptase in situ polymerase chain reaction (Patel et al., 1994). These original 
morphological studies of human tissue sections served to support the assumption that 
EGF-R was predominantly found in germinative cells since EGF was a well
characterized mitogenic agent of responsive cells in vitro. Detection of EGF-R in the 
renewing populations ofhair follicles (Figs. 5C and 7C, D), sebaceous glands, and sweat 
glands was confirmatory as weIl. However, the highest concentration of EGF-R was 
detected on eccrine sweat ducts that were not known to be an actively dividing cell 
population (Fig. 5A). Such unexpected localizations were originally suspected to be due 
to experimental artifacts, but have proven to be correct. These EGF receptor sites suggest 
that EGF-R is spatially positioned on deeply located keratinocytes (Figs. 5C,D and 7C,D), 
cells that are of prime importance for the resurfacing of human partial-thickness wounds. 

6. Functional Roles of EGF-R in Normal 
and Wounded Human Skin 

The presence or absence of EGF-R on specific keratinocyte populations in the 
interfollicular epidermis and within epidermal appendages implies regulatory and bio
logical significance for this cytokine pathway. Since appendages are situated deep in 
the dermis and subcutaneous tissues, this population of keratinocytes is more protected 
from the environment and therefore serves as a ready source of cells to replace epider
mis lost during wounding. Induction of these cells to migrate, divide, differentiate, and 
reestablish an effective permeability barrier is critical to achieve satisfactory wound 
healing. EGF-R-mediated events appear to play vital in vivo roles in all of these four 
critical steps in wound healing. 

6.1. EGF-R Roles in Reforming Epidermal Permeability Barrier 
in Wounded Human Skin 

Resurfacing or reepithelializing a cutaneous wound is the process that is most 
often considered in achieving satisfactory wound closure. Inherent in this concept is 
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that the barrier function of the surface epidermis must be reestablished to prevent fluid 
loss or invasion by microorganisms. To be a truly effective barrier, the epidermis must, 
in addition to refilling the space lost due to trauma with keratinocytes ("fill up the 
hole"), also reestablish the percutaneous or epidermal permeability barrier ("seal the 
leaky roof"). How EGF-R participates in reestablishing an effective permeability bar
rier in human skin is not weIl understood. Reports of perturbations of epidermal barrier 
function are only beginning to be correlated with initiation of the cytokine cascade in 
human skin (Nickoloff and Naidu, 1994). 

In first-degree wounds including abrasions in which a defective permeability 
barrier is present there may be no apparent involvement of the dermis or immunocytes 
initially or even after replacement of the barrier. To address the role of the EGF-R 
pathway in this process, a model of superficial injury with minimal dermal or immu
nocyte involvement-tape stripping of mouse tail skin-was examined. The degree of 
injury and the loss of the permeability barrier in this model had been weH documented 
to be dependent on the number of times the mouse tail was stripped. When mouse tail 
epidermis was wounded, it responded within 24 hr by increasing the number of EGF-R 
(Fig. 6). This modulation in EGF-R foHowing trauma was predictable. Clinical trials 
had reported a biological response foHowing topical EGF to human skin (Brown et al. , 
1989) and confirmed in cutaneous wounding experiments with pigs (Brown et al., 
1986; Nanney, 1990). In traumatized mouse tail epidermis, the peak response of 
EGF-R expression occurred within 24-72 hr and retumed to baseline 4-14 days after 
tape stripping (Stoscheck et al., 1992). This increase in EGF-R occurred 24 hr prior to 

« 
z 
o 

2 3 4 
DAYS 

Figure 6. Tails of Balb/c mice were tape-stripped to remove the outer epidermallayers. Wounded tails were 
removed at various days after injury and EGF-R was quantified using an ELISA procedure. (A) Values are 
expressed as EGF-R per protein levels and (B) EGF-R per DNA levels. (From Stoscheck et al., 1992. 
Reprinted with permission.) 



182 Chapter 5 

increases in mRNA, DNA, and total protein. Thus EGF receptors show an increase in 
response to wounding. Presumably topical EGF directly binds to this receptor to 
mediate the biological acceleration of epidermal repair. These studies did not examine 
other biochemical events or the immediate, early gene response to tape stripping so that 
the molecular events related to EGF-R in response to trauma are not yet defined. 

6.2. EGF -R-Mediated Keratinocyte Differentiation 
in Human Skin Wounds 

Topical applications of EGF to human donor site wounds (Brown et al., 1989) and 
venous leg ulcers (Falanga et al., 1992) appear to accelerate wound healing or at least 
decrease wound size. These effects of EGF (and TGF-a) are not assumed to be limited 
to epidermal effects. However, an implicit assumption of these studies is that reep
ithelialization, including keratinocyte differentiation and normalization of EGF-R 10-
calization, proceeds normally in the damaged epidermis and over denuded dermis. 

Topical EGF can induce a biological response in other epidermal settings. For 
example, following daily EGF treatments with very high doses of EGF (levels that are 
actually inhibitory in the wound-healing setting), keratinocyte differentiation was al
tered, a decrease in epidermal proliferation was noted, and return of the psoriatic 
phenotype of human psoriasis grafts on nude mice to that seen in normal epidermis was 
documented (Nanney et al., 1992b). The abnormally differentiating psoriatic epidermis 
histologically normalized, with a loss of the parakeratotic stratum corneum and con
comitant return of the EGF-R to its normal basal layer distribution. Other indirect 
evidence is also available that shows this same correlation of EGF-R expression in 
rapidly proliferating epidermis (EIlis et al., 1991; Nanney et al., 1992a) and the nor
mally parakeratotic mucosal epithelial ofhumans (L. B. Nann~y, unpublished observa
tions). In vitro studies have recently suggested that EGF-like ligands can regulate 
keratin 8 expression, further implicating the involvement of the EGF pathway on 
keratinocyte phenotypes (Cheng et al., 1993). 

6.3. EGF -R-Mediated Keratinocyte Proliferation 
in Human Skin Wounds 

Various methods have been used to determine whether EGF-R-expressing cells 
are the same cells that comprise the proliferating population due to trauma or the 
presence ofhyperproliferative skin diseases. Labeling with [3H]thymidine, anti-Br-DU, 
and anti-PCNA (proliferating cell nuclear antigen) antibody methods provide quantita
tive data to determine the mitotic index and epidermal turnover rates. Colocalization of 
EGF-R substrates such as annexin-l (Fava et al., 1993) and PLC-'Y-1 (phospholipase 
C) (Nanney et al., 1992b) also provide some assurances that the patterns seen do or do 
not correlate with EGF-R expression. Although identical correlations of these sub
strates with morphological localization of EGF-R have not always been observed, in 
general there is excellent correlation in hyperproliferative epidermis and cutaneous 
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wounds when examined in detail. For example, the tape stripping of the mouse tail 
epidermis model has provided strong support for a direct role of EGF-R in epidermal 
proliferation (see Section 6.1). In this model and in the topical EGF treatment of human 
psoriatic skin grafted onto nude mice the correlation of EGF-R expression throughout 
all epidermallayers with increased keratinocyte proliferation and delayed keratinocyte 
differentiation is very strong. 

6.4. EGF -R-Mediated Keratinocyte Migration 
and Adhesion in Human Skin Wounds 

Although the tape-stripping model in conjunction with enzyme-linked immu
nosorbent assay (ELISA) detection methods showed that the EGF-R reached peak 
levels during early wound repair (Stoscheck et al., 1992), the injury in this model was 
restricted to the epidermis. It is somewhat unique among wound-healing models in that 
it heals both in the absence of a marked dermal inflammatory response and in the 
absence of epidermal migration. To examine the role of EGF-R in more severely 
damaged human skin, skin excised from human bum wounds during routine skin
grafting procedures was examined. These bum wounds ranged in severity from superfi
cial partial thickness to viable margins of full-thickness bums. These studies support 
the conclusion that the localization of EGF-like ligands and the EGF-R was spatially 
and temporally regulated in these bum wounds. Although these studies were performed 
in retrospect to the human clinical trials with topical EGF (Brown et al. , 1989), the data 
did suggest that the EGF could be acting direct1y since the appropriate receptor was 
found within healing wounds. 

In these human bum tissues, EGF-R was localized in the migrating and proliferat: 
ing epithelial tips present at the wound edges (Figs. SC, D and 7C). EGF-R was also 
detected in epithelial islands arising from the surviving remnant of hair follicles and 
sweat ducts found deep within the bumed dermis (Wenczak et al., 1992) (Fig. 7D). 
Autoradiographic studies using radioactive EGF confirm that an excess of available 
EGF receptors are present in healing keratinocytes populations (Fig. 7C, D). Spatially, 
the EGF-R was first observed to diminish in the migrating epithelial tips and only later 
in the adjacent proliferating epidermal keratinocytes in postbum days 4-15. These 
findings or localization patterns were very reminiscent of the loss of immunoreactive 
EGF-R in the downward migration of the epithelium that invaginates to form human 
hair follicle in utero (Nanney et al., 1990b). Whether this reduction in EGF-R reflects 
down-regulation by specific EGF-like ligands or is due to the indirect effects of other 
cytokines or autocoids is unknown, but may account for the intensity and duration of 
keratinocyte migration, proliferation, and differentiation. 

In vitro studies with keratinocytes suggest that arachidonic acid metabolites ap
pear to function in EGF signal transduction (Peppelenbosch et al., 1993). EGF-induced 
cortical actin polymerization was induced by lipoxygenase metabolism, whereas stress 
fiber breakdown was mediated by cycloxygenase metabolites. Thus arachidonic acid 
metabolites appear to provide a novel mechanism for directing EGF-induced cytoskele
tal changes. Cytoskeletal change is certainly an integral component of the migratory 
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Figure 7. Autoradiographie binding studies using radioaetive EGF were eondueted in aeeordanee with 
previously published teehniques (Nanney et al., 1984). Seetions were slightly overexposed at 4 weeks. (X 
45). (A) Normal skin shows intense binding in the germinative population of the epidermis (E) and strong 
label in an eeerine sweat duet (SO). Some label is also present in the dermis, but to a less extent than the basal 
epidermal labeling. (B) Hypertrophie epidermis (E) near the edge of a bum wound shows intense labeling 
throughout all the nucleated layers. (C) At postbum day 4, strong binding for EGF is apparent in the 
migrating/proliferating tip (arrows) of epithelial eells that have grown out from an adjaeent hair follicle (HF). 
(0) At postbum day 4, moderate label is present in the migrating/proliferating tip (arrows) that has grown out 
from a surviving ecerine sweat duet (SO). 

events during reepithe1ialization following trauma. Other studies both in vitro and in 
vivo have also implicated the EGF-R tyrosine kinase pathway in migratory functions. 
An increase in a substrate known as foca1 adhesion kinase was 10calized within migrat
ing keratinocytes following stimulation with EGF (Gates et al., 1994). These studies all 
continue to imp1icate the EGF receptor pathway in migratory events, but these data 
only represent preliminary pieces of the puzzle. 

Other ligands along the EGF-R pathway (TGF-a and vaccinia virus growth factor) 
likewise have been examined in wound healing and found to stimulate reepithelializa
tion (Schultz et al., 1987). Endogenous immunoreactive TGF-a is reportedly present in 
the healing epithelial edges throughout the first 2 weeks of wound healing (Wenczak 
and Nanney, 1993). These findings correlate weIl with the appearance of other EGF
related molecules such as tenascin (Mackie, 1988; Betz et al., 1993; Lightner, 1994) 
and heparin-binding EGF-like molecules (Marikovsky et al., 1993), which are also 
induced in healing wounds. This apparent redundancy in EGF-R-related ligands 
(Tab1e I) may relate to the dedifferentiation of cells as they recapitu1ate embryo10gica1 
stages of skin development during wound repair. Alternatively, the presence of mul
tiple EGF-R ligands ensures that a relative deficiency in one molecule will not preclude 
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wound c1osure. The possibility that other ligands known to bind to HER-2-4 (erbB-2-
4, Table 11) and possible other as yet unknown variants of the EGF-R may also 
participate in wound healing should be considered likely, but has not been studied in 
any detail. If EGF-like ligands affect the migrating epithelial tip, then topical EGF or 
TGF-a should affect the in vivo outgrowth of keratinocytes in a wound. 

Evidence that this effect does occur was provided by treating porcine excisional 
wounds with EGF. The most dramatic stimulation of epithelialization was noted during 
the migratory phases of wound repair (Nanney, 1990). Data from the topical EGF trial 
in human donor site wounds (Brown et al., 1989) also showed the greatest statistically 
significant difference between placebo and EGF treatments during the migratory phase 
or earliest time points. Thus in both studies, the epidermal effects of EGF diminished as 
wound healing progressed. These in vivo findings are compatible with in vitro results 
showing that EGF and TGF-a stimulated keratinocyte migration and prolonged ker
atinocyte survival (Barrandon and Green, 1987; Hebda, 1988). 

6.S. EGF-R Interactions in Normal and Abnormal Dermis 

6.5.1. Fibroblastic Responses Regulated by the EGF-R Pathway 

The in vivo role of EGF-R in nonepithelial cells have not been weIl defined due to 
low levels of EGF-R detected in these cells in normal dermis (Nanney et al., 1984). 
Nevertheless, all evidence points toward involvement of this cytokine pathway in the 
interactions that occur between mesenchymal and epithelial cells. Newer and more 
sensitive techniques such as reverse transcriptase PCR will undoubtedly lead to a better 
understanding of endogenous levels in the connective tissue environment. 

Despite these limitations, many years aga it became apparent that cultured fi
broblasts express EGF receptors. A predictable down-regulation phenomenon could 
be measured in response to EGF (Carpenter and Cohen, 1976). Although the addi
tion of EGF to sponge-induced granulomas in rats produced an increase in the net 
amount of collagen, this effect was due to an increase in fibroblast proliferation and 
was not due to an increase in expression of type 1 or 11 procollagen genes (Laato et 
al., 1987). 

Addition of EGF to fibroblastic culture media produces measurable increases in 
the synthesis of a wide variety of other matrix proteins ranging from the gly
cosaminoglycans (Lembach, 1976) to the degradative matrix proteins such as col
lagenase (Colige et al., 1992) and stromelysin (Kerr et al., 1992). It was recently shown 
that EGF, through posttranscriptional mechanisms, could regulate gene expression for 
collagenase and stromelysin in cultured human fibroblasts (Delany and Brinckerhoff, 
1992). It should also be pointed out that other cells within the wound environment, 
namely keratinocytes, can also respond to EGF by increasing their expression of 
degradative matrix proteins such as 92-kDa gelatinases (Shing et al., 1993). Thus in 
cultured cell populations, particularly fibroblasts, many of the necessary extracellular 
matrix components that would be essential for dermal remodeling following trauma are 
known to be regulated by the EGF-EGF-R pathway. 
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While other cytokines such as TGF-ß and PDGF are perhaps better known for 
their dramatic in vivo fibrotic responses (see Chapters 5 and 7), a few papers have 
nonetheless documented some positive EGF-induced dermal effects during wound 
repair. While using a porcine excisional model, Nanney (1990) showed a dose
responsive increase in the thickness of granulation tissue following daily topical appli
cations of EGF. Acceleration of tensile strength in incisional wounds treated with EGF 
was likewise documented (Brown et al., 1988; Perry et al., 1993). These positive 
outcomes following sustained release of EGF confirmed the earlier work by Buckley et 
al. (1985). This latter study, which evaluated granulation tissue inside a subcutaneous 
wound chamber, was the first to suggest that continuous drug delivery of EGF was a 
requirement for successful acceleration of reparative events. While all four of these 
studies employed pharmacological delivery methods, a host of recent papers have 
uncovered several possible natural mechanisms for continuous local stimulation of the 
EGF receptor pathway within the dermis. 

The initial doses of EGF and TGF-a as weIl as other cytokines (TGF-ß, PDGF) 
are undoubtedly delivered to the wound environment by platelet degranulation within 
the provisional fibrin clot (Ben-Ezra et al., 1990; Oka and Orth, 1983; Assoian et al., 
1983). As mentioned above, at least three of the EGF-like molecules are temporally 
induced by cells within the granulation tissues. These cytokines include heparin
binding EGF molecules as weIl as EGF-like sequences in tenascin-c and the laminin 
molecule, which are present at the epithelial-mesenchymal junction. Tenascin-c ex
pression in wounded human dermis has already been indirect1y linked with epidermal 
proliferation (for reviews, see Schalkwijk et al., 1991; Lightner, 1994). Immu
nohistochemical localization of tenascin in human skin wounds shows a pericellular 
distribution around fibroblastic cells as early as 2-3 days postinjury (Betz et al., 1993). 
Certainly these EGF-like ligands are spatially situated for a sustained delivery to cells 
in the mesenchymal milieu during the remodeling phase of wound repair (Engel, 1989). 

Recent studies have also expanded the role of the fibroblast in wound repair. For 
years, these cells were considered to be the target cells for cytokine stimuli. Recently, 
another member of the basic fibroblast growth factor (bFGF) family known as ker
atinocyte growth factor (KGF) has been shown to have signifil;:ant impact on wound 
healing (Werner et al., 1992). While the KGF molecules are produced in the granula
tion tissue by the fibroblast, they act in a paracrine fashion to stimulate the nearby 
keratinocytes in hair follicles and on the surface (Pierce et al., 1994). Although KGF 
can bind to its specific KGF receptor located on keratinocytes, KGF at least in vitro can 
indirectly stimulate keratinocyte proliferation by induction of TGF-a (Dlugosz et al., 
1994). This is yet artother example of the complex relationships that exist between the 
EGF-R pathway and a host of other cytokines. 

6.5.2. Macrophage Responses Regulating the EGF·R Pathway 

Overwhelming evidence suggests that the macrophage is a pivotal participant in 
cutaneous wound repair. This cellu1ar population migrates into the wound during the 
first 24- to 48-hr period (Leibovich and Ross, 1975), recruited by a host of chemotactic 
factors including but not limited to TGF-ß (Grotendorst et al., 1989). Macrophages 
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seem to function as local cytokine factories for heparin-binding EGF-like molecules 
(Higashiyama et al., 1991), EGF, and TGF-a (Rappolee et al., 1988), as weIl as many 
other cytokines. These products are secreted into the wound environment where their 
levels have been documented to date in wound fluid collected from surgical drain tubes 
(Dvonch et al., 1992) and from porcine excisional wounds (Marikovsky et al., 1993). 

Macrophage secretory products are by no means limited to cytokines. These cells 
actively participate in the remodeling phase of repair by a host of discrete mechanisms. 
To date, in vivo studies using either PDGF or TGF-ß treatments indicate that the 
macrophage responds by increasing expression of structural matrix proteins, including 
collagens land III, elastin, and fibronectin (Quaglino et al., 1990; Pierce et al., 1991), 
and decreasing expression of degradative matrix proteins such as stromelysin (Quag
lino et al., 1989). Macrophages within human burn tissues also show an enhanced 
expression of matrix metalloproteinases such as collagenase following trauma 
(Stricklin et al., 1993); however, in the complicated clinical setting, the probable 
cytokine stimuli and pathways controlling the equilibrium between matrix synthesis 
and degradation have not been identified. 

6.5.3. Endothelial Responses to the EGF Pathway 

All of the aforementioned studies suggest a physiological significance for the EGF 
pathway in nearly all of the cell types (keratinocytes, fibroblasts, macrophages) in
volved in complex wound repair. Endothelial cells and smooth muscle cells are no 
exception. To date, in vivo studies in the corneal wound-healing model have indicated 
that both TGF-a as weIl as EGF can stimulate angiogenesis (Schreiber et al., 1986). 
The response of endothelial cells to the EGF pathway has also been confirmed in the 
porcine excisional model, although it should be noted that the magnitude of the an
giogenic response following EGF treatment was considerably weaker than bFGF, 
TGF-a, or TNF-a treatments (Roesel and Nanney, 1995). Recently, keratinocyte
produced TGF-a was shown to induce tubulogenesis of human microvascular endo
thelial cells, suggesting a possible paracrine loop whereby the TGF-a pathway may 
participate in wound repair (Ono et al., 1992). Heparin-binding EGF-like growth factor 
derived from macrophages is also known to stimulate smooth muscle cell migration 
(Higashiyama et al., 1993) and may weIl serve as an endogenous cytokine source 
within the wound environment. 

At this point it seems appropriate to expand beyond the strict confines of wound 
repair to compare the cytokine stimuli within wound healing to the stromal responses 
for cytokines that occur within cutaneous neoplasms. The concept that tumors are 
really wounds that did not heal was proposed in 1986 by Dvorak. Angiogenic ingrowth, 
fibroblastic responses, and immune modulations are common events in both of these in 
vivo circumstances. Moreover, these processes are correspondingly responsive to cyto
kines. The in vitro stimulation of capillary endothelium by EGF-TGF-a was docu
mented years ago (Gospodarowicz et al., 1978). In tumors, the overexpression of the 
EGF-TGF-a pathway and the ability of endothelial cells to respond in a paracrine 
fashion to these signals can obviously trigger capillary ingrowth, which is associated 
with a poor prognostic outcome (Weidner et al., 1991). Conversely, the typical skin 
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ulcer may weIl represent the opposite end of the growth spectrum where there is a 

deficiency in EGF-like ligands or a deficiency elsewhere along the common EGF-R 

pathway. The resulting cutaneous ulcer may exhibit poor capillary ingrowth followed 

by nutritional deficiencies that perpetuate the status quo. It should be emphasized that 

presently very liule is known about the endogenous cytokine pathways in chronic 

wounds, although the chronic wound-healing setting is certain to be the focus of future 

evaluations. At present, evidence continues to amass that provides strong evidence that 

the EGF-R pathway is one of the integral pathways influencing many of the major 

events of wound repair. 
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Chapter 6 

Modulation of Wound Repair by 
Members of the Fibroblast 
Growth Factor Family 

JUDITH A. ABRAHAM and MICHAEL KLAGSBRUN 

1. Overview 

The fibroblast growth factors (FGFs) comprise a family of at least nine structurally 
homologous polypeptides that are found in a variety of cells and tissues (Baird and 
Bohlen, 1990; Brem and Klagsbrun, 1993; Burgess and Maciag, 1989; Folkman and 
Klagsbrun, 1987; Klagsbrun, 1989; Klagsbrun and D' Amore, 1991; Klagsbrun and 
Folkman, 1990; Rifkin and Moscatelli, 1989; Tanaka et ai., 1992; Miyamoto et al., 
1993). This family includes acidic FGF (aFGF), basic FGF (bFGF), int-2 protein, 
HST/K-FGF, FGF-5, FGF-6, keratinocyte growth factor (KGF), androgen-induced 
growth factor (AIGF), and glia-activating factor (GAF) (see Table I). These growth 
factors have been enumerated as FGF-l through FGF-9, respectively, in order to 
simplify the nomenclature (Baird and Klagsbrun, 1991). However, since the name KGF 
is still widely used, the designation "KGF /FGF-7" will be used here in referring to this 
factor. The aFGF (FGF-l) and bFGF (FGF-2) proteins are the most extensively charac
terized FGF family members in terms of detailed knowledge concerning structure and 
biological activity. 

Although the FGF family members have structural homologies of up to 35-55%, 
they are not homogeneous in their biological properties. For example, FGF-l and 
FGF-2 are mitogens for a wide variety of cell types including vascular endothelial 
cells, vascular smooth muscle cells, fibroblasts, and keratinocytes (Burgess and 
Maciag, 1989; Klagsbrun, 1989); KGF/FGF-7, on the other hand, appears to be a 
highly specific mitogen for epithelial cells alone (Finch et al., 1989). Another differ
ence involves protein secretion. FGF-I and FGF-2 lack consensus signal peptides; 
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Table I. The FGF Family 

Mol. 
Family mass 
member Common name(s) (kDa) Originally found in Targeta 

FGF-l Acidic FGF, aFGF, 18 Adult tissue (neural) Fibroblasts, EC, SMC, 
HBGF-l keratinocytes 

FGF-2 Basic FGF, bFGF, 18 Most adult tissue Fibroblasts, EC, SMC, 
HBGF-2 keratinocytes 

FGF-3 INT-2 27,31 Site of MMTV integration; ?b 
32.5 breast carcinoma 

FGF-4 HST, K-FGF 23 Human stomach tumor; Fibroblasts, EC 
Kaposi 's sarcoma 

FGF-5 FGF5 29 Bladder carcinoma; hepa- Fibroblasts, EC 
toma 

FGF-6 FGF6 21,22 Homology to FGF-4 gene Fibroblasts 
24 

FGF-7 Keratinocyte growth 22 Epithelial tissue stromal Keratinocytes 
factor, KGF cells 

FGF-8 Androgen-induced 28,32 Shionogi carcinoma cells SC-3 androgen-dependent 
growth factor carcinoma cells 

FGF-9 Glia-activating factor 25,29 Glioma cells Glial cells 
30 

aFor FGF-l through FGF-7, mitogenic targets potentially relevant to wound healing are listed. Abbreviations used: EC, 
endothelial cells; SMC, smooth muscle cells. 

bXenopus FGF-3 has been shown to be mitogenic for mouse keratinocytes and mouse mammary epithelial cells, but 
mitogenic activity has so far not been demonstrated directly for mammalian forms of FGF-3. 

consistent with this feature, these two FGFs are for the most part cell-associated and 
not secreted. In contrast, FGF-3, FGF-4, FGF-5, FGF-6, KGF/FGF-7, and FGF-8 all 
possess signal peptides and are secreted. FGF-9 is unusual in that it does not possess a 
classical signal sequence, but is nevertheless released into conditioned medium. 

A range of studies has indicated that members of the FGF family might be able to 
influence-or even be natural mediators of -the process of dermal wound repair. 
Several members of the family have been shown to be produced by cells associated 
with wound healing such as inflammatory cells (macrophages, T lymphocytes), vascu
lar endothelial cells, and dermal fibroblasts (Baird et al., 1985; BIotnick et al., 1994; 
Ross, 1993; Schweigerer et al., 1987; Vlodavsky et al., 1987a; Kandel et al., 1991). 
These FGFs are capable of stimulating the proliferation and migration of cells involved 
in such dermal wound-healing steps as granulation tissue formation (fibroblasts), an
giogenesis (endothelial cells), and reepithelialization (keratinocytes). In particular, fi
broblasts are stimulated to migrate and proliferate by FGF-l and FGF-2; angiogenesis 
is stimulated by FGF-l, FGF-2, FGF-4, and FGF-5; and keratinocytes have been shown 
to migrate in response to KGF/FGF-7 and to proliferate in response to FGF-l, FGF-2, 
and KGF /FGF-7 (Burgess and Maciag, 1989; Klagsbrun, 1989; Delli-Bovi et al., 1987; 
Zhan et al., 1988; O'Keefe et al., 1988; Shipley et al., 1989; Tsuboi et al., 1993; Lobb 
et al., 1985). Extracellular matrix synthesis and degradation can also be affected by the 
presence of FGFs (Gross et al., 1983; Buckley-Sturrock et al., 1989; Mignatti et al., 
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1989; Flaumenhaft and Rifkin, 1991; Sato and Rifkin, 1988). 
In vivo, elevated levels of FGF-l, FGF-2, FGF-5, and KGF/FGF-7 mRNA tran

scripts have been detected at sites of dermal injury (Wemer et al., 1992a), as has FGF-2 
protein (Whitby and Ferguson, 1991a; Kurita et al., 1992; Gibran et al., 1994; Grayson 
et al., 1993; Cooper et al. , 1994). The presence of a neutralizing anti-FGF-2 antibody 
has been shown to delay granulation tissue formation (Broadley et al., 1989a), while 
transgenic expression of a dominant negative mutant form of one of the FGF receptors 
causes a delay in wound reepithelialization (Wemer et al., 1994b). In addition, FGF-l, 
FGF-2, FGF-4, and KGF/FGF-7 have all been shown to accelerate tissue repair steps in 
at least some types of animal models when recombinant versions of these proteins were 
applied exogenously. Results have also been reported for several small c1inical trials of 
FGF-2 for wound healing. Despite the sometimes striking effects of FGF-2 in animals, 
however, these human trials have so far shown either no or fairly small benefit from 
FGF-2 treatment of various types of wounds (Robson et al., 1992; Mazue et al., 1991; 
Greenhalgh and Rieman, 1994). 

2. The FGF Family 

2.1. FGF-1 (aFGF) and FGF-2 (bFGF) 

2.1.1. Structural Properties 

FGF-l and FGF-2 share about 55% protein sequence identity and have similar 
biological activity profiles (Baird and Böhlen, 1990; Brem and Klagsbrun, 1993; 
Burgess and Maciag, 1989; Folkman and Klagsbrun, 1987; Klagsbrun, 1989; Klags
brun and D'Amore, 1991; Klagsbrun and Folkman, 1990; Rifkin and Moscatelli, 1989; 
Esch et al., 1985; Gimenez-Gallego et al., 1985). Both are single-chain, nonglycosy
lated polypeptides that contain commonly 154 amino acids (molecular mass of about 
18 kDa). However, 22- to 25-kDa forms of FGF-2, initiated on CUG start codons rather 
than the typical AUG start codon, have been identified as weH (Prats et al., 1989; 
Florkiewicz and Sommer, 1989). FGF-l has three cysteine residues while FGF-2 has 
four. Two of the cysteines within each factor lie at positions that are conserved in all 
nine members of the FGF family. Unlike the case with some other mitogenic proteins 
such as epidermal growth factor, the cysteine residues in FGF-l and FGF-2 are spaced 
such that they do not form intramolecular disulfide bonds (Zhu et al., 1991), and the 
two growth factors are not inactivated by exposure to sulfhydryl-reducing agents 
(Klagsbrun and Shing, 1985). 

2.1.2. Biological Properties Relevant to Wound Healing 

FGF-l and FGF-2 have numerous biological activities, some of which are poten
tially important for modulating wound-healing events. For example, tjlese two growth 
factors are mitogenic and chemotactic for vascular endothelial cells in vitro and are 
angiogenic in vivo (Baird and Böhlen, 1990; Brem and Klagsbrun, 1993; Burgess and 
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Maciag, 1989; Folkman and Klagsbrun, 1987; Klagsbrun, 1989; Klagsbrun and 
D'Amore, 1991; Klagsbrun and Folkman, 1990; Rifkin and Moscatelli, 1989). FGF
mediated angiogenesis activity has been demonstrated in the chick chorioallantoic 
membrane (CAM) (Lobb et al., 1985; Shing et al., 1985), in the rabbit cornea (Lobb et 
al., 1985; Shing et al., 1985), in sponges implanted subcutaneously into rats (Davidson 
et al., 1985), and in gelfoam implants in the peritoneal cavities of rats (Thompson et al., 
1989). In addition, FGF-2 stimulates collateral blood vessel formation in myocardial 
infarcts (Yanagisawa-Miwa et al., 1992), and FGF-l stimulates angiogenesis in arteries 
(Nabel et al., 1993). The ability of FGF-2 to stimulate plasminogen activator and 
collagenase activity in endothelial cells has been suggested to facilitate basement 
membrane breakdown and the migration of endothelial cells through stroma (Mignatti 
et al., 1989). 

FGF-l and FGF-2 are also mitogenic for fibroblasts in vitro. In addition, fi
broblasts cultured from wound granulation tissue respond chemotactically to FGF-2 
(Buckley"Sturrock et al., 1989), and FGF-2 stimulates the migration of fibroblasts at 
the periphery of a wound boundary made by scratching a monolayer (Schreier et al., 
1993). Furthermore, FGF-2 stimulates granulation-tissue-derived fibroblasts to pro
duce collagenase, suggesting a potential role for FGF-2 in triggering collagenase
catalyzed restructuring of collagen during wound repair (Buckley-Sturrock et al., 
1989). Finally, a role for FGF-l and FGF-2 in reepithelialization has been suggested in 
that both are mitogens for human keratinocytes, with FGF-l being the more potent 
mitogen of the two (Shipley et al., 1989; O'Keefe et al., 1988). 

2.1.3. Biosynthesis and Release by Wound-Associated Cell Types 

FGF-l and FGF-2 are synthesized by a number of major cell types involved in the 
wound-healing process, including inflarnmatory cells such as monocytes/macrophages 
(Baird et al., 1985) and T 1ymphocytes (both CD4+ and CD8+) (Blotnick et al., 1994), 
vascular endothelial cells (Vlodavsky et al., 1987a; Schweigerer et al., 1987), and 
dermal fibroblasts (Kandel et al., 1991). However, given the fact that FGF-1 and FGF-2 
lack c1assical secretory signal peptides (Jaye et al., 1986; Abraham et al., 1986) and in 
general are not secreted by cultured cells, the mechanism by which these factors might 
be released into the wound environment from their cell of origin remains umesolved. 
On the other hand, suggestive evidence exists that FGF-l and FGF-2 can indeed be 
released from cells; this evidence inc1udes the observation that FGF-2 has been found 
deposited in extracellular matrix (Vlodavsky et al., 1987b; Baird and Ling, 1987) and 
the observation that FGF receptors are abundant on many cell surfaces, implying a 
paracrine role for these growth factors. Possible mechanisms of signal-Iess FGF-l and 
FGF-2 export that have been explored include exocytosis (Mignatti et al., 1992), 
temperature-dependent release involving homodimer formation (Jackson et al., 1992), 
and ATP-driven translocators (Kuchler and Thorner, 1992). 

There is also evidence that the FGFs could be released as a result of damage to 
cells (McNeil et al., 1989; McNeil, 1993; Muthukrishnan et al., 1991). McNeil and 
colleagues developed an in vitro model in which endothelial cells were damaged 
mechanically by scraping, resulting in the disruption of plasma membranes (transient 
permeabilization) while preserving cell viability. Under these conditions, FGF-2 activ-
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ity was released from the wounded endothelial cells but not from underlying extracellu
lar matrix. These results thus suggest that dermal wounding itself could trigger the 
release of FGF protein preexisting in cells in the wound area. 

2.1.4. Interactions with Heparin and Heparan Sulfate Proteoglycan 

FGF-l and FGF-2 are both characterized by their strong interaction with heparin
like molecules (Shing et al., 1984; Maciag et al., 1984). Despite its anionic pI, FGF-l 
was found to bind tightly to columns of immobilized heparin, eluting with 1 M NaCI. 
FGF-2 binds more tightly to immobilized heparin than any other known growth factor 
and is eluted with 1.6-1.8 M NaCl, a property that has greatly facilitated its purifica
tion. In addition, heparin stabilizes FGF-l and FGF-2 and protects them from heat, 
acid, and proteolytic degradation (Brem and Klagsbrun, 1993; Klagsbrun, 1989; Gos
podarowicz and Cheng, 1986; Sommer and Rifkin, 1989; Rosengart et al., 1988, 
Saksela et al., 1988). The biological relevance of heparin binding was demonstrated by 
experiments showing that FGF-l and FGF-2 also bind to heparan sulfate proteoglycans 
(HSPG) on cell surfaces (Moscatelli, 1987) and in extracellular matrix (Vlodavsky et 
al., 1987b; Baird and Ling, 1987; MoscateIli, 1987; Bashkin et al., 1989; Folkman et 
al., 1988; Klagsbrun, 1990; Sakaguchi et al., 1991). It has been suggested that FGF-l 
and FGF-2 are sequestered or "stored" in the extracellular matrix as part of a highly 
stable FGF-HSPG complex and are released when needed by a combination of pro
teases and heparinases (Vlodavsky et al., 1991). The role of cell surface HSPG in 
modulating FGF binding to high-affinity receptors and FGF mitogenicity will be dis
cussed below. 

One type of HSPG that might be relevant to wound healing is the syndecan family 
(Bemfield et al., 1994). This family consists of four cell surface proteoglycans, each 
containing a protein core as weIl as both heparan sulfate and chondroitin sulfate side 
chains. Syndecan-l, the first HSPG to be described in this family, has been the most 
intensively studied. During the healing of cutaneous wounds, increased amounts of 
syndecan-l have been found on the cell surfaces of migrating and proliferating epider
mal cells and on hair follicle keratinocytes adjacent to wound margins (Elenius ef al., 

1991). Syndecan induction was noted within a day of wounding and was most pro
nounced at the time of intense cell proliferation. Syndecan-l expression is also induced 
in granulation tissue during wound healing. Syndecan-l has been shown to bind 
FGF-2, raising the possibility that in wound healing the syndecans might serve to 
modulate FGF-2 as weIl as other heparin-binding growth factor activity at the level of 
the cell surface and/or extracellular matrix (Elenius et al., 1992). More recently, a 
factor has been purified from wound fluid that stimulates syndecan-l expression at the 
surface of mesenchymal cells (Gallo et al., 1994). 

2.2. FGF -3 (INT-2) 

FGF-3 was originally identified as the product of a cellular oncogene activated by 
integration ("int") of the mouse mammary tumor virus into the mouse genome (Dick
son and Peters, 1987). The FGF-3 gene encodes a predicted 27-kDa primary translation 
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product of about 240 amino acids that includes a putative atypical signal peptide 
sequence (Dixon et al., 1989; Dickson et al., 1990). The structural homology of the 
predicted FGF-3 protein to FGF-l and FGF-2 is 38 and 44%, respectively. The FGF-3 
gene is normally silent in the adult mammary gland; FGF-3 instead appears to playa 
role in the developing embryo. Mouse FGF-3 is transcribed as a complex set of 
mRNAs as early as embryonic day 6.5 (Wilkinson et al., 1988, 1989). Expression 
continues until parturition in a highly localized and temporally regulated manner. 
Unlike mammalian forms of FGF-l and FGF-2, it has not been possible to demonstrate 
directly mitogenic activity for mouse FGF-3. A role in growth has been implicated, 
however, in that transgenic mice that express the FGF-3 gene under the control of a 
mouse mammary tumor virus promoter develop mammary hyperplasias (Omitz et al., 
1991; Muller et al., 1990). In addition, amplification ofthe FGF-3 gene has been found 
in a variety of human tumors, particularly in breast carcinomas and squamous cell 
carcinomas of the head and neck region (Zhou et al., 1988; Meyers et al., 1990; Somers 
et al., 1990). FGF-3 is also expressed in Kaposi's sarcoma tumors (Huang et al., 1993). 

Recently, the homologue of the FGF-3 gene from Xenopus laevis has been iso
lated. COS-l cells transfected with a cDNA derived from this Xenopus gene (XFGF-3 
gene) express 31- and 27-kDa products that are secreted and bind to heparin-Sepharose 
(Kiefer et al., 1993). The conditioned medium of XFGF-3-transfected cells induces 
transient transformation of NIH 3T3 cells and is mitogenic for mouse mammary 
epithelial cells and for mouse epidermal keratinocytes. Thus, XFGF-3 appears to be 
mitogenic under conditions where mouse FGF-3 is not, despite an 82% structural 
homology. 

2.3. FGF -4 (HST /K-FGF) 

The second oncogene to be identified that encodes an FGF-like protein was the 
FGF-4 oncogene, which was isolated from two sources simultaneously. One source 
was NIH-3T3 cells transfected with Kaposi's sarcoma DNA, hence the name Kaposi's 
FGF (K-FGF) (Delli-Bovi et al., 1987, 1988). The other source was NIH-3T3 cells 
transfected with DNA from a human stornach tumor, hence the name hst (Yoshida et 
al., 1987). FGF-4 shares 43,38, and 40% sequence identity, respectively, with FGF-l, 
FGF-2, and FGF-3. The FGF-4 gene encodes a 206-amino-acid primary translation 
product that contains a hydrophobic signal peptide sequence. NIH-3T3 cells trans
fected with the FGF-4 gene secrete a heparin-binding, 176-amino-acid (23-kDa) pro
tein that is glycosylated (Delli-Bovi et al., 1988; Moscatelli and Quarto, 1989; Basilico 
et al., 1989). FGF-4 is mitogenic for fibroblasts and endothelial cells; however, the 
addition of heparin is needed for endothelial cell growth factor activity. A truncated 
form of FGF-4 lacking the N-terminal 36 amino acids (as a result of mutation of the 
single N-linked glycosylation site) is approximately five times more mitogenic for 
BALB/c 3T3 cells, hashigher affinity for FGF receptors, and has increased heparin
binding affinity (elution with 1.3-1.5 M NaCI rather than 1.1 M NaCI) compared to 
wild-type FGF-4 (Bellosta et al., 1993). 

FGF-4 has many ofthe properties ofFGF-2 in vivo.1t accelerates wound healing (see 
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Section 4.4.) and induces fonnation of mesodenn in Xenopus oocytes (Basilico and 
Moscatelli, 1992). FGF-4 is also angiogenic in model systems. For example, when single
cell suspensions of fetal rat brain (removed at embryonie days 13 and 14) were infected 
with retroviral vectors encoding the FGF-4 oncogene and subsequently implanted into 
the caudate putamen, the grafts exhibited abundant capillary proliferation and capillary 
angiomas (Brüstle et al., 1992). Expression of FGF-4 was detected in neural cells 
adjacent to areas of vascular proliferation. On the other hand, despite its oncogenic 
properties, FGF-4 did not cause tumor fonnation in the brain in these experiments. 

The FGF-4 gene is rarely expressed in adult cells or in adult tissues. It has been 
shown, however, to be expressed during midstage mouse embryogenesis (Delli-Bovi et 
al. , 1989; Niswander and Martin, 1992). NIH-3T3 cells transfected with the FGF-4 
gene are transfonned in culture and are tumorigenic, ostensibly by an autocrine loop of 
FGF-4 interacting with its FGF receptor. Suramin reverses this transfonned phenotype 
(Moscatelli and Quarto, 1989; Yayon and Klagsbrun, 1990). As might be expected for 
the product of an oncogene, injection of a recombinant retrovirus encoding FGF-4 into 
mice causes tumor fonnation (aggressive fibrosarcomas) (Talarico et al., 1993), and 
FGF-4 expression has been demonstrated in a variety of solid tumors (reviewed in 
Brem and Klagsbrun, 1993). Interestingly, although FGF-4 was first isolated from cells 
transfected with Kaposi's sarcoma DNA, it has not been detected in the secreted 
material from cultured Kaposi 's sarcoma cells. 

2.4. FGF-5 

The gene for FGF-5 was isolated by transfeetion of human bladder tumor DNA 
into NIH-3T3 cells (Zhan et al., 1988; Bates et al., 1991). This gene encodes a signal
sequence-containing, 267-residue (29-kDa) protein with a 40-50% homology to 
FGF-l and FGF-2 (Bates et al., 1991). FGF-5 is a heparin-binding glycoprotein and is a 
potent mitogen for endothelial cells and fibroblasts (Zhan et al., 1988; Bates et al., 
1991; Werner et al., 1991). It also appears to be an embryonic muscle-derived trophic 
factor that supports the survival of embryonie chick motoneurons (Hughes et al., 1993). 

Messenger RNA transcripts for FGF-5 are found in nearly all phases of embry
ogenesis (Hebert et al. , 1990). They are also found in the neurons of adult brains (Haub 
et al. , 1990), in growing nonnal human fibroblasts (Werner et al., 1991), in hair 
follicles (Hebert et al., 1994), and in skin (Werner et al., 1992a). Consistent with the 
oncogenic properties of FGF-5, this protein has been found to be secreted from bladder 
carcinoma, endometrial carcinoma, and human hepatoma celliines (reviewed in Brem 
and Klagsbrun, 1993). 

2.5. FGF-6 

The FGF-6 gene was isolated from a mouse DNA plasmid library by screening 
with FGF-4 gene sequences (Marics et al., 1989; de Lapeyiere et al., 1990; Coulier et 
al., 1991, 1994). The FGF-6 gene encodes a 208-amino-acid protein containing a 
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hydrophobie signal sequence; this protein shares about 70% sequence identity with 
FGF-4 in a "core" homology region. In vitro translation of FGF-6 has yielded 21- to 
24-kDa proteins. Transfection with the FGF-6 gene leads to transfonnation ofNIH-3T3 
cells and the appearance of foci. Recombinant FGF-6 protein has been expressed in 
bacteria and is heparin-binding. This protein is highly mitogenie for BALB/c 3T3 cells, 
but, in contrast to FGF-l, FGF-2, and FGF-4, it is far less mitogenic for aortic endo
thelial cells. The addition of heparin is required even to get the weak mitogenic signal 
for the endothelial cells. It thus appears that the effects of FGF-6 are more limited than 
those of FGF-l and FGF-2. FGF-6 mRNA is present primarily in adult skeletal muscle 
and during embryogenesis, particularly postimplantation. FGF-(}represses myogenesis, 
as does FGF-l and FGF-2, and it has been suggested that FGF-6 could playa role when 
muscle is damaged. 

2.6. KGF/FGF-7 

KGF/FGF-7 is synthesized by stromal cells derived from epithelial tissues of 
embryonie, neonatal, and adult sources (Finch et al., 1989; Rubin et al., 1989). The 
KGF /FGF-7 gene encodes a primary translation product of 194 amino acids that 
possesses a signal peptide and has a 39% structural homology to FGF-2. The 22-kDa 
KGF/FGF-7 protein is secreted and binds heparin. KGF/FGF-7 differs markedly from 
the other FGF family members in target cell specificity in that it is a highly specific 
mitogen for epithelial cells with no mitogenic activity for endothelial cells or fi
broblasts. However, this factor is not produced by epithelial cells, but is rather the 
product offibroblasts, and KGF/FGF-7 protein synthesis in fibroblasts can be potently 
induced by interleukin-l (Chedid et al., 1994). Thus KGF/FGF-7 appears to have the 
unique property of being a stromal cell-derived, paracrine mediator of epithelial cell 
proliferation. Besides its mitogenic activity, KGF /FGF-7 stimulates keratinocyte mi
gration and an increase in keratinocyte urokinase-type plasminogen activator activity 
(Tsuboi et al., 1993). It has been suggested that the keratinocyte-derived plasminogen 
activator activity might serve to stimulate proteolytie degradation of extracellular ma
trix by plasmin. 

2.7. FGF-8 (AIGF) and FGF-9 (GAF) 

FGF-8 (Tanaka et al., 1992) and FGF-9 (Miyamoto et al., 1993) are very recently 
identified members of the FGF family, and therefore the available infonnation regard
ing these growth factors is limited. The conditioned medium of an androgen-dependent 
cancer line (SC-3) derived from a mouse mammary carcinoma was found to contain an 
autocrine heparin-binding growth factor mitogenie for SC-3 cells. This activity was 
inhibited by anti-FGF-2 antibodies. However, upon cloning, a novel FGF-like gene 
with an open reading frame encoding 215 amino acids (including a signal peptide) was 
discovered that has a 30-40% homology to members of the FGF family. Purification of 
FGF-8 resulted in the isolation of 28- and 32-kDa proteins equally active on SC-3 cells. 
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An interesting property of FGF-8 is that the expression of its mRNA in SC-3 cells is 
induced by testosterone. FGF-8 appears to be responsible for changing SC-3 cells from 
a nonnal epithelial cell phenotype to a transfonned one. 

More recently, FGF-9 was purified from the conditioned medium of a human 
glioma cell line and subsequently found to be expressed in the brain and kidney. The 
FGF-9 cDNA encodes a polypeptide of 208 amino acids with a structural homology to 
FGF family members of about 30%. FGF-9 lacks a classical signal sequence, but 
nevertheless appears to be secreted. Purification of recombinant FGF-9 expressed in 
Chinese hamster ovary (CHO) cells yielded 25-, 29-, and 30-kDa proteins. To date, 
FGF-9 has been shown to be mitogenic for glial cells, suggesting that FGF-9 may act as 
an autocrine transfonning growth factor for these cells. 

2.8. FGF Receptors 

A family of FGF receptors has been identified (Kombluth et al., 1988; Lee et al., 
1989; Ruta et al., 1989; Dionne et al., 1990; Houssaint et al., 1990; Johnson et al., 
1990; Mansukhani et al., 1990; Pasquale, 1990; Keegan et al., 1991; Partanen et 
al., 1991; Miki et al., 1991; reviewed in Partanen et al., 1992). The family includes four 
homologous protein tyrosine kinases with Kds of about 2 X 10-11 : FGFR-l, originally 
known as flg; FGFR-2, originally known as bek; FGFR-3, originally known as cek2; 
and FGFR-4. In addition, a unique cysteine-rich FGFR ofunknown function that is not 
homologous to the tyrosine kinase FGF receptors has been described (Burrus et al., 
1992; Olwin et al., 1994). The FGFR tyrosine kinases share about 60-70% sequence 
identity and a similar overall structure. In particular, they can each contain up to three 
immunoglobulin loops in the extracellular region, and the cytoplasmic tyrosine kinase 
domain in each is interrupted by a short insert. The second and third immunoglobulin 
loops, which are sites of FGF binding, and the tyrosine kinase domains are particularly 
conserved. The first immunoglobulin loop appears to be dispensible for ligand binding. 

There are numerous splice variants among the four FGF receptors, the existence 
of which increases the number of possible fonns of FGF receptor (Miki et al., 1992; 
Avivi et al., 1991, 1993; Bottaro et al., 1990; Johnson et al., 1991; Werner et al. , 1992b; 
reviewed in Partanen et al., 1992). As a result of the differential splicing, fonns with 
two rather than three immunoglobulin domains are found as weIl as fonns with struc
tural variations in the region of the second half of the third immunoglobulin domain 
loop. The four tyrosine kinase FGFR gene products and their multiple splice variants 
display different binding specificities for the various FGF ligands. The type IIIc fonn 
of FGFR-l binds FGF-l, FGF-2, and (to a much lesser degree) FGF-4. On the other 
hand, type 11Th FGFR-l binds FGF-l, but FGF-2 only weakly. Type IIIc FGFR-2 binds 
FGF-l, FGF-2, and FGF-4, but not KGF/FGF-7. In contrast, the type IIIb FGFR-2 
variant, also known as the KGF receptor (KGFR), binds FGF-l, KGF/FGF-7, and (to a 
much lesser degree) FGF-2. Type IIIc FGFR-3 binds both FGF-l and FGF-2, while 
type IIIb FGFR-3 binds exclusively FGF-l. FGFR-4 binds FGF-l but not FGF-2. 
Taken together, these results indicate that all of the receptors can bind FGF-l, but the 
receptors differ in their ability to bind FGF-2, FGF-4, and KGF/FGF-7. 
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Cell surface HSPG constitutes a class of low-affinity binding sites for FGF-2, but 
HSPG can nonetheless be critical for the high-affinity receptor binding and optimal 
biological activity of FGF-2 (Klagsbrun and Baird, 1991). This conclusion was inde
pendently reached from a number of investigations. In one study, CHO cells expressing 
the FGFR-1 receptor but carrying a mutation in the HSPG synthesis pathway were 
found to be unable to bind FGF-2 (Yayon et al., 1991). Addition of exogenous heparin 
facilitated FGF-2 binding to the FGFR-1 on these cells. Heparin has also been shown to 
enhance both ceIl-free FGF-2 binding to its receptor and FGF-2 mitogenic activity for 
cells mostly devoid of cell surface heparan sulfate (Ornitz et al., 1992). There has been 
one report, however, questioning the role of heparin in mediating FGF-2 binding to its 
receptor in some cell types (Roghani et al., 1994). In another study, it was demon
strated that heparitinase treatment of myoblasts abolished the ability of FGF-2 to 
stimulate myoblast proliferation, and similar treatment of Swiss 3T3 cells abolished 
FGF-2 mitogenic activity for those cells as weIl (Rapraeger et al., 1991). The ability of 
FGF-1 to bind to high-affinity receptors on parathyroid cells is also abrogated by 
heparatinase treatment (Sakaguchi et al., 1991). In another approach, FGF-2 has been 
conjugated to saporin, a toxin that kills cells if it gains access to the cytoplasm (Reiland 
and Rapraeger, 1993). FGF-2-saporin does not kill cells that do not express FGF 
receptors, even if the cells have abundant cell surface HSPG; however, the conjugate 
will kill these cells when they are transfected and express FGFR-1. Removal of HSPG 
by enzymatic digestion eliminates killing by FGF-saporin. These findings suggest that 
FGF-2-saporin may be endocytosed on HSPG in a complex with FGFR that is directed 
to the cytoplasm. HSPG also regulates neural response to FGF-1 and FGF-2 develop
mentally (Nurcombe et al., 1993). Taken together, the above results indicate that a dual 
receptor system composed of cell surface HSPG and high-affinity tyrosine kinase 
receptors modulates the activity of FGF-l and FGF-2. There is also evidence that 
FGFR-l itself binds to HSPG as weH, suggesting that HSPG may interact directly with 
both FGF and FGFR in the process of receptor activation (Kan et al., 1993). 

3. Evidence for Involvement of Endogenous FGFs 
in Dermal Wound Healing 

To gain insight into the roles that individual FGF family members might play in 
the process of normal tissue repair, several groups have sought to determine whether 
these proteins and/or their mRNAs are present at sites of wound healing and to 
elucidate whether the levels of the factors are modulated during the course of healing. 
Various approaches to these questions have been used, including RNase protection 
assays, immunohistochemical staining, and the quantification of growth factor levels in 
wound fluids. A variety of wound-healing models have also been employed in these 
studies, which has sometimes complicated the comparison of results from different 
groups. Nonetheless, there is now considerable evidence that at least one FGF family 
member protein (FGF-2) is present and modulated at sites of dermal tissue injury 
(Whitby and Ferguson, 1991a; Kurita et al., 1992; Gibran et al., 1994; Grayson et al., 
1993; Cooper et al., 1994; Chen et al., 1992). Direct evidence for an actual role in 
wound repair for this factor has also been obtained by studying the effects when the 
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action of FGF-2 was blocked (Broadley et al., 1989a). In addition, measurements of 
mRNA levels after wounding (Wemer et al., 1992a, 1994a), along with the results of 
studies on transgenic mice expressing a dominant negative mutant form of the type IIIb 
FGFR-2 receptor (Wemer et al., 1994b), have strongly implicated KGF/FGF-7 as a 
modulator of wound reepithelialization. 

3.1. Detection of FGFs at Sites of Tissue Damage 

The most systematic surveys of FGF family member RNA expression at sites of 
dermal injury have been reported by Wemer et al. (1992a, 1994a). In the initial study by 
this group (Wemer et al., 1992a), RNase protection assays were used to determine 
transcript levels in unwounded skin and in full-thickness excisional wounds made in the 
backs of BALB/c mice (Fig. 1). Transcripts for FGF-3, FGF-4, and FGF-6 were not 
detected in either the wounded or unwounded tissue. In the case of FGF-l, FGF-2, and 
FGF-5, on the other hand, transcripts were detected in the unwounded control skin which 
rose two- to tenfold in level in response to injury; these levels peaked at either 24 hr 
(FGF-l, FGF-5) or 5 days (FGF-2) and had retumed to baseline by the seventh day 
postwounding. The most striking result, however, was seen wit~ the level of the 
KGF /FGF-7 mRNA, which increased within 24 hr to 160-fold over the control skin level 
and was stilllOO-fold elevated in the wounds after 7 days (see Fig. 1). Transcripts for the 
FGF receptors FGFR-l, FGFR-2, and (at a much lower level) FGFR-3 were also detected, 
but their levels did not appear to differ between unwounded and wounded skin. The 
FGFR-2 transcript was found to be primarily in the splice variant form (type IIIb) that 
encodes a high-affinity receptor for FGF-l and KGF /FGF-7. Taking these results together 
with the known epithelial cell specificity of KGF /FGF-7, Wemer et al. (1992a) proposed 
in particular that wound-derived KGF /FGF-7 may play a key role in stimulating the 
migration and proliferation of epidermal keratinocytes during wound repair. 

In a second study, Wemer and eolleagues extended their survey to analyze FGF 
family member transcript levels in an impaired model of wound healing: full-thickness 
dermal wounds in the baeks of genetically diabetic (db/db) mice (Wemer et al. , 1994a). 
Since application of exogenous FGF-2 had been shown by several groups to accelerate 
healing to near normal in this model (see Seetion 4.2.1.), the investigators reasoned that 
the healing delay in db/db mice might be associated with decreased availability of 
endogenous FGF(s). RNase protection assays indicated that while the KGF/FGF-7 
transcript level in unwounded db/db skin was similar to that found in the nondiabetic 
BALB/e mice, the degree of induction of the transcript level after wounding was now 
only five- to tenfold rather than the 160-fold seen for the nondiabetic mice. The rise in 
the KGF /FGF-7 transcript level after wounding was also considerably delayed, and did 
not peak until 3-5 days after injury. Interestingly, while the basal transcript level for 
FGF-2 in unwounded skin (and the degree of induction upon injury) was similar in 
db/ db and BALB/c mice, the basal level of the FGF-l transcript was aetually five- to 
tenfold higher in unwounded db/db skin relative to BALB/c skin, and little induction 
in this level was seen on injury. For both FGF-l and FGF-2, the transcript levels peaked 
earlier after injury and declined more rapidly than in BALB/c mice. The FGFR-2 and 
FGFR-3 transcript levels also dec1ined rapidly in the db/db mice soon after injury. 



KGF/ 
FGF-7 

FGF-1 

FGF-2 

FGF-5 

Figure 1. FGF mRNA expression in nonnal and wounded mouse skin. Total cellular RNA was extracted 
from skin at various times after fulI-thickness wounding. RNA was also extracted from unwounded skin 
(normal skin) for comparison. RNase proteetion assays were then used to quantify the mRNAs for KGF, 
FGF-1, FGF-2, and FGF-5 in 50-fJ.g sampies of the total cellular RNA. Autoradiographs of the protection 
assay gels are shown. The gels were exposed to the films for 12 hr (KGF), 3 days (FGF-5), or 5 days (FGF-I 
and FGF-2). The times postwounding at which the RNA sampIes were extracted were 12 hr and 1,3,5, and 7 
days. (Adapted from Wemer et al. , 1992a, with pennission.) 
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While it is possible that some of the transcript level differences seen by Werner et al. 
(1994a) were due to differences in strain backgrounds (BALB/c nondiabetic mice 
versus C57BL/KsJ diabetic mice) rather than to the consequences of the homozygous 
db/ db defect, these results are nonetheless consistent with the idea that level or time
course alterations in the production of KGF/FGF-7, FGF-l, FGF-2, and/or the FGF 
receptors at the site of injury contribute to the wo und healing impairment in db/db 
mice. 

Three groups (Whitby and Ferguson, 1991a; Kurita et al., 1992; Gibran et al., 
1994) have used immunohistochemistry to investigate FGF-2 protein localized at sites 
of dermal injury. Whitby and Ferguson (1991a) made vertical, full-thickness incisions 
in the upper lips of fetal, neonatal, and adult MFI mice, and then examined the wounds 
1 to 120 hr later. In the neonatal and adult mice, staining with an FGF-2 antibody was 
detected extracellularly at the surface of the wound and within the dermis adjacent to 
the wound at 1 and 6 hr postwounding; no staining was found at later times. The fetal 
wounds showed no detectable FGF-2 staining at any time point examined, which the 
investigators suggest may in part explain the reduced amount of capillary formation 
seen in the fetal versus adult mouse lip wounds (Whitby and Ferguson, 1991b). 

Kurita et al. (1992) utilized a different mouse wo und model for their immu
nohistochemical study-full-thickness, 6-mm wounds made by punch biopsy in the 
backs of C57BL6J mice-and obtained somewhat different results. No FGF-2 immu
noreactivity was detected in extracellular matrix spaces or in the dermal granulation 
tissue, but staining was found instead associated with hair bulbs at the wound edge and 
with basal keratinocyte layers in reepithelialized and nonwounded areas. This staining 
pattern was similar whether the wounds were analyzed immediately after injury or up 
to 21 days postinjury. The reasons for the apparent disparity between these results and 
the results of Whitby and Ferguson (1991a) are not clear, but possible explanations 
include differences in the specificity or sensitivity of the anti-FGF-2 antibodies utilized 
and the fact that the wounds made in the two studies were of different types and were 
made in different locations in the mouse. Interestingly, consistent with the RNA results 
of Werner et al. (1994a), Kurita et al. (1992) reported that they obtained essentially the 
same immunohistochemical staining pattern for FGF-2 whether they used C57BL6J 
nondiabetic or C57BLlKsJ db/db mice in their studies. 

Gibran et al. (1994) carried out their immunohistochemical studies on human 
tissue sampies, which were taken from either burn wound excisions or from normal 
skin harvested for skin grafts. In eight burn tissue sampies harvested between 4 and 11 
days postinjury, diffuse extracellular staining for FGF-2 was seen, similar to the stain
ing pattern reported by Whitby and Ferguson (1991a) for the mouse lip wounds at 1 or 
6 hr after injury. Normal skin sampies showed FGF-2 staining confined to dermal 
capillary basement membranes and sweat glands. 

The presence of FGF-2-like protein at wound sites has also been reported by three 
groups (Chen et al., 1992; Grayson et al., 1993; Cooper et al., 1994), who analyzed the 
growth factors present in the fluid environment at the surface of wounds. Cooper et al. 
(1994) placed hydrophilie dextranomer beads into human pressure u1cers to absorb or 
adsorb proteins over a 24-hr period; sandwich enzyme-linked immunosorbent assay 
(ELISA) analyses ofthe material subsequently eluted from the beads detected FGF-2 in 
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all 20 patient sampies examined, although the levels varied widely (from 47 to 697 pg/ml 
in the bead eluates). Variability in growth factor levels was also seen by Grayson et al. 
(1993), who analyzed fluids collected after 24 hr from a more "standardized" type of 
human wound: partial-thickness donor sites covered with an occlusive dressing. Using a 
sandwich enzyme immunoassay with a detection limit of approximately 1 ng/ml FGF-2, 
these investigators found FGF-2 in the wound fluid from only 5 of 13 patients. In those 5 
patients, the FGF-2 levels appeared to range from about 9 to 16 ng/ml. 

With regard to animal models of wound healing, Chen et al. (1992) examined 
wound fluid from full-thickness surgical excisions made in the flanks of Yorkshire White 
pigs. The wounds were covered with occlusive dressings, and the fluids were collected 
every 24 hr. When applied to human dermal fibroblasts, the wound fluids collected 
during the second and third 24-hr periods after wounding were found to stimulate 
urokinase production by the fibroblasts. Since this stimulation of protease production 
was blocked if the wound fluid was preincubated with an antiporcine FGF-2 antibody, 
Chen et al. (1992) concluded that FGF-2-like factors were present in the fluid. 

3.2. Effects of a Neutralizing Anti·FGF·2 Antibody 
on Granulation Tissue Formation 

The demonstrations of FGF-2 mRNA and protein at sites of dermal injury repre
sent only indirect support for the idea that FGF-2 is involved in mediating the wound
healing process. In order to provide more concrete evidence of a role for FGF-2-like 
protein in tissue repair, Broadley et al. (1989a) made use of a neutralizing polyclonal 
antibody that was raised in a rabbit against human FGF-2. Immunoglobulin G (IgG) 
purified from the neutralizing rabbit serum was incorporated into pellets that were 
designed to release the protein at a controlled rate of 0.1 IJ-g/ day over 14 days. Control 
pellets received IgG purified from preimmune rabbit serum. Each pellet was placed in 
the center of a polyvinyl alcohol sponge disk, and the disks were then implanted 
subcutaneously under the ventral panniculus camosus of rats. Histological analyses of 
the granulation tissue formed in the sponges after 7 to 9 days revealed that the material 
in the sponges containing the anti-FGF-2 IgG pellets exhibited strikingly less cellu
larity and vascularization than the granulation tissue formed in the control IgG sponges 
(Fig. 2). Broadley et al. (1989a) also showed that the DNA, protein, and collagen levels 
in the anti-FGF-2 sponges were reduced by about 25-35% relative to the control 
sponge values at day 7. Since the differences between the granulation tissues formed in 
the anti-FGF-2 and control sponges became less significant between 9 to 12 days after 
sponge implantation, the investigators interpreted their results as suggesting that en
dogenous FGF-2 indeed plays a role in mediating the normal rate of wound healing, but 
that its effects are more pronounced at earlier stages of the repair process. 

With this neutralization study, as with the three immunohistochemical studies 
described above, it is worth noting that potential cross-reactivity of the FGF-2 anti
bodies with other FGF family members was only analyzed with respect to FGF-l and 
(in so me cases) FGF-4. The possibility thus exists that the staining seen in the immu
nohistochemistry studies or the growth factor activity being neutralized in the Broadley 
et al. (1989a) study could represent other FGFs besides or in addition to FGF-2. 
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Figure 2. Histological analysis of polyvinyl alcohol sponge disks, 9 days after implantation under the 
panniculus camosus on the ventral surface of rats. (A, B) Sponge containing a slow-release pellet with no 
additions (placebo); (C, D) sponge containing a pellet releasing preimmune IgG; (E, F) sponge containing a 
pellet releasing anti-FGF-2 IgG. Asterisks indicate the positions of the slow-release pellets in the sponges. 
The histological sections are stained with Masson 's trichrome. Sponge material appears as the more uniform, 
darker gray areas in the panels; several such areas are indicated by arrows in panels B, D, and F. Magnifica
tion is X 25 (A, C, E) or x 100 (B, D, F). (Reprinted from Broadley et al. , 1989a, with permission.) 

3.3. Effects of Transgenie Expression of a Dominant Negative Mutant 
Form of the Type IIIb FGFR-2 Receptor ("KGF Receptor") 

The observation that the KGF/FGF-7 mRNA transcript level in mouse skin is 
markedly induced after full-thickness wounding had suggested to Wemer et al. (1992a) 
that this potent keratinocyte mitogen might playa central role in the reepithelialization 
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of wounds. To test this possibility, Werner et al. (1994b) took advantage of the fact that 
the only known high-affinity receptor for KGF/FGF-7 is the type IIIb fonn ofFGFR-2. 
Transgenic mice were therefore created in which a truncated fonn of the type IIIb 
FGFR-2 protein (lacking the tyrosine kinase domains) was expressed under the control 
of the keratin 14 promoter. Upon binding a ligand, such truncated mutants of tyrosine 
kinase FGF receptors have been shown to fonn nonfunctional heterodimers with wild
type FGFRs, with the result that no receptor signaling occurs in response to the ligand 
(KGF/FGF-7 or FGF-l, in the case of type IIIb FGFR-2). In the transgenic mice made 
by Werner et al. (1994b), the keratin 14 promoter was used for the purpose of targeting 
expression of the truncated receptor to the undifferentiated keratinocytes in the basal 
layer of the epidennis. 

While the transgenic mice were born with no apparent phenotypic abnonnalities, 
Wemer et al. (1994b) detected histological changes starting at 3 to 6 weeks after birth 
that included epidennal atrophy and dennal hyperthickening. When full-thickness 
excisional wounds were created in these mice, the reepithelialization of the wounds 
was found to be delayed relative to control animals. Analysis of in vivo 5-bromodeox
yuridine labeling of the wounded animals at day 5 after injury revealed that the number 
of proliferating cells in the epidennis at the wound edge in the transgenic mice was 20-
to l00-fold lower than the number seen at the wound edge in control animals. These 
results indicate that a ligand for the type IIIb FGFR-2 receptor is indeed critical for 
keratinocyte proliferation in response to full-thickness wounding, supporting the pro
posal (Werner et al., 1992a) that KGF/FGF-7 is involved in reepithelialization. 

4. EfTects of Exogenously Applied FGFs in Animal Models 
of Dermal Wound Healing 

The first indication that dennal repair could be influenced by the exogenous 
application of FGF proteins came from the work of Buntrock et al. (1982a,b, 1984) 
(Table 11). In these studies, polyvinyl rings were implanted under the dorsal skin of rats. 
On the day of surgery and every other day thereafter, a partially purified extract of 
bovine brain (now known to contain a mixture of FGF-l and FGF-2) was applied to a 
point inside the ring. At 3 and 7 days after the ring implantations, Buntrock et al. 
(1982a) noted a significant increase in the wet and dry weights of the extract-treated 
rings, relative to vehicle-treated controls. Histological analysis (Buntrock et al., 1982b) 
revealed in particular an increase in capillary fonnation in the tissue that had fonned 
within the extract-treated rings, and the investigators therefore concluded that applica
tion of the impure preparation of FGF was primarily resulting in the stimulation of 
angiogenesis. 

In the years since the work of Buntrock et al. (1982a,b, 1984), numerous wound
healing studies using highly purified preparations of FGF proteins have been published 
(Tables li-VI). These studies have utilized a wide range of different types of wound
healing models, including (1) granulation tissue fonnation in implants; (2) granulation 
tissue fonnation, epithelialization, and rate of wound closure in full-thickness exci
sions; (3) development of wound breaking strength in full-thickness incisions; and (4) 
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reepithelialization of partial-thickness wounds. In some cases, the wounds were made 
in animals with normal healing abilities; in other cases, animals were used in which 
wound-healing ability was impaired by the presence of a diabetic-like state, steroid 
treatment, malnutrition, bacterial contamination, or local tissue ischemia. As with 
Buntrock et al. (1982b), increased neovascularization after FGF application has often 
been noted in these studies (see Tables li-VI). These studies have also indicated that 
the FGFs can modulate other steps of dermal tissue repair besides angiogenesis. As 
summarized below, however, a review of these studies suggests that the FGF effects 
obtained can be influenced not only by the animal model used, but also by the dose of 
FGF, the vehicle, the timing of FGF treatment relative to wounding, and which FGF 
family member is applied. 

4.1. FGF-2: Models of Unimpaired Healing 

4.1.1. Implant Models 

Davidson et al. (1985) were the first to carry out wound-healing studies with 
highly purified FGF-2. Like Buntrock et al. (1982a,b, 1984), this group utilized a 
"dead space" implant as a model of deep dermal healing, but in this case polyvinyl 
alcohol sponge disks were implanted ventrally beneath the panniculus carnosus of the 
rats. Six days later, after the inflammatory response triggered by the surgery had 
subsided, the sponges were injected with vehicle or with 0.5 fJ.g of FGF-2 isolated 
from bovine cartilage. The sponges were then harvested at day 8 or day 9 postimplan
tation (2 or 3 days, respectively, postinjection). As in the results of Buntrock et al. 
(l982b), histological analyses of the sponges showed an increased angiogenic re
sponse in the FGF-2-treated implants. Davidson et al. (1985) also noted increased 
granulation tissue infiltration into FGF-2-treated sponges relative to controls (Fig. 3). 
Consistent with these histological findings, biochemical analyses of the tissue in the 
sponges on day 9 postimplantation showed a significantly greater accumulation of 
DNA, protein, and collagen in the FGF-2-treated disks versus controls. Interestingly, 
these effects were obtained even though the injected FGF-2 rapidly disappeared from 
the sponges (only about 10% of an injected dose of [125I]-FGF-2 was present in the 
sponges 4 hr later). 

In a subsequent series of reports (Davidson et al., 1988; Broadley et al., 1988, 
1989b; Davidson and Broadley, 1991), Davidson and colleagues examined a number of 
variations on the sponge implant model, such as injecting the FGF-2 into the sponges 
on day 3 postimplantation rather than day 6, and then harvesting the sponges 4 or 6 
days later (on day 7 or day 9 postimplantation). In these studies, which now used 
recombinant human FGF-2 (rhFGF-2), significant increases in DNA and protein con
tent were again found in the FGF-2-treated sponges relative to vehicle-treated controls. 
However, in contrast to the initial study (Davidson et al., 1985), the collagen content of 
the sponges in these subsequent studies tended to be lower in the FGF-2-treated disks 
relative to controls, which the investigators suggested could reflect FGF-2-induced 
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stimulation of collagenase production by cells in the wound area. The source of this 
difference in collagen response between the earlier and later studies is not clear. 

Three other groups have also reported studies on FGF-2 effects in implant-type 
models in rats. Fiddes et al. (1991) utilized the sponge implant model as described by 
Broadley et al. (1988, 1989b) and Davidson and Broadley (1991) to test the activity of 
a recombinant form of human FGF-2 they had produced; histological examination of 
the resulting sponges confirmed an increased level of granulation tissue infiltration and 
angiogenesis in response to the FGF-2 treatment. Staining of the histological sections 
with Masson's trichrome suggested in addition that an increase in collagen content had 
occurred in response to FGF-2, but this observation was not quantified with biochemi
cal analyses. Lazarou et al. (1989) also utilized sponge implants to test the activity of a 
form of rhFGF-2, but in this case the FGF-2 was applied to the sponges at the time of 
implantation. Unexpectedly, analysis of the sponges at 10 days postimplantation 
showed a significant decrease in tissue infiltration as well as decreased collagen con
tent in the sponges treated with FGF-2. One possible explanation for the difference in 
granulation tissue formation seen in this study versus the studies reported by Davidson 
and colleagues and Fiddes and co-workers is that, with this model, the time of acute 
application of the growth factor after wounding may be critical to obtaining consistent 
effects. Sprugel et al. (1987) emulsified bovine pituitary FGF-2 in a bovine dermal 
collagen suspension, placed the suspension in porous polytetrafluoroethylene tubes, 
and then implanted the tubes under the abdominal skin of rats. Analysis of the tube 
contents 10 days later indicated that the response to FGF-2 was quite variable in this 
model, but reflected on average an increase in DNA content and vascularization rela
tive to controls. Sprugel et al. (1987) also noted increased evidence for remodeling of 
the collagen matrix in the FGF-2-containing tubes, consistent with the idea that FGF-2 
may trigger the production of collagenase in the wound area. 

4.1.2. Rabbit Ear Dermal UIeer Model 

While the implant models of deep dermal healing produce responses in granula
tion tissue deposition that are accessible to biochemical as weH as histological an
alyses, these models suffer from two key drawbacks (Davidson et al., 1988): (1) the 
implants stimulate a mild foreign body reaction that could generate artifacts; and, (2) 
more importantly, these models do not examine reepithelialization and in fact exclude 
possible epithelial influences on the process of dermal repair. To avoid these draw
backs, Mustoe and colleagues (Mustoe et al., 1991; Pierce et al., 1992) developed a 
new model in which full-thickness circular wounds are made in rabbit ears by excision 
of punch biopsies down to bare cartilage. Due to an avascular cartilage base, these 

Figure 3. Formation of granulation tissue in implanted sponges in rats. Sponges were harvested 9 days after 
implantation, and fixed sections were stained with hematoxylin-eosin. (A) Sponge injected on day 6 post
implantation with vehicle (magnification: X 40). (B) Sponge injected on day 6 postimplantation with FGF-2 
(magnification X 40). (C) Higher-magnification (X 100) view of an FGF-2-injected sponge. Arrowheads in 
A and B indicate the extent of granulation tissue infiltration into the sponges and in C indicate capillaries 
within the granulation tissue. (Reproduced from Davidson et al., 1985, with permission.) 
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wounds are essentially noncontracting and heal by migration of new granulation tissue 
and epithelium from the wound periphery. 

In a study reported by Pierce et al. (1992), FGF-2 was applied to the ear wounds 
once at the time of surgery in an aqueous buffer (2 IJ.g rhFGF-2 per wound; 8 IJ.g/cm2 

of wound surface). A mutant form of rhFGF-2 was used in which two of the four 
cysteines were changed to serines, giving the molecule more stability (Seno et al., 
1988). When the wounds were analyzed after 7 days, the FGF-2-treated wounds con
tained significantly greater amounts of new granulation tissue relative to controls. The 
glycosaminoglycan (GAG) and fibronectin content in the wound bed was also signifi
cantly higher in the FGF-2-treated wounds, as was the amount of neovascularization 
(in fact, specific lectin staining indicated that the cells within the FGF-2-induced 
matrix were almost entirely endothelial cells). However, the FGF-2-treated wounds 
showed significantly less new collagen accumulation over time than controls, and 
Sirius red staining of histological sections revealed approximately 50% greater erosion 
of mature collagen bundles in the unwounded dermis around the borders of the FGF-2-
treated ear ulcers relative to controls, suggesting FGF-2-induced collagenolysis. Sur
prisingly, Pierce et al. (1992) found that the accumulation of GAG- and fibronectin
rich matrix in the FGF-2-treated wounds continued even after the wounds were fully 
closed, with the result that a palpable mass had formed by 10 to 14 days postwounding. 
Since no such phenomena were seen with control, PDGF-treated, or TGF-ß l-treated 
wounds, the investigators proposed that excess FGF-2 may directly or indirectly inter
rupt the normal signals involved in the resolution of the healing response in this model. 
Whether this effect is related to the use of the mutant form of FGF-2 remains to be 
determined. 

The study reported by Mustoe et al. (1991) was similar in design to that of Pierce 
et al. (1992), except that wild-type rhFGF-2 was used (rather than the mutant form) and 
the rhFGF-2 was applied in a bovine collagen suspension. Presumably as a result of 
one or both of these differences in experimental design, the observations reported by 
Mustoe et al. were quite different from those of Pierce et al.: while FGF-2 treatment in 
the Mustoe et al. study significantly stimulated the rate of wound reepithelialization 
and appeared to increase neovascularization, there was no significant stimulation of 
granulation tissue formation relative to vehicle-treated wounds. Pierce et al. (1992) 
suggested that binding of the FGF-2 to its collagen vehicle in the Mustoe et al. study 
may have adversely affected its ability to interact with cells in the wound. 

As part of a study on ischemic versus nonischernic wound repair in the presence of 
growth factors (see Section 4.2.5.), Mustoe et al. (1994) have recently repeated the 
approach of Pierce et al. (1992) of applying the mutant form of rhFGF-2 to the full
thickness rabbit ear wounds (the vehicle used in this new study was not described). In 
agreement with Pierce et al. (1992), Mustoe et al. (1994) observed significantly greater 
angiogenesis and new granulation tissue in the FGF-2-treated, nonischemic wounds 
relative to vehicle-treated controls. 

4.1.3. Rodent Full-Thickness Excisional Wound Models 

The effects of FGF-2 on the healing of full-thickness excisional wounds have also 
been examined in a number of studies using normal mice (Tsuboi and Rifkin, 1990; 
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Greenhalgh et al., 1990; Klingbeil et al., 1991; Vhl et al., 1993) and rats (Stenberg et 
al., 1989, 1991). In contrast to the rabbit ear results of Pierce et al. (1992) and Mustoe 
et al. (1994) described above, all of these investigators reported liuIe or no effect on the 
rate of wound closure or granulation tissue formation when up to 27 j.Lg/cm2 (in mice) 
or 66.7 j.Lg/cm2 (in rats) ofrhFGF-2 was applied to the wounds in a variety of vehicles 
(see Table 11 and Fig. 4). The source of the difference in results between the rabbit and 
rodent studies is not clear, but possible explanations include the species difference and 
the use of a mutant form of rhFGF-2 in the two rabbit studies. 

In the studies by Tsuboi and Rifkin (1990), Greenhalgh et al. (1990), Klingbeil et 
al. (1991), and Stenberg et al. (1989, 1991), the excisional wounds were made in the 
backs or sides of the animals, rather than on the ears as in the rabbit studies. Thus, the 
differential effects of FGF-2 could also be due to differences in wound location, 
especially given the fact that the back and side wounds of the rodents were healing 
mainly by contraction, while the rabbit ear wounds were essentially noncontracting. 
However, in a more recent study, Vhl et al. (1993) made full-thickness excisional 
wounds in the ears of mice and then examined the effects of rhFGF-2 treatment on the 
rate at which the wound surface area decreased (reepithelialized). The rhFGF-2 was 
injected around the edge of the wounds on 3 consecutive days postwounding. In 
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agreement with the other rodent studies on full-thickness excisional wounds, the mouse 
ear wounds did not show an increase in the rate of wound closure in response to FGF-2 
(although there was a slight but significant decrease in the average time to complete 
reepithelialization in the FGF-2-treated wounds). 

In addition to measuring the rate of wound closure in their rat study, Stenberg et 
al. (1989, 1991) also excised the wound at the time of closure and measured the 
breaking strength of the wound scar. Interestingly, despite the lack of an effect on how 
fast the wounds closed in FGF-2-treated versus control animals, the FGF-2-treated 
wounds formed scars with significantly less strength than the scars of the control 
wounds, suggesting that the application of FGF-2 led to the formation of less cross
linked collagen by the time of wound closure. 

4.1.4. Incisional Healing Models 

Another wound model that incorporates both dermal and epidermal repair events 
is the healing of full-thickness incisions ("surgical wounds"). To test the effects of 
FGF-2 in this type of model, McGee et al. (1988) made dorsal incisions in rats, closed 
the wounds with sutures, and then 3 days later injected the wounds with either 0.4 ILg 
rhFGF-2 or saline vehicle. The wounds were analyzed for the degree of repair on days 
5,6, and 7 postwounding. Measurements ofthe tensile strength ofthe wounds indicated 
an increase in strength of about 35-40% in the FGF-2-treated incisions relative to 
controls, but the increase did not reach statistical significance unless the data from all 
three analysis days were pooled (54 measurements). Histological examination of the 
wounds indicated that there was better collagen organization and a more mature epider
mallayering in the FGF-2-treated incisions than in controls. These histological results, 
coupled with the observation that only slight differences in wound collagen content 
were observed with FGF-2 treatment, led the investigators to suggest that FGF-2 was 
influencing tensile strength in the incision by accelerating the cross-linking of collagen 
within the wounds [in contrast to Stenberg et al. (1989, 1991), who hypothesized that 
less collagen cross-linking occurred in their rat excisional wounds after FGF-2 treat
ment]. 

Slavin et al. (1992) also tested the effects of rhFGF-2 on incisional wound healing 
in rats, but in this case the rhFGF-2 (or vehicle) was applied on the day of wounding. In 
initial experiments, the rhFGF-2 was applied in either collagen or saline, and doses 
from 0.5 ILg to 50 ILg were used. At day 7 postwounding, no increases in wound 
strength were observed in FGF-2-treated versus control incisions. In a similar set of 
experiments, Phillips et al. (1993) applied 10 ILg of rhFGF-2 to incisions in rats on the 
day of wounding and also observed no significant change in wound strength versus 
controls as the incisions healed. Thus, as with the sponge implant model (see Table 11), 
treating the incisional wounds on day 0 appears to give a different result than if the 
FGF-2 is applied on day 3 ras was done by McGee et al. (1988)]. In the Slavin et al. 
(1992) study, wounds treated with 50 ILg rhFGF-2 actually showed a significant de
crease in strength [reminiscent of Stenberg et al. (1989, 1991)], even though histologi
cal analysis indicated that the FGF-2 treatment caused a significant increase in wound 
vascularization and cellularity. 
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Given the lack of accelerated healing in their initial experiments, Slavin et al. 
(1992) tried delaying the release of the FGF-2 by encapsulating 5 ~g of the growth 
factor in red blood cell ghosts prior to application to the incisions on day O. This 
approach resulted in incisions that were now approximately 50% stronger on day 7 
relative to wounds treated with ghosts alone, equivalent to the effect seen when 2 ~g 
TGF-ß was applied at day 0 in a collagen suspension. These results are thus consistent 
with the hypothesis that FGF-2 may only be able to accelerate the incisional repair 
process if it is present after the initial wave of wound-healing events. Interestingly, the 
FGF-2 wounds treated with the red blood cell ghosts were actually significantly less 
cellular at day 7 postwounding than control wounds. 

Wu and Mustoe (1995) have recently developed an incisional repair model in the 
rabbit ear, with full-thickness wounds made down to the cartilage. After growth factor 
or vehicle treatment on day 0, the wounds are sutured, allowed to heal for 10 days, and 
then excised for measurement of wound breaking strength. Using this model, Wu and 
Mustoe have tested the incision-healing effects of the mutant form of rhFGF-2 in which 
two cysteines were changed to serines. As in the other incisional-healing studies 
described above where the FGF-2 was applied on day 0 (Slavin et al., 1992; Phillips et 
al., 1993), Wu and Musto~ (1995) observed no differences in wound strength when 20 
~g of mutant rhFGF-2 was tested in this manner. 

The results of Tsuboi and Rifkin (1990) provide the one exception to the idea that 
wound strength is not increased if incisions in normal animals are treated once with 
FGF-2 at the time of wounding. These investigators applied 5 ~g of rhFGF-2 to 
incisions in db/ +m mice and then measured the breaking strength on day 9 postwound
ing. The FGF-2-treated incisions showed a small (24%) but significant enhancement of 
breaking strength when compared to vehicle-treated wounds. The cause of this differ
ence relative to the other incision studies described here remains to be determined, but 
possibilities include the different species used, the particular mouse strain chosen, or 
the use of a 1.5% carboxymethylcellulose vehicle. 

4.1.5. Partial-Thickness Skin Wound Models 

The ability of FGF-2 to stimulate the growth of keratinocytes in culture (O'Keefe 
et al., 1988; Shipley et al., 1989) suggested that FGF-2, in addition to its effects on 
granulation tissue formation, might also serve to accelerate epidermal healing in 
wounds. To test this possibility, Hebda and colleagues (Hebda et al., 1990a; Fiddes et 
al., 1991) applied rhFGF-2 to 1 cm2 partial-thickness wounds made in the paravertebral 
and thoracic areas of pigs. The rhFGF-2 was applied once to the wounds in a saline 
vehicle at the time of wounding. Subsets of the wounds were then excised on days 3 to 
7 postwounding and examined to determine the number that were completely reep
ithelialized. Relative to vehicle-treated controls, a significantly greater percentage of 
wounds treated with 10 ~g of rhFGF-2 were found to be fully reepithelialized on days 
5,6, and 7. A significant acceleration in the rate of epithelialization was also seen with 
the application of 1 ~g of rhFGF-2; however, 0.1 ~g rhFGF-2 appeared ineffective. 
Application of 10 ~g of growth factor on days 0, 1, and 2 showed no greater effect than 
a single application on day O. Histological examinations of the excised wounds indi-
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cated that FGF-2 treatment resulted in the earlier appearance of epidermal migration 
and collagen deposition, as weIl as an increased neovascularization in the wound bed. 
Overall, the study indicated that healing in the FGF-2-treated wounds was proceeding 
about 1 day (-20%) faster than in the control wounds. 

Lynch et al. (1989) also tested the ability of FGF-2 to stimulate partial-thickness 
wound healing in pigs, but they observed no significant effects and reported only a 
trend toward increased epidermal thickness and hydroxyproline content in the wounds 
in response to FGF-2. It is worth noting, however, that Lynch et al. (1989) did not 
analyze the wounds until day 7 postwounding, past the point at which Hebda et al. 
(1990a) saw the greatest difference between FGF-2- and vehicle-treated wounds. 
Lynch et al. (1989) also applied only 0.5 j.Lg (0.33 j.Lg/cm2) of FGF-2 to the wounds, 
less than the minimum effective dose (1 j.Lg/cm2) in the Hebda et al. study. Other 
possible explanations for the difference in results include the difference in vehicle used 
(phosphate-buffered saline in the case of Hebda et al.; 3% methylcellulose gel in the 
case of Lynch et al.), and the fact that Hebda et al. left the wounds uncovered while 
Lynch et al. utilized a semiocclusive dressing. 

Consistent with the results of Lynch et al. (1989), LeGrand et al. (1993) only saw 
non-statistically significant trends toward accelerated healing when they applied 
rhFGF-2 to partial-thickness wounds in a rodent (guinea pigs). In this study, a dressing 
material was saturated with an FGF-2 solution (0.1-30 j.Lg total rhFGF-2) and then 
applied to the 3 cm2 wounds on day 0; fresh FGF-2-saturated dressings were placed on 
the wounds on days 1, 2, 3, and 4. No changes were seen in the degree of wound 
reepithelialization at day 3 or day 7 relative to vehicle-treated wounds, but histological 
analysis of the wounds at day 7 postwounding showed a trend toward a greater depth in 
the new granulation tissue that had formed below the new epidermis. 

Eriksson et al. (1989) made partial-thickness bum wounds in pigs, removed the 
damaged epidermis, and then covered each wound with a liquid-tight, closed vinyl 
chamber. The chambers were filled with either saline vehicle or vehicle containing 10 
ng/ml rhFGF-2; the fluids in the chambers were then removed daily and replaced with 
fresh vehicle or growth factor solution, respectively. Although no statistical analyses 
were presented in this preliminary report, the investigators found by histological exam
ination of the wounds that the FGF-2-treated bums were 98% reepithelialized by day 6 
versus 85% reepithelialization in the vehicle-treated bums. 

While the results of Hebda et al. (1990a) and Eriksson et al. (1989) suggested that 
application of FGF-2 could be beneficial for the healing of partial-thickness clinical 
wounds, a study by Cooper et al. (1991) indicated that in some cases exogenous FGF-2 
could be detrimental to the epithelialization process. The wound-healing model utilized 
by this group involved the placement of meshed, split-thickness human skin onto full
thickness wounds in athymic (BALB/c nu/nu) mice. A polyacrylamide gel dressing 
with or without incorporated growth factor was placed over the graft to provide slow 
release delivery of the rhFGF-2 (about 100 ng/cm2 total dose per dressing application). 
The wounds were examined every 2 days for the degree of epithelialization in the 
interstices of the graft, and fresh dressings were applied. The grafts were then excised 
at day 8 and examined histologically. While a "beefy" granulation tissue bed of vas
cularized tissue was found in the FGF-2-treated wounds, there were significantly fewer 
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grafts showing reepithelialization in these wounds compared to wounds treated with 
the polyacrylamide gel dressing alone. 

4.2. FGF -2: Models of Impaired Healing 

Stimulation of repair in poorly healing or nonhealing wounds in humans has often 
been proposed as a key clinical problem that might be helped by the exogenous 
application of growth factors. Given this likely clinical target, a number of laboratories 
have tested the ability of FGF-2 to modulate repair in impaired healing models in 
animals (Table III). 

4.2.1. Wounds in Diabetic Animals 

The first study of FGF-2 in impaired wounds was reported by Broadley et al. 
(1988, 1989b), who examined granulation tissue deposition in rats that had been made 
acutely diabetic by treatment with streptozotocin (an antibiotic that causes destruction 
of pancreatic beta cells). Polyvinyl alcohol sponge disks were implanted beneath the 
ventral panniculus carnosus of the rats, and 5 IJ.g of rhFGF-2 or vehicle alone was 
injected into the sponges 3 days later. The sponges were removed and analyzed on day 
7 or day 9. When compared with vehicle-treated sponges removed from normal rats, 
the vehicle-treated sponges from the diabetic rats showed significantly less collagen 
content, protein content, and (at day 7) DNA content, indicating an impaired rate of 
granulation tissue accumulation. Application of rhFGF-2 resulted in a partial reversal 
of the healing defect in the diabetic rats, in that the FGF-2-treated sponges from these 
rats contained almost three times as much DNA by day 9 as did the vehicle-treated 
sponges and also contained a significantly greater amount of protein. However, consis
tent with the results they (Broadley et al., 1988, 1989b) and others (Pierce et al., 1992) 
have reported in normal animals (see Table 11), Broadley and colleagues found that the 
application of FGF-2 in the diabetic rats actually resulted in a further decrease in the 
collagen level in the sponges. 

Phillips et al. (1990, 1993) also examined FGF-2 effects on healing in 
streptozotocin-treated rats, but focused on breaking strength of full-thickness incisions 
rather than on granulation tissue deposition in sponge implants. In the Phillips et al. 
studies, the rhFGF-2 or aqueous vehicle alone was applied at the time of surgery and 
was injected into the wound edges (to reduce loss due to leakage). The wounds were 
sutured and breaking strength was then measured at days 7, 10, and 14 postwounding. 
On all three harvest days, the vehicle-treated wounds from the diabetic rats showed 
significantly less strength than similar wounds taken from normal rats. Application of 
FGF-2 produced no significant changes in the day 7 or day 10 measurements; however, 
by day 14, the FGF-2-treated wounds from the diabetic rats showed a complete reversal 
of the healing defect and were as strong as vehicle-treated wounds from the normal 
rats. In contrast, as indicated above (see Table 11), Phillips et al. (1993) saw no 
difference in breaking strength at any time point when FGF-2 was used to treat 
incisional wounds in normal rats. 
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The C57BL/KsJ db/ db mouse strain carries a mutation that results in the develop
ment of a number of symptoms reminiscent of human adult-on set diabetes, including 
severe hyperglycemia, obesity, and insulin resistance. Tsuboi and Rifkin (1990) exam
ined the healing of full-thickness incisions in these animals and found that, on day 9 
postwounding, the wounds from the db/ db mice had about half the breaking strength of 
wounds in normal, heterozygous (db/+m) mice. Similar to the results with the 
streptozotocin-treated rats (Phillips et al., 1993), application of rhFGF-2 (5 IJ.g on day 
0) was found to significantly increase the day 9 breaking strength of the wounds from 
the db/db mice, so that they showed on average about 80% of the strength of wounds 
taken from db/+m mice. However, in contrast to the results of Phillips et al. (1993), 
Tsuboi and Rifkin (1990) also reported an approximately 24% increase in breaking 
strength when incisions in the nondiabetic (dbl+m) mice were treated with FGF-2 
(Table 11). 

Several groups (Tsuboi and Rifkin, 1990; Greenhalgh et al. , 1990; Klingbeil et al., 
1991; Fiddes et al., 1991; Tsuboi et al., 1992) have also used the C57BL/KsJ db/db 
mouse strain to examine the effects of FGF-2 on the healing of full-thickness dermal 
excisions in the presence of a diabetes-like state. All of these groups reported a 
profound impairment in the healing of vehicle-treated excisional wounds in the db/ db 
animals relative to db/+m littermates, with significant delays seen in the entry of 
inflammatory cells, in the formation of granulation tissue, and in the rate of wound 
closure. Tsuboi and Rifkin (1990) found that 0.5 IJ.g or 5 IJ.g (1.8 or 18 IJ.g/cm2) 

rhFGF-2, applied either once on day 0 or once a day for 5 days, almost completely 
reversed the impairment in granulation tissue formation in the db/db wounds when 
analyzed on day 8 postwounding; however, they saw no significant change in the rate 
of wound closure after FGF-2 treatment. Greenhalgh et al. (1990) examined wounds on 
day 10 postsurgery, after having treated the wounds with 1 IJ.g (0.44 IJ.g/cm2) of 
rhFGF-2 per day on days 0-4; these investigators also reported a dear increase in 
granulation tissue formation with no statistically significant improvement in the degree 
of wound dosure [although increased wound closure after FGF-2 treatment was evi
dent when the wounds were examined at day 21 postwounding (Greenhalgh et al., 
1990; Albertson et al., 1993)]. In contrast, Klingbeil et al. (1991) noted a rapid increase 
in wound closure in diabetic wounds treated on day 0 with either 2 IJ.g or 20 IJ.g (1 or 10 
IJ.g/cm2) of rhFGF-2 (Fig. 4), and this increase was statistically significant on days 6-
30 postwounding (see also Fiddes et al., 1991). The rate of wound closure in the 
diabetic wounds treated with 20 IJ.g of rhFGF~2 was nearly equivalent to that seen in 
vehicle-treated nondiabetic (db/+m) wounds (Fig. 4). 

A possible explanation for the wound closure differences seen between the three 
db/ db studies described above may lie with the way the wounds were dressed. Tsuboi 
and Rifkin (1990) left the wounds open, and speculated that the large scabs that formed 
may have inhibited keratinocyte migration. Greenhalgh et al. (1990) covered the 
wounds with Opsite, a semipermeable dressing that has itself recently been shown to 
delay wound closure in db/db mice (Lasa et al., 1993). Klingbeil et al. (1991) covered 
the wounds with an occlusive dressing (Bioclusive). 

Interestingly, Tsuboi and Rifkin (1990) and Tsuboi et al. (1992) noted that the 
effects of FGF-2 application on granulation tissue formation, wound cellularity, and 
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neovascularization in the dbldb wounds peaked at around 8-12 days. The amount of 
granulation tissue, cells, and capillaries in the wounds then began to decrease, suggest
ing to the investigators that the wound-healing effects of FGF-2 are not unlimited, but 
are rather subject to normal events of wound-healing resolution and maturation. These 
results are thus in contrast to those reported by Pierce et al. (1992), who noted exces
sive accumulation of granulation tissue in full-thickness dermal ear ulcers in rabbits 
that had been treated with a stabilized (mutant) form of rhFGF-2 (see Table 11). 

Another mouse strain that at least transiently displays diabetes-like metabolie 
defects is the obese (obi ob) mouse. Klingbeil et al. (1991) examined full-thickness 
excisional wound healing in this strain and, as with the dbldb mice, found a severe 
decrease in the rate of wound closure relative to nonobese (obi +) littermates. Treat
ment of the obi ob mouse wounds with as little as 0.2 IJ.g (0.1 IJ.g/cm2) of rhFGF-2 on 
the day of wounding significantly accelerated the closure rate; treatment with 20 IJ.g 
(10 IJ.g/cm2) of rhFGF-2 appeared to completely reverse the impairment in the rate of 
wound closure. 

4.2.2. Wounds in Glucocorticoid-Treated Animals 

As an additional test of the ability of FGF-2 to stimulate full-thickness wound 
healing in impaired situations, Klingbeil et al. (1991) utilized hairless (hrl hr) mice that 
had been injected with an anti-inflammatory glucocorticoid (prednisolone acetate) 5 hr 
before excisional wounds were made in the animals. While wounds in normal hrl hr 
mice closed at approximately the same rate as wounds in dbl + mice, the wounds in the 
prednisolone-treated mice closed significantly less rapidly. This impairment in wound 
closure rate was completely reversed by the application of 2 IJ.g (1 IJ.g/cm2) or 20 IJ.g 
(10 IJ.g/cm2) of rhFGF-2 on the day of wounding. A dose of 0.2 IJ.g was also found to 
significantly accelerate the rate of wound closure. 

4.2.3. Wounds in Protein-Malnourished Animals 

Another condition that is often associated with clinically relevant wound-healing 
impairment is malnutrition. To test whether the application of FGF-2 could serve to 
reverse this type of healing defect, Albertson et al. (1993) placed C57BL/KsJ dbl+m 
mice on a 1 % protein diet and then examined the rate of closure of Opsite-covered full
thickness excisional wounds made in the backs of the mice. Vehicle-treated wounds in 
these mice showed a small but significant decrease in the extent of wound closure on 
day 10 postwounding relative to wounds on mice fed regular chow, as expected with 
the malnourishment. Treating the wounds with rhFGF-2 (0.44 IJ.g/cm2/day for 5 days), 
however, did not enhance the extent of wound closure in either the normal or malnour
ished animals. 

Albertson et al. (1993) then extended their study to genetically diabetic (C57BL/ 
KsJ dbldb) mice. As with the dbl+m mice, the dbldb mice, when placed on a 
1 % protein diet, also showed a significantly decreased ability to close full-thickness 
wounds, relative to mice of the same strain fed normal chow. Histological comparison 
of the wounds at day 21 from malnourished and nonmalnourished dbldb mice showed 
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a marked decrease in the cellularity and amount of granulation tissue deposition in the 
malnourished animals. These malnutrition-associated delays in wound c1osure, cell 
accumulation, and granulation tissue formation all appeared to be completely reversed 
if the wounds in the malnourished animals were treated with 1 f.Lg (0.44 f.Lg/cm2) 
rhFGF-2 for 5 days. The investigators speculated that the ability of FGF-2 to overcome 
the malnutrition healing impairment in the db/ db but not the db/ + m mice on the 1 % 
diet may be related to the observations of Greenhalgh et al. (1990), who showed that 
Opsite-covered, full-thickness wounds in db/ + m mice c10se mainly by contraction, 
while the Opsite-dressed db/ db wounds heal mainly by granulation tissue formation 
and reepithelialization. FGF-2 may thus be able to stimulate chemotaxis, cellular 
proliferation, and angiogenesis in the face of malnutrition, but may be unable to 
promote wound contraction in this model. 

4.2.4. Wounds with Bacterial Contamination 

Robson and colleagues (Stenberg et al., 1989, 1991; Hayward et al., 1992; Fiddes 
et al., 1991) have tested the ability of FGF-2 to stimulate healing in wounds inoculated 
with Escherichia coli. Stenberg et al. (1989, 1991) used a model in which E. coli cells 
were added to full-thickness excisional wounds in rats, producing a significant increase 
in the time needed for full c10sure of the wounds. In this model, one application of 1, 
10, or 100 f.Lg (0.67, 6.7, or 67 f.Lg/cm2, respectively) of rhFGF-2 to the infected 
wounds was found to completely reverse the healing delay and cause the wounds to 
c10se as fast or faster than uninfected wounds. Hayward et al. (1992) extended this 
observation by studying chronic granulating wounds, formed by seeding E. coli on day 
o into full-thickness dorsal bums in rats. The wounds were debrided on day 5, and 100 
f.Lg/cm2 of rhFGF-2 was applied. In contrast to the results of Stenberg et al. (1989, 
1991), Hayward et al. detected no improvement in wound c10sure rate with this single 
dose ofrhFGF-2. However, if 100 f.Lg/cm2 ofrhFGF-2 was applied on days 5, 9,12,15, 
and 18 postbum, the rate of wound c10sure was markedly accelerated to the point 
where it was indistinguishable from the wound c10sure rate in uninfected animals. 
Doses of 1 f.Lg/cm2 or 10 f.Lg/cm2 applied on days 5, 9, 12, 15, and 18 were not 
effective. 

The difference in results obtained by Stenberg et al. (1989, 1991) and Hayward et 
al. (1992) when a single dose or lower doses of FGF-2 was used could be due to a 
number of factors, but it is worth noting that the wound area in the Stenberg et al. 
studies was 1.5 cm2 versus 30 cm2 in the Hayward et al. study. In addition, the bacterial 
counts in the wound areas during the healing process were markedly higher in the latter 
study (1 OL 108 organisms per gram tissue versus lOC 105 in the Stenberg et al. 
experiments ). 

4.2.5. Ischemic Wounds 

Since a frequent characteristic of chronic nonhealing human wounds is an associa
tion with local tissue hypoxia, Mustoe and colleagues (Ahn and Mustoe, 1990; Mustoe 
et al., 1994; Wu and Mustoe, 1995; Wu et al., 1995) have recently focused on wound
healing models where sustained ischemia is present in the wound area. In these models, 
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rabbit ears are made ischemic by cutting and cauterizing two of the three arteries found 
at the base of the ear. Wu and Mustoe (1995) then made full-thickness incisions in the 
ears, treated the incisions with either rhFGF-2 (double cysteine-mutant form) or vehi
cle, and let the incisions heal for 10 days before testing the wound-breaking strength. A 
single dose (20 ILg) of the mutant rhFGF-2 was found to have no effect on the wound 
strength under these conditions (or on the strength of incisions in ears that had not been 
made ischemic) (see Table 11). 

Mustoe and Wu and their colleagues (Mustoe et al., 1994; Wu et al., 1995) have 
also made full-thickness excisions in the ischemic ears and then examined the ability of 
the mutant rhFGF-2 to stimulate new granulation tissue formation and reepithelializa
tion in these dermal ulcers. As in the case of the ischemic incisions, treatment of the 
ischemic dermal ulcers with a single dose of rhFGF-2 (5-30 /-Lg) failed to produce any 
significant effects on granulation tissue or epithelium formation, even though increased 
neovascularization was noted. Interestingly, however, when the rabbits were subjected 
to hyperbaric oxygen therapy in addition to being treated with the mutant rhFGF-2, the 
FGF-2 triggered an increase of over 200% in the amount of new granulation tissue 
formed by day 7 postwounding (relative to ischemic wounds in the contralateral ear, 
which was treated with vehicle alone). The FGF-2-treated wounds now also showed 
almost twice as much new epithelium at day 7. Wu et al. (1995) therefore suggest that 
the ability of FGF-2 to stimulate at least some types of wound-healing events may be 
critically dependent on tissue oxygen tension in the wound area. These investigators 
have also proposed that inhibition of the actions of endogenous FGF-2 may actually 
contribute to the wound-healing deficit seen in the presence of ischemia. 

Quite different conclusions about the activity of FGF-2 in the presence of ische
mia were drawn by Vhl et al. (1993), who also examined the healing of fuIl-thickness 
excisions in ischemic ears. Mice were used rather than rabbits in these experiments, but 
the ears were again made ischemic by blocking two of the three vascular bundles 
entering the ear. FGF-2 (recombinant human, nonmutant) was applied on three consec
utive days to the fuIl-thickness excisions and was injected around the edge of the 
wounds rather than applied topically. Vnder these conditions, FGF-2 treatment resulted 
in a significant acceleration in the rate at which the wounds closed over time. Histo
logical analyses also revealed a significant increase in neovascularization and granula
tion tissue formation as a result of FGF-2 application. Given the various differences in 
the protocols used by these investigators and Wu et al. (1995), it is not clear why Vhl et 
al. (1993) saw significant FGF-2 effects in the presence of ischemia while Wu et al. 
(1995) did not. It is worth noting, however, that the FGF-2-treated wounds in the Vhl et 
al. study showed evidence of an inflammatory reaction that persisted through day 13 
postwounding, which may have contributed to the granulation tissue and epithelializa
tion effects seen. 

4.3. FGF-l 

Although FGF-l was purified to homogeneity and cloned at about the same time 
as FGF-2, it is at present far less weIl characterized with regard to in vivo wound
healing activity. The effects of FGF-l have only been reported for a limited number of 
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animal models of dermal tissue repair (Table IV), including: (1) full-thickness exci
sions in normal mice and rats (Mellin et al., 1992; Matuszewska et al. , 1994); (2) full
thickness incisions in normal rats (Mellin et al., 1992); and (3) full-thickness excisions 
in diabetic (db/db) mice (Matuszewska et al., 1994; Mellin et al., 1995). 

Mellin et al. (1992) utilized recombinant versions of both bovine and human 
FGF-1 to examine the effects of this factor on tissue repair in rodents under unimpaired 
conditions. Since the presence of heparin was required for full biologica1 activity of the 
recombinant FGF-1 in vitro (Linemeyer et al., 1987; Jaye et al., 1987), Mellin et al. 
(1992) also included heparin in all treatments with the FGF-1 in vivo. In an initial 
study, full-thickness excisional wounds were made by punch biopsy in the backs of 
mice, and the wounds were then treated twice a day with 0.25 j.Lg (0.9 j.Lg/cm2) of 
recombinant bovine FGF-1. No dressings were applied to the wounds. Planimetry 
measurements of the wound area remaining open over time indicated that the FGF-l
treated excisions showed a significantly greater amount of closure than did vehicle
treated controls on days 2, 4, and 6 postwounding. 

Given the positive results seen in mice, Mellin et al. (1992) then tumed to full
thickness excisions in rats. In these experiments, recombinant human FGF-1 (rhFGF-1) 
was used rather than bovine sequence material. As in the mouse study, wounds made 
with a punch biopsy were treated twice a day with the growth factor and were left 
undressed. Applications of 0.5 j.Lg (1.8 j.Lg/cm2) rhFGF-1 in this model were found to 
significantly increase the rate of wound closure, and the FGF-1-treated excisions on 
average reached full closure 3-4 days sooner than the vehicle controls. Histological 
examination of the wounds on day 8 postsurgery indicated that the rhFGF-1 treatments 
resulted in significantly greater granulation tissue formation and neovascularization 
than in controls, but did not appear to affect the degree of wound contraction. Inter
estingly, as had been noted earlier for FGF-2 application in normal rats (Lazarou et al., 
1989; Stenberg et al., 1989, 1991; Slavin et al., 1992; Phillips et al., 1993) (see Table 
11), Mellin et al. (1992) found that if they altered the protocol and treated the wounds 
with rhFGF-l only on the day of wounding, no significant acceleration of healing was 
detected. 

In a final test of FGF-l 's effects on normal healing in rodents, Mellin et al. (1992) 
applied rhFGF-l to full-thickness dorsal incisions in rats. The sutured wounds were 
treated daily with 2 j.Lg of rhFGF-l; part of the rhFGF-1 was applied topically while the 
rest was injected at intervals at the base of the incisions. Wound breaking strength 
measurements showed that the FGF-1 treatments resulted in wounds that were signifi
cantly stronger at day 10 postsurgery than vehicle-treated incisions. Histological an
alyses also indicated that daily application of rhFGF-1 stimulated collagen deposition 
and the accumulation of cells in the wound area. 

To test the effects of FGF-1 in a model of impaired healing, Matuszewska et al. 
(1994) and K. Thomas and colleagues (Mellin et al., 1995) have applied rhFGF-1 to 
full-thickness excisions made in the backs of diabetic (db/db) mice. In these studies, 
the rhFGF-1 was generally formulated with heparin and a viscosity-increasing agent 
(hydroxyethyl cellulose); of the two additives, however, only the heparin was shown to 
be important for the in vivo activity ofthe FGF-l. As in the experiments of Klingbeil et 
al. (1991) on FGF-2 effects in db/db mice, the wounds in these FGF-1 studies were 
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covered with a Bioclusive dressing. Both Matuszewska et al. and Mellin et al. have 
found that application of 6 /-Lg (3 /-Lg/cm2) of the rhFGF-l on days 0, 3, and 7 after 
surgery resulted in an increase in the rate of wound closure relative to vehicle controls, 
with the increase becoming statistically significant starting at days 7-10 postwound
ing. The difference between FGF-l- versus vehicle-treated wounds was partieularly 
apparent as the excisions approached full closure: Mellin et al. (1995) calculated that 
the mean time required to completely heal the FGF-l-treated wounds was 30 days less 
than the mean time to complete healing in the control wounds. A dose as low as 1.2 /-Lg 
(0.6 /-Lg/cm2) given on days 0, 3, and 7 was found to be as effective as the 6-/-Lg dose 
given on these days. Matuszewska et al. (1994) also reported signifieant effects if the 
rhFGF-l was applied only once on day 0, but the acceleration in wound closure in this 
case was not as pronounced as when doses were applied on days 0, 3, and 7. In contrast, 
similar to the results of Mellin et al. (1992) with normal rats, Matuszewska et al. (1994) 
found no effects on the rate of wound closure when the rhFGF-l was applied once on 
day 0 to normal, nondiabetic miee (db!+m). 

4.4. FGF·4 

As with FGF-l, only limited information is so far available on the ability of 
exogenous FGF-4 to modulate dermal wound repair (Table V). Much of that informa
tion has been generated by Wu and Mustoe and their collaborators (Wu and Mustoe, 
1995; Wu et al., 1995). As described above in the review of FGF-2 animal wound
healing studies, these investigators have developed models in whieh full-thiekness 
incisions or full-thiekness dermal excisions are made down to the cartilage in rabbit 
ears. By cutting and cauterizing the rostral and central arteries at the base of the ear to 
be wounded, these investigators can also create an ischemie, impaired wound-healing 
situation in the ears (Ahn and Mustoe, 1990; Mustoe et al., 1994). 

Recombinant human FGF-4 (rhFGF-4) has been tested by Mustoe and Wu and 
their colleagues in both the incision and excision injury models, under both ischemic 
and nonischemic conditions. In each set of experiments, a single dose of either 
rhFGF-4 or the vehicle alone was applied to the wounds on the day of wounding. In the 
case of the incision model, the sutured wounds were then allowed to heal for 10 days 
before being tested for wound breaking strength. Surprisingly, while a 20-/-Lg dose of 
rhFGF-2 had produced no significant effects in this model, an identical dose of 
rhFGF-4 resulted in a small but significant increase in wound breaking strength under 
both normal and ischemie conditions (Wu and Mustoe, 1995). Similarly, histologieal 
examination of full-thickness excisions treated with 5 /-Lg (20 /-Lg/cm2) of rhFGF-4 
revealed signifieant increases in the amount of new granulation tissue and epithelium 
formed by day 7 postwounding under both ischemie and nonischemic conditions, 
relative to vehicle-treated controls (Wu et al., 1995). Particularly striking results were 
observed in FGF-4-treated excisions under the hypoxie conditions, where a dose of 15 
/-Lg (60 /-Lg/cm2) of rhFGF-4 resulted in the formation of twiee as much new epithelium 
and four times as much granulation tissue as in vehicle-treated wounds. In contrast, 
ischemic ear dermal excisions treated with an identieal dose of rhFGF-2 were indis-
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tinguishable from vehicle-treated wounds (Table III). Taken together, the results of Wu 
and Mustoe (1995) and Wu et al. (1995) thus suggest that FGF-4 is better able to 
produce an effect in vivo than is FGF-2 under hypoxie conditions, and might therefore 
be a better candidate therapeutie agent than FGF-2 for the treatment of ischemie 
nonhealing human wounds. Wu et al. (1995) have proposed that the differential effect 
of hypoxia on the activity of FGF-2 versus FGF-4 might be accomplished through 
differential regulation of the forms of the FGF receptors expressed in the wound 
environment. 

Hebda et al. (1990b; personal communieation) have also examined the effects of 
FGF-4 in their model of partial-thickness dermal healing in pigs. The rhFGF-4 (0.1, 1, 
or 10 /-Lg) or aqueous vehicle was applied once to the 1 cm2 wounds at the time of 
surgery, and the excisions were then examined daily for the percent of the wounds in 
each treatment group that had become completely reepithelialized. Similar to the 
results seen with 10 /-Lg ofrhFGF-2 (Hebda et al., 1990a; Fiddes et al., 1991) (see Table 
11), the application of 10 /-Lg of rhFGF-4 was found to produce an acceleration of about 
20% in the rate of epidermal healing. Single treatments with 1 /-Lg or 0.1 /-Lg rhFGF-4 
also produced significant (although lesser) effects on reepithelialization. 

4.5. KGF/FGF-7 

Given the proposed role of KGF IFGF-7 as a paracrine mediator of keratinocyte 
growth and differentiation (Rubin et al., 1989; Finch et al., 1989; Marchese et al., 
1990); several groups have conducted studies aimed at determining the effects of 
exogenous KGF IFGF-7 on epithelial regeneration after wounding (Table VI). Staiano
Coico et al. (1993) made partial-thickness excisions in pigs and treated the wounds 
once on the day of surgery with 1 /-Lg (0.08 /-Lg/cm2) of recombinant human 
KGF/FGF-7 (rhKGF/FGF-7). Hebda et al. (1993; personal communication) also ap
plied rhKGF/FGF-7 to porcine partial-thiekness wounds, utilizing a .protocol essen
tially identical to that used previously by this group to test the effects of rhFGF-2 and 
rhFGF-4 (Hebda et al., 1990a,b); in this protocol, the wounds were considerably 
smaller than those made by Staiano-Coico et al. (1 cm2 versus 13 cm2), and a larger dose 
of rhKGF/FGF-7 was applied (2.8-28 /-Lg/cm2). More recently, Pierce et al. (1994) 
modified the rabbit ear dermal ulcer model (Mustoe et al., 1991; Pierce et al., 1992) so 
that the cartilage at the wound base was removed along with the dermal and epidermal 
tissue in the wound area. Recombinant hKGF/FGF-7 (1-10 /-Lg; 4-40 /-Lg/cm2) was 
then added to determine its ability to stimulate epithelial growth over the newly exposed 
dermis that had been lying beneath the cartilage on the other side of the ear. In all three 
of these studies (Staiano-Coieo et al., 1993; Hebda et al., 1993; P. Hebda, personal 
communieation; Pierce et al., 1994), the KGF/FGF-7-treated wounds were found to 
display a significantly increased rate of reepithelialization relative to vehicle-treated 
wounds, and the new epithelium was noted in each case to be significantly thieker than 
in the controls. Hebda et al. (1993; personal communieation) concluded that the acceler
ation of reepithelialization seen with KGF/FGF-7 in their porcine model was very 
similar to that seen in their previous studies with FGF-2 and FGF-4. 

IIiterestingly, Pierce et al. (1994) noted that the size and number of hair follicles 
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and sebaceous glands were increased in the wounds treated with rhKGF IFGF-7. Bro
modeoxyuridine labeling of cells in S-phase indicated that application of rhKGF I 
FGF-7 had resulted in increased cell proliferation within the follicles and sebaceous 
glands, and staining of histological sections with oil red 0 showed enhanced numbers 
of differentiated, sebum-producing cells in the sebaceous glands. Thus, in addition to 
accelerating the regeneration ofthe epithelium in the rabbit ear "deep partial-thickness" 
wounds, KGF IFGF-7 application in this model resulted in significant effects on dermal 
adnexal structures. 

In the studies reported by Staiano-Coico et al. (1993), rhKGF/FGF-7 (1lJ.g; 0.25 
IJ.g/cm2 ) was also used to treat full-thickness porcine wounds. As with the partial
thickness excision model results, KGF/FGF-7 treatment of the full-thickness wounds 
was found to result in the formation of a significantly thicker neoepidermis. The most 
striking result from these experiments, however, was the observation that the neo
epidermis of the KGF/FGF-7-treated wounds developed a pronounced, sustained and 
deep rete ridge pattern. In contrast, similar wounds treated with vehicle or rhFGF-2 
formed a more flattened epidermis with few if any rete ridges. Histological and ultra
structural analyses of wounds at 2 weeks postsurgery indicated that a more mature 
basal keratinocyte was present in the KGF/FGF-7-treated wounds. Greater numbers of 
mature collagen fibers were also present in the superficial dermis of the growth factor
treated wounds at 2 weeks, indicating that KGF/FGF-7 application produced indirect 
effects that extended beyond the epithelium. Taken together, these results suggested to 
Staiano-Coico et al. (1993) that treatment of full-thickness excisions with KGF IFGF-7 
may result in healed wounds that are stronger and more durable, with better attachment 
of epidermis to dermis. 

Unexpectedly, application of rhKGF/FGF-7 to "normal" full-thickness dermal 
excisions in rabbit ears (leaving the bare cartilage intact) was not observed to accelerate 
reepithelialization (pierce et al., 1994), even though such an acceleration was reported 
after application ofrhFGF-2 in this model (Mustoe et al., 1991). If the rabbit ears were 
made ischemic, however, through partial disruption of the ear blood supply, rhKGFI 
FGF-7 (5 or 30 IJ.g; 20 or 120 IJ.g/cm2) was found to significantly accelerate the 
formation of new epithelium relative to vehicle-treated ischemic controls (Wu et al., 
1993). At a dose of 40 IJ.g (160 IJ.g/cm2 ) in this ischemic model, the rhKGF/FGF-7 
generated a significant increase in new granulation tissue formation, again presumably 
through the induction of indirect effects (Wu et al., 1993). KGF/FGF-7, like FGF-4, 
can thus be distinguished from FGF-2 by its ability to be active in an ischemic 
environment in the rabbit ear model. Consistent with all the reports described above of 
KGF IFGF-7 effects in tissue-repair models, Wu et al. (1993) also noted that the new 
epithelium on the KGF/FGF-7-treated wounds was thicker than that seen in vehicle
treated excisions. 

5. Clinical Trials of FGFs for Treatment of Dermal Wounds 

The results summarized above for animal models of wound healing provided 
strong (although not unanimous) support for the hypothesis that exogenous application 
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of at least some of the FGF family members might be of benefit for accelerating the 
healing of human wounds. A number of clinical studies therefore have been undertaken 
in recent years to test this hypothesis. To date, however, the details of only a few of the 
trials have been published. In all of these published studies, the agent being tested for 
efficacy (and safety) was rhFGF-2. 

Robson et al. (1992) reported results from a randomized, blinded, placebo
controlled Phase I/II study in which rhFGF-2 was used to treat chr0!1ic pressure sores. 
The study enrolled 50 patients, all of whom had pressure sores that extended from bone 
to the subcutaneous tissue (grades III/IV). Only sores with an initial volume of be
tween 10 and 200 cm3 were considered for treatment. The patients were hospitalized 
for the first 30 days of the study and were then discharged with follow-up examinations 
over the next 5 months. Three different doses ofrhFGF-2 (1, 5, and 10 ILg/cm2 ofulcer 
surface area) were evaluated; in each case, the growth factor was applied in an aqueous 
vehicle by spraying on the wound surface. In part due to the results of Hayward et al. 
(1992), which indicated that multiple doses of rhFGF-2 were necessary to stimulate 
healing in a chronic granulating wound in rats, Robson et al. (1992) also chose to 
evaluate several different multiday dosing schedules, in which rhFGF-2 (or vehicle 
control) was applied on (1) the first day of the study (day 1), and again on day 13; (2) 
days 1,4,7,10, and 13; (3) days 1,4,7,10,13,16,19, and 22; (4) days 1-5, and then 
days 7, 14, and 21; and (5) days 1-21. The wounds were checked at the start of the 
study and then at periodic intervals for remaining wound volume, visual appearance, 
and histological features (in biopsies). 

Given the number of dosing regimens in this study, only three to seven patients 
were enrolled in any one subgroup, and statistically significant effects of FGF-2 ver
sus placebo were not seen when the individual subgroups were compared. However, 
if the data from all 35 patients treated with FGF-2 were combined and compared with 
the combined data from the vehicle-treated patients, a significantly larger proportion 
(60%) of the FGF-2-treated wounds were found to have achieved greater than 70% 
reduction in wound volume in 30 days (only 29% of the placebo-treated wounds 
reached this degree of closure by day 30). On average, the wounds that had received 
FGF-2 showed a 69% reduction in volume during the 30-day hospital stay, while the 
vehicle-treated wounds declined in volume by 59% in this time period. When the data 
were graphed as the initial wound volume versus absolute decrease in volume after 
30 days, the slope of the regression curve for the FGF-2-treated wounds was signifi
cantly . steeper than the slope for the. placebo wounds, again indicating that FGF-2 
enhanced the degree of wound closure. Histologically, the FGF-2-treated wounds 
showed greater numbers of capillaries and fibroblasts, consistent with numerous ob
servations from animal studies on FGF-2 (see Tables 11 and I1I). No FGF-2-related 
adverse events were seen in the study. Overall, then, the results of this initial trial in 
pressure sores were promising, but indicated that the effects of exogenous FGF-2 in 
the protocols used were not so dramatic that clear efficacy could be shown with only 
a small number of patients. 

In contrast to Robson et al. (1992), Mazue et al. (1991) chose to utilize a much 
milder and more uniform wound type for their first human studies with rhFGF-2: 
epidermal suction blisters created by the investigators on the forearms of 24 healthy 
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volunteers. In this double-blind, plaeebo-eontrolled study, the 0.5-em2 blisters were 
made on both foreanns of each volunteer. The blisters on one ann were treated daily 
for 6 days with 0.5 f-Lg (1 f-Lg/cm2) rhFGF-2. Blisters on the other foreann reeeived 
vehicle alone on those days. Reepithelialization of the blisters was followed using 
evaporimetry to periodieally measure transepidermal water loss. Similar to the results 
observed by Hebda et al. (1990a) after rhFGF-2 application in a pig partial-thickness 
wound model (see Table 11), Mazue et al. (1991) found that a small but significant 
increase in the rate of reepithelialization was apparent in the human blisters treated 
with FGF-2. Mazue et al. (1991) also reported a greater amount of cellularity, neo
vascularization, and collagen maturation in histologieal seetions taken from the 
FGF-2-treated versus vehicle-treated wounds 3 days after eomplete reepithelialization 
was achieved. 

Greenhalgh and Rieman (1994) also examined the effects of exogenously applied 
rhFGF-2 on the healing of a clinically generated wound, although in this case the 
wounds were partial-thickness skin graft donor sites in bumed ehildren. The donor sites 
ranged in size from 64 to 200 cm2• Each of the 11 evaluable patients in the double
blinded study served as his or her own control, with one donor site receiving 5 f-Lg/cm2 

rhFGF-2 while another reeeived the aqueous vehicle (by spray applicator). The donor 
sites were treated with growth factor or vehicle on the day of graft harvest and then 
daily for the next 4 days thereafter. The sites were evaluated by visual inspection every 
4-5 days for degree of healing. Unlike Mazue et al. (1991), Greenhalgh and Rieman 
(1994) eould detect no differenee in the rate of reepithelialization or time to complete 
closure in the FGF-2-treated versus vehicle-treated sites. No adverse events related to 
FGF-2 were seen in the study, and the FGF-2-treated sites remained indistinguishable 
cosmetically from the vehicle-treated wounds up to 1 year after healing. Greenhalgh 
and Rieman (1994) point out that these partial-thickness wounds in ehildren may heal 
too rapidly under normal circumstances to allow much acceleration of the process by 
exogenous growth factors. The investigators suggest that a better target for FGF-2 
therapy might be graft donor sites in patients who have suffered larger bums, sinee in 
these cases donor site healing appears to be more impaired. 

Perhaps the largest clinieal trial eondueted to date with FGF-2 was a Phase III 
study on patients with diabetie leg ulcers (D. Carmichael, Synergen, Ine., personal 
communication). The ulcers were evaluated for time to complete closure as well as rate 
of closure, but no further details of the study have been reported. The study was 
stopped prior to completion after an interim analysis of the data from one half of the 
total planned enrollment showed no signifieant enhaneement in the healing of 
rhFGF-2-treated versus vehicle-treated ulcers. Sinee ischemic wounds in rabbit ears 
have shown no aeeeieration in healing in response to exogenous rhFGF-2 (Mustoe et 
al., 1994; Wu et al., 1995; Wu and Mustoe, 1995), Mustoe and colleagues have 
suggested that the lack of effect seen in the diabetic leg ulcer clinical trial may be a 
refleetion of loeal tissue hypoxia in these wounds ereating an environment in which 
FGF-2 is not active (Mustoe et al., 1994). The results of Wu et al. (1995) in the 
ischemic rabbit ear model (see Table III) also suggest that better results might be 
obtained in clinical trials if the patients with diabetie leg ulcers were given hyperbaric 
oxygen therapy in addition to rhFGF-2. 
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Chapter 7 

Role of Platelet-Derived 
Growth Factor in Vivo 

CARL-HENRIK HELDIN and BENGT WESTERMARK 

1. Introduction 

Platelet-derived growth factor (PDGF) was originally identified as a mitogen for fi
broblasts, smooth muscle cells, and glial cells (Kohler and Lipton, 1974; Ross et al., 
1974; Westermark and Wasteson, 1976). PDGF was subsequently purified from human 
platelets (Antoniades et al., 1979; Deuel et al., 1981; Heldin et al., 1979; Raines and 
Ross, 1982). More recent studies have shown that PDGF is synthesized by a number of 
cell types and also acts on many different cell types (for reviews on PDGF, see Heldin 
and Westermark, 1990; Raines et al., 1990). 

PDGF stimulates not only the growth of cells, but also chemotaxis, i.e., the 
migration of cells toward a concentration gradient of PDGF. The cellular effects of 
PDGF and its specific expression during the embryonal development suggest that 
PDGF has an important role in the control of this process. Moreover, PDGF is present 
at the sites of wounds and has potent effects on growth, chemotaxis, and matrix 
production in the healing process. PDGF also has been implicated in certain patholog
ical conditions. The sis oncogene of simian sarcoma virus is structurally related to 
PDGF, and transfonnation by this virus involves autocrine stimulation by a PDGF-like 

growth factor. Similarly, the development of certain human tumors may involve auto
crine and paracrine stimulation by PDGF. Overactivity of PDGF may also be part of the 
development of certain nonmalignant disorders involving excessive cell proliferation, 
such as atherosclerosis, rheumatoid arthritis, glomerulonephritis, and fibrotic condi
tions. 

The present chapter will focus on the normal function of PDGF in wound healing 
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and the possible clinical use of PDGF to stimulate healing, as well as on the possible in 
vivo consequences of overactivity of PDGF and the design and potential use of PDGF 
antagonists. 

2. Structure of PDGF 

PDGF is a family of isoforms consisting of disulfide-bonded homo- or hetero
dimers ofproducts oftwo genes, the PDGF A-chain gene and PDGF B-chain gene. The 
heterodimer, PDGF-AB, is the most common isoform in preparations of PDGF from 
human platelets, but homodimers also occur in platelets (Hammacher et al., 1988; Hart 
et al., 1990; Soma et al., 1992). Among other cell types, there are examples of cells 
making only the A or the B chain, which thus assemble as homodimers, and of cells 
making both PDGF chains, which assemble into all three possible combinations. The 
different isoforms of PDGF have overlapping but distinct biological effects, since they 
interact with different affinities with two different receptors (see Fig. 1). 

The human genes for the A and B chains of PDGF are localized on chromosomes 
7 and 22, respectively, and are organized in a similar way with 7 exons. In each case the 
signal sequence is encoded by exon I, the N-terminal prosequence that is removed after 
synthesis by exons 2 and 3, and most of the mature protein by exons 4 and 5 (Bonthron 
et al., 1988; Johnsson et al., 1984; Rorsman et al., 1988). Exon 7 is mainly noncoding, 
and exon 6 of the B-chain gene encodes aC-terminal sequence that may be removed 
during processing. The A chain occurs as two splice variants, with and without exon 6; 
the form without exon 6 is the most common variant and encodes a slightly shorter 
product. Interestingly, exon 6 both in the A-chain and the B-chain gene encodes a 10-
amino-acid motif of basic amino acids that has been shown to mediate interactions with 
other molecules intracellularlY' at the cell surface, and in the cell matrix (LaRochelle et 
al. , 1991; Raines and Ross, 1992; Östrnan et al., 1991a). The presence or absence of 
this retention motif will thus have a potentially important effect on the compartmental
ization of the factor. Some of the PDGF B chain and the long splice form of the A chain 
are retained intracellularly and will ultimately be degraded (Östrnan et al., 1992); the 
functional importance of this pool of PDGF is unknown. Of the material that is released 
from the cells, most will remain at the cell surface or in the matrix immediately 
adjacent to the cell; it is possible that this pool of PDGF efficiently stimulates autocrine 
cellular events. In contrast, the short form of the PDGF A chain is secreted normally, 
and thus mayaiso stimulate paracrine events at a distance from the producer cells. 

Some insight into the structure of PDGF has recently been obtained following the 
assignment of the inter- and intrachain disulfide bonds of the molecule (Andersson et 
al., 1992; Haniu et al., 1993; Jaumann et al., 1991; Östrnan et al., 1993), and the 
elucidation of the three-dimensional configuration of PDGF-BB at 3.0 Aresolution 
(Oefner et al., 1992). The two subunits of the molecule are arranged in an antiparallel 
manner, with the second and fourth cysteine residues forming the interchain disulfide 
bonds. The three intrachain disulfide bonds are present in a tight knotlike structure in 
one end of the molecule. The major part of the molecule consists of two twisted ß 
sheets that end in two loops pointing in the same direction (loops 1 and 3); in the other 
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Figure 1. Schematic illustration of the interaction between POOF isoforms and POOF a and ß receptors. 
Ligand binding induces receptor dimerization. Responses induced via aa receptor dimers and ßß receptor 
dimers are indicated. Note that the effect on chemotaxis is cell-type dependent. It is possible that unique 
signals are transduced via uß receptor heterodimers (Rupp et al., 1994), but the precise nature of such signals 
remains to be characterized. 

direction, a short region (loop 2) connects the two ß sheets. Thus, loop 1 and 3 of one 
of the subunits in the dimer will be close to loop 2 of the other subunit. Mutational 
analyses have shown that amino acid residues in loops 1 and 3 are important for 
receptor binding (elements er al., 1991; LaRochelle er al., 1991; Östman et al., 1991b). 
Moreover, a peptide comprising sequences from these two regions was found to have a 
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fairly good ability to compete with the binding of 125I-PDGF to receptors (Engström 
et al., 1992). It is possible that loop 2 also contributes to the receptor binding region 
(LaRochelle et al., 1992), but since such an involvement was not observed using other 
less sensitive assays (Östman et al., 1991b), this loop is likely to be of less importance 
compared to loops 1 and 3. 

3. Signal Transduction via PDGF Receptors 

The PDGF isoforms exert their effects on cells by interacting with two structurally 
similar protein tyrosine kinase receptors. The a receptor binds both A and B chains, 
whereas the ß receptor binds only the B chain. Thus, the different isoforms induce 
different dimeric receptor complexes: PDGF-AA only aa receptor complexes; PDGF
AB, aa and aß receptor complexes; and PDGF-BB, aa, aß, and ßß receptor com
plexes (Fig. 1) (HeIdin and Westermark, 1990; Raines et al., 1990). Both a and ß 
receptors have been shown to induce mitogenic signals. However, whereas the ß 
receptor mediates stimulation of chemotaxis, the a receptor actually inhibits chemo
taxis, at least in some cell types. There is also a difference between the two receptors 
with regard to reorganization of actin filaments; both receptors stimulate the formation 
of edge ruffles and the loss of stress fibers, but only the ß receptor stimulates the 
formation of circular ruffles on the dorsal surface of the cell (Eriksson et al., 1992). 

The dimerization of PDGF receptors induces autophosphorylation of the recep
tors, which occurs in trans between the molecules in the dimer. The autophosphoryla
tion is a key step in the signal transduction. Most information regarding the specific 
localization of the phosphorylated tyrosine residues is available for the ß receptor 
(reviewed by Claesson-Welsh, 1994). One autophosphorylation site has been localized 
to a conserved tyrosine residue inside the kinase domain, and may be involved in the 
regulation of the catalytic activity of the receptor kinase. A total of eight auto
phosphorylation sites have been localized in the noncatalytic parts of the intracellular 
domain of the receptor (Fig. 2). These phosphorylated regions form binding sites for 
signal transduction molecules with SH2 (Src homology 2) domains (reviewed by 
Cantley et al., 1991; Koch et al., 1991). The SH2 domain is a motif of about 100 amino 
acids that folds in such a way that a pocket is formed into which a phosphorylated 
tyrosine residue fits. The immediately adjacent amino acid residues, particularly those 
three that are localized C-terminal of the phosphorylated tyrosine, determine the speci
ficity in the interactions between individual SH2 domains and different tyrosine
phosphorylated regions. 

There are two different categories of SH2 domain containing signal transduction 
molecules: those with intrinsic catalytic activities, and those without catalytic domains 
that serve as adaptor molecules between the PDGF receptor and other catalytic mole
cules. At present, eight SH2-domain-containing signal transduction molecules are 
known to bind to different autophosphorylation sites in the PDGP ß receptor, i.e., Src 
and other members of this family of tyrosine kinases; phosphatidylinositol-3' -kinase 
(PI-3-kinase); GTPase-activating protein (GAP) of Ras; proteintyrosine phosphatase-
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Figure 2. Interaction between activated PDGF ß receptor and signal transduction molecules. Known auto
phosphorylation sites are indicated (P) and the tyrosine residues involved numbered. For references, see 
Arvidsson er al. (1994); Claesson-Welsh (1994); Yokote er al. (1994). 

1D (PTP-1D); phospholipase C--y (PLC--y); and the adaptor molecules, Grb2, Nck, and 
Shc (Claesson-Welsh, 1994) (Fig. 2). 

The binding of individual signal transduction molecules to the PDGF receptors 
initiates several signal transduction pathways. The PI-3-kinase has been shown to be 
of importance for PDGF-stimulated motility responses, such as chemotaxis and 
actin reorganization (Wennström et al., I 994a,b). The product of the enzyme, 
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phosphatidyl-3,4,5-trisphosphate, thus appears to be a second messenger regulating 
motility responses in the cell; its downstream targets, however, remain to be identified. 
In certain cell types, PI-3-kinase also affects mitogenic signaling, but in most cells 
mitogenicity is not absolutely dependent on this enzyme. On the other hand, there is 
much evidence that activation of the mitogen-activated protein (MAP) kinase cascade 
is important for mitogenic signaling (reviewed by Blumer and Johnson, 1994). Activa
tion is brought about through direct interaction between the first serine/threonine 
kinase in the cascade, Raf-I, and activated Ras. Ras in turn is activated by the action of 
a nuc1eotide exchange protein, Sos, which occurs in a complex with the adaptor 
molecule Grb2 (reviewed by Schlessinger, 1993). The signal transduction pathway is 
initiated by the direct or indirect binding of Grb2 to the activated PDGF receptor. 
PLC-'Y (Valius and Kazlauskas, 1993) and Src tyrosine kinases (Twamley-Stein et al., 
1993) have also been shown to mediate mitogenic signals; it thus appears that multiple 
signal transduction pathways are involved in PDGF-stimulated cell growth. 

4. In Vivo Function of PDGF 

4.1. Embryogenesis 

The specific spatial and temporal expression of PDGF and PDGF receptor in the 
embryo (Morrison-Graham et al., 1992; Orr-Urtreger et al., 1992; Schatteman et al., 
1992) and in the placenta (Goustin et al., 1985) suggests that PDGF has an important 
regulatory role during the development. PDGF may have a role during the very early 
phases of embryonal growth since Xenopus oocytes have been shown to contain mater
nally derived mRNA for PDGF and PDGF receptors (Mercola et al., 1988). Moreover, 
PDGF stimulates the growth of bovine embryos at the eight-cell stage (Larson et al., 
1992; Thibodeaux et al., 1993). 

Mouse embryos at the two-cell and blastocyst stages express the PDGF A chain 
and a receptor. In early postimplantation embryos, PDGF A-chain expression is re
stricted to the ectoderm, whereas a-receptor expression is found in the mesoderm 
(Palmieri et al., 1992). These findings suggest that an autocrine PDGF a-receptor 
stimulation occurs in preimplantation embryos, whereas the activation of the receptor 
in the mesoderm in later stages is mediated by a paracrine growth factor. Expression of 
the PDGF B chain and ß receptor seems to be absent or very low in early mouse 
development (Mercola et al., 1990), but seems to be induced in specific tissues, e.g., 
nervous tissues, at later stages of development (Sasahara et al., 1991; Smits et al., 
1991; Yeh et al., 1991). 

A specific function for PDGF has been elucidated in the control of the differentia
tion of glial cells in the optic nerve (Noble et al., 1988; Richardson et al., 1988). 0-2A 
progenitor cells express PDGF a receptors and are prevented from premature differen
tiation into oligodendrocytes by PDGF-AA added exogenously or provided as a para
crine growth factor by type 2 astrocytes. Interestingly, the addition of fibroblast growth 
factor (FGF) along with PDGF maintains the 0-2A progenitor cells in a proliferative, 
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undifferentiated compartment, allowing for serial propagation of these cells (Bögier et 
al., 1990). In vivo studies have shown that another important function of PDGP may be 
to prevent cells of the oligodendrocyte lineage from apoptosis (Barres et al., 1992). The 
presence of functional PDGP ß receptors in Schwann cells suggests that PDGP may 
also be important for growth and regeneration of glial cells of the peripheral nerve 
system (Eccleston et al., 1990; Weinmaster and Lemke, 1990). 

4.2. Wound Healing 

PDGP is one of several factors that have been found to stimulate the healing of 
soft tissues (reviewed in Deuel et al., 1991; Pierce et al., 1991). The knowledge about 
the role of PDGP in wound healing has come from three lines of research, i.e., studies 
of the effects of PDGP in vitro on different cell types of importance for wound 
healing, investigations of the expression of PDGP and PDGP receptors during the 
healing of wounds, and studies of the effect of exogenously added PDGP on wound 
healing. 

Studies in vitro have revealed that PDGP is a potent mitogen for connective tissue 
cells, and that it in addition stimulates chemotaxis of fibroblasts (Seppä et al., 1982), 
smooth muscle cells (Grotendorst et al. , 1981), neutrophils, and macrophages (Deuel et 
al., 1982; Senior et al., 1983; Siegbahn et al., 1990). Of additional importance is the 
ability of PDGP to activate macrophages to produce and secrete other growth factors of 
importance for various aspects of the healing process. In addition to the chemotaxis and 
proliferation of cells, the production of matrix proteins and proteoglycans is important 
for the efficient healing of a wound. Although other factors, in particular transforming 
growth factor-ß (TGP-ß), have more potent stimulating effects on matrix production, 
PDGP has been shown to stimulate the production of fibronectin (Blatti et al., 1988) 
and hyaluronic acid (HeIdin et al. , 1989) by fibroblasts. Another potentially important 
effect of PDGP in the healing process is its ability to stimulate contraction of collagen 
matrices in vitro (Clark et al., 1989; Gullberg et al., 1990), implicating an effect on 
wound contraction in vivo. It is also possible that PDGP is important in the later 
remodeling phase of wound healing, since it has been shown to stimulate the produc
tion and secretion of collagenase in fibroblasts (Bauer et al., 1985). 

Aprerequisite for a role of PDGP in normal wound healing is that PDGP is 
present at the site of the wound and that cells in the wounded area have PDGP 
receptors. PDGP is present in large amounts in the platelets that release their contents at 
the site of the wound and is also secreted by activated macrophages (Shimokado et al., 
1985), thrombin-stimulated endothelial cells (Harlan et al., 1986), smooth muscle cells 
of damaged arteries (Walker et al., 1986), activated fibroblasts (Paulsson et al., 1987), 
as weIl as by epidermal keratinocytes (AnseI et al., 1993); thus, PDGP is likely to be 
present in large quantities in the wound. Consistent with this possibility, PDGP-like 
factors have been found to be present in wound fluid (Matsuoka and Grotendorst, 
1989). Regarding the ability to respond to PDGP, staining for PDGP receptors has 
revealed that fibroblasts and smooth muscle cells of resting tissues contain low levels 
of receptors. However, the PDGP ß receptor is up-regulated in conjunction with in-
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flammation, for example, thereby making cells responsive to PDGF action (Reuterdahl 
et al., 1993; Rubin et al., 1988a; Terracio et al., 1988). In addition to expression of 
PDGF ß receptors on connective tissue cells after cutaneous injury, expression has also 
been noticed on epithelial cells (Antoniades et al., 1991). 

An important aspect of tissue repair is the formation of new blood vessels. PDGF 
has recently been shown to have a weak angiogenic activity (Risau et al., 1992), and 
PDGF receptors, which are absent from endothelial cells of large vessels, were demon
strated on capillary endothelial cells (Bar et al., 1989; Smits et al., 1989) and on 
microvascular pericytes (Sundberg et al., 1993). PDGF mayaiso stimulate an
giogenesis in an indirect way, by inducing the secretion of endothelial ceH growth 
factors by myofibroblasts (Sato et al., 1993). Clearly, however, the angiogenic effect of 
PDGF is weaker than that of other growth factors, e.g., of the FGF family (Folkman 
and Klagsbrun, 1987). 

Direct application of PDGF in chambers implanted into rats was found to induce 
increased formation of granulation tissue (Grotendorst et al., 1985; Sprugel et al., 
1987); PDGF-BB was found to be significantly more effective than PDGF-AA (Lep
istö et al. , 1992). Aseries of studies by Pierce and coHaborators involving local 
applications of PDGF to incisional wounds in rat skin (Pierce et al., 1988) and to 
excisional wounds in rabbit ear (Mustoe et al., 1991) have given further support for the 
notion that PDGF augments wound healing. A single application of PDGF-BB to 
incisional wounds increased the wound-breaking strength to 150-170% of control 
wounds, and thus decreased the time for healing (pierce et al. , 1988, 1989). The PDGF
BB-treated wounds were characterized by an increased inflammatory response with 
larger numbers of neutrophils, monocytes, and fibroblasts during the acute phase of the 
healing. In the excisional wound model, in which 6-mm-wide pieces of dermis were 
removed from the rabbit ear down to the level of the cartilage, a single application of 
PDaF led to an increase of granulation tissue rich in fibroblasts and glycosaminogly
cans to 200% of the control wounds after 7 days (Mustoe et al., 1991; Pierce et al., 
1991). PDGF also increased the rate of reepithelialization and of neovascularization. 
An important conclusion from these studies is that PDGF-BB does not alter the normal 
sequence of repair, but increases its rate. 

PDGF in combination with insulin-like growth factor-I (lGF-I) has also been 
shown to enhance repair of excisional wounds in porcine skin (Lynch et al., 1987, 
1989) and in guinea pigs (Hill et al., 1991). Moreover, PDGF has been found capable 
of improving healing in situations of deficient repair, e.g., in diabetic mice (Greenhalg 
et al., 1990) or after irradiation (Grotendorst et al., 1985; Mustoe et al., 1989). 

Positive effects of local administration of PDGF-BB to decubitus ulcers of pa
tients have also been reported (Robson et al., 1992). Patients treated with 100 fLg/ml 
PDGF-BB, i.e., a rather high dose, for 28 days had a pronounced healing response 
compared to controls. 

PDGF has also been shown to potentiate regeneration of the peridontium in 
naturaHy occurring peridontitis in dogs (Lynch et al., 1991), as weH as in experimental 
peridontitis in monkeys (Rutherford et al., 1992); the effect was enhanced if PDGF was 
combined with IGF-I (Lynch et al., 1991) or dexamethasone (Rutherford et al., 1993). 
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However, in a rat craniotomy bone regeneration model, PDGF was found to inhibit the 
bone regeneration induced by osteogenin; rather, PDGF induced a soft tissue repair 
wound phenotype and response (Marden et al., 1993). Thus, whereas PDGF efficiently 
stimulates healing of soft tissues, it appears not to have any positive effect on fracture 
healing. 

Comparison of the effect of high concentrations of PDGF on the healing of 
excisional wounds with that of high concentrations of other factors revealed interesting 
differences (Pierce et al., 1992). PDGF-BB accelerated the deposition of provisional 
wound matrix containing in particular glycosaminoglycans and fibronectin. TGF-ßl 
induced an enhanced synthesis and maturation of collagen. In contrast, basic FGF 
induced predominantly an angiogenic response and an increased collagenolytic activity 
that delayed wound maturation. Thus, different growth factors affect the different 
phases in wound healing differently. Growth factors have been shown to induce the 
synthesis of themselves in positive autocrine feedback loops, as well as of other growth 
factors. Thus, a plethora of factors is likely to be present at the site of the wound, which 
assures efficient enhancement of the different phases of wound healing. The finding 
that wounds heal more rapidly if the wound is covered by an occlusive dressing (Katz 
et al., 1991) is consistent with the possibility that locally produced factors are impor
tant during wound healing. 

4.3. Platelet Aggregability 

In addition to the long-known roles of PDGF in embryogenesis and wound heal
ing, PDGF was recently shown to have yet another potentially important effect, Le., to 
inhibit platelet aggregation (Bryckaert et al., 1989). Thrombin induces platelet aggre
gation and release of the platelet granule content; these effects can be inhibited by 
addition of PDGF. Human platelets have PDGF a receptors but not ß receptors (Vas
sbotn et al., 1994). The finding that thrombin-induced platelet aggregation is accom
panied by activation of PDGF a receptors, and that this effect can be blocked by PDGF 
antibodies, indicates that the PDGF released from the platelets serves an autocrine 
feedback role in the control of platelet aggregation. 

5. PDGF in Disease 

5.1. Fibrosis 

As discussed above, PDGF has as an important function in vivo to stimulate the 
formation of connective tissue. Consistent with such a function, there are several 
observations that support the notion that overactivity of PDGF is involved in the 
development of in various fibrotic conditions. 
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There is circumstantial evidence that megakaryocytes and PDGP are involved in 
the pathogenesis of bone marrow fibrosis (Castro-Malaspina et al., 1981; Groopman, 
1980). Thus, the levels of PDGP in circulating plasma and urine are significantly 
elevated in patients with myelofibrosis (Gersuk et al., 1989), and the concentration of 
PDGP in platelets is correspondingly decreased (Katoh et al., 1988). 

The fibrosis that is observed in chronic liver disease is characterized by a dedif
ferentiation of fat-storing cells (Ito ceIls) to myofibroblast-like cells and by a prolifera
tion of these cells. As these cells respond to PDGP (P. HeIdin et al., 1991; Pinzani et 
al., 1989, 1991) and activated macrophages from patients with liver disease have been 
found to secrete large amounts of PDGP (Peterson and Isbrucker, 1992), it is possible 
that PDGP has a role in the development of liver cirrhosis. 

Scleroderma (systemic sclerosis) is a disease characterized by progressive fibrosis 
in the skin and in a number of visceral organs. A role for PDGP in the progression of 
this disease is suggested by the observations that PDGP ß receptors, which are absent 
from fibroblasts of normal skin, were found to be expressed in cells of skin from 
scleroderma patients (Klareskog et al., 1990), and that PDGP immunoreactivity was 
also demonstrated in scleroderma skin (Gay et al., 1989). 

Idiopathic pulmonary fibrosis is characterized by inflammation and fibrosis. Evi
dence for a role of PDGP in this process was presented by Martinet et al. (1986), who 
showed that alveolar macrophages from patients with idiopathic pulmonary fibrosis 
produced significantly higher amount of PDGP than those of healthy subjects. The 
macrophages have been given a central role in this disease as producers of PDGP and 
other cytokines (Vignaud et al., 1991), but also the alveolar epithelium ofpatients with 
idiopathic pulmonary fibrosis has been shown to produce PDGP B chain and other 
cytokines (Antoniades et al., 1990). Rat lung fibroblasts have been shown to have more 
PDGP ß receptors than a receptors, and thus they respond weIl to PDGP-BB but only 
poody to PDGF-AA, with regard to growth (Bonner et al. , 1991; Caniggia et al. , 1993), 
as weIl as glycosaminoglycan synthesis (Cannigia and Post, 1992); however, exposure 
to crysolite asbestos in vitro leads to an increased responsiveness to A-chain-containing 
PDGP isoforms (Bonner et al., 1993). Also, other fibrotic conditions in the lung, like 
those following hypoxid pulmonary hypertension (Katayose et al., 1993), breathing of 
high concentrations of oxygen (Han et al., 1992; Powell et al., 1992), and obliterative 
bronchiolitis after lung transplantation (Hertz et al., 1992), involve overexpression of 
PDGF. The increased PDGP production may result from injury to the pulmonary tissue, 
since bronchoalveolar lavage fluids from patients with acute diffuse lung injury 
(Snyder et al., 1991), as weIl as from rats having received tracheal instillations of 
bleomycin (Walsh et al., 1993), were found to contain high concentrations of PDGP
like peptides. 

In situations of chronic synovial inflammation, such as in the joints of patients 
with rheumatoid arthritis, the expression of PDGP ß receptors is up-regulated (Reuter
dahl et al., 1991; Rubin et al., 1988b). Moreover, PDGP is present in high amounts in 
inflamed joints (Sano et al., 1993). It is thus possible that PDGP plays a role in the 
stimulation of mesenchymal cell proliferation that often accompanies chronic inflam
matory diseases. 
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5.2. Atherosclerosis 

The atherosclerotic process is characterized by an excessive inflammatory
fibroproliferative response to different forms of insults to the endothelium and smooth 
muscle of the artery wall (reviewed in Ross, 1993). Injury to the endothelium leads to 
migration of macrophages to the subendothelial space, where they accumulate lipids 
and become foam cells. Such foam ceIls, together with T cells, form fatty streaks, 
which progress to fibrous plaques. Advanced plaques also contain smooth muscle cells 
that have migrated into the intima layer of the vessel and proliferated there, as weIl as 
platelet-containing thrombi. PDGF and other growth factors are likely to have impor
tant roles in this process by stimulation of chemotaxis and proliferation of the different 
cells in the lesion. PDGF has been shown to be synthesized by many of the cell types in 
the lesion, such as activated macrophages (Shimokado et al., 1985), smooth muscle 
cells (Nilsson et al., 1985; Seifert et al., 1984), and endothelial cells (DiCorleto and 
Bowen-Pope, 1983), and is also released from the platelets in thrombi. The expression 
of PDGF by smooth muscle cells and macrophageshave been shown to be increased in 
atherosclerotic lesions compared to controls (Ross et al., 1990; Wilcox et al., 1988). 
Moreover, intimal smooth muscle cells in the lesions express increased amounts of 
PDGF ß receptors, and are therefore more responsive to PDGF (Rubin et al., 1988a). 

Further evidence for the involvement of PDGF in the atherosclerotic process 
comes from in vivo studies in which neutralizing PDGF antibodies were given to rats 
subjected to balloon angioplasty of carotid arteries; the intimal thickening that follows 
this treatment was inhibited by the PDGF antibodies (Fems et al., 1991). On the other 
hand, infusion of PDGF-BB into rats after carotid injury caused an increase in the 
intimal thickening and in the migration of smooth muscle cells from the media of the 
vessel to the intima (Jawien et al., 1992). In conclusion, there is accumulating evidence 
that PDGF, acting in concert with other growth factors, has important roles in the 
development of atherosclerosis. 

5.3. Glomerulonephritis 

Acute and chronic glomerular inflammation occurs in response to different types 
of injury and involves remodeling and repair of the damaged glomerular tissue. Besides 
endothelial cells of the glomeruli, mesangial cells have an important role in this 
process. Proliferation of mesangial cells and production of extracellular matrix proteins 
by these cells are associated with the development of many types of glomerulo
nephrltides (reviewed by Abboud, 1993; Johnson et al., 1993; Sterzel et al., 1993). 
Results obtained during the recent years support the notion that PDGF is involved in 
the stimulation of proliferation of mesangial cells and TGF-ß in the stimulation of 
matrix production. 

Mesangial cells both produce PDGF and respond to PDGF in vitro (Shultz et al., 
1988; Silver et al., 1989). They express more ß receptors than a receptors, and thus 
respond best to B-chain-containing PDGF isoforms (Floege et al., 1991). 
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During mesangial proliferative nephritis, the expression of PDGP increases both 
in patients and in experimental animal models (Gesualdo et al. , 1991; Iida et al., 1991). 
Much work has been performed using the anti-Thy-l model for glomerulonephritis in 
rat, in which injection of complement-fixing antibodies against an antigen on the 
surface of mesangial cells leads to mesangiolysis, which is followed by a infiltration by 
platelets and monocytes/macrophages, and 2 to 6 days later a massive proliferation of 
mesangial cells (Johnson et al., 1991). After a phase characterized by extracellular 
matrix deposition, the lesion is ultimately healed and glomerular structure restored. 
This model resembles somewhat immunoglobulin A nephropathy, the most common 
form of glomerulonephritis in humans. The expression of PDGP and PDGP ß receptor 
correlated with the mesangial proliferation in the anti-Thy-l model (Iida et al., 1991), 
suggesting a role for PDGP in the process. Apart from the mesangial cells themselves, 
platelets and macrophages can be the source of PDGP in the diseased kidney, and it is 
thus possible that PDGP stimulates mesangial cell proliferation through autocrine as 
well as paracrine mechanisms. A causative role of PDGP in the anti-Thy-l model is 
furthermore supported by the finding that administration of neutralizing PDGP anti
bodies slows down the proliferation of mesangial cells 4 days after injury (Johnson et 
al., 1992). However, the PDGP antibodies had no effect at day 2, indicating that the 
early phase of proliferation is driven by other factors. In addition, infusion of PDGP
BB to normal rats induced mild mesangial proliferation and a massive proliferation in 
rats given subnephritic doses of anti-Thy-l sera (Floege et al., 1993). 

The observations mentioned above provide strong indications that PDGP is in
volved in the development of glomerulonephritis. Clearly, however, other growth 
factors and cytokines may also be involved, e.g., TGP-ß has been given a major role in 
the stimulation of matrix production in the disease. There is also evidence that inhibi
tion of TGP-ß by infusion of the TGP-ß-binding proteoglycan decorin inhibits the 
development of glomeru10nephritis in the anti-Thy-l model (Border et al., 1990). 
Consistent with the possibility that PDGP and TGP-ß have different effects in the 
deve10pment of glomerulonephritis, Isaka et al. (1993) found, using an in vivo transfec
tion technique, that introduction of either PDGP B chain or TGP-ß into rat kidney 
induced glomeru10sclerosis; significantly, however, TGP-ß affected primarily extra
cellular matrix accumu1ation and PDGP affected primarily cell proliferation. 

5.4. Malignancies 

The findings that the normal counterpart of the sis oncogene product is the B chain 
of PDGP (Doolittle et al., 1983; Waterfield et al., 1983) and that sis-transformation 
occurs by autocrine stimulation of PDGP receptors (reviewed by Westermark et al., 
1987) boosted analyses of PDGP and PDGP receptor expression in human malignan
eies. Such studies have revealed that coexpression of PDGP and PDGP receptors are 
common in certain types of tumors (reviewed in HeIdin and Westermark, 1991; Raines 
et al., 1990). 

One example of a type of tumor in which PDGP is often overexpressed is glio
blastoma (Fleming et al., 1992; Maxwell et al., 1990; Nister et al., 1988). Investiga-
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tions of the expression pattern of PDGF and PDGF receptors in human glioblastoma 
tumors led to several interesting conclusions (Hermanson et al., 1988, 1992; Plate et 
al., 1992). Evidence for two autocrine loops was obtained, involving PDGF-A/a 
receptors in the tumor cells and PDGF-B/ß receptors in the stroma compartment of the 
tumor. Whereas the expression of a receptors on tumor cells and B chain in vessels 
occurred both in low- and high-grade tumors, the expression of PDGF Achain and ß 
receptor were higher in the more malignant tumors. These observations suggest that 
autocrine and paracrine mechanisms involving different isoforms of PDGF are of 
importance for the balanced growth of different cell types in glioblastoma tumors. 

Since PDGF is primarily known as a connective tissue mitogen, it was of interest 
to investigate the expression of PDGF and PDGF receptors on fibromas and fibrosar
comas of different degrees of malignancies. Also, these tumors were found to express 
PDGF and PDGF receptors in a malignancy-dependent manner (Alman et al., 1992; 
Smits et al., 1992), suggesting that PDGF overactivity is associated with tumor pro
gression. 

Also, tumors originating from epithelial tissue that normally does not respond to 
PDGF have been shown to produce PDGF (Raines et al., 1990). In certain cases, an 
autocrine loop may be established by aberrant expression of PDGF receptors, as has 
been observed, e.g., in the cases of certain thyroid carcinoma celliines (N.-E. HeIdin et 
al., 1988, 1991), gastric carcinoma cells (Chung and Antoniades, 1992), and lung 
cancer celllines (Antoniades et al., 1992). In other cases, PDGF production in carcino
mas may affect stroma formation (Chaudhry et al., 1992; Lindmark et al. , 1993). Direct 
evidence for a role of PDGF in stroma formation has been obtained by Forsberg et al. 
(1993), who analyzed the histology of tumors formed in nude mice by human mela
noma cells and compared them with tumors formed by cells stably transfected with 
PDGF B-chain cDNA. Whereas the tumors that arose from the PDGF-producing 
melanoma cells contained a network of connective tissue with an abundance of blood 
vessels, the tumors derived from control cells showed less stroma and blood vessels 
and large areas of necroses. It is possible that also in spontaneous tumors, PDGF or 
other factors derived from the tumor cells stimulate the formation of a supportive 
stroma. 

Another example that subversion of the mitogenic pathway of PDGF can lead to 
malignant transformation is the finding that acute myelomonocytic leukemia is often 
associated with a chromosomal rearrangement that leads to a fusion of the intracellular 
effector domain and the transmembrane domain of the PDGF ß receptor with an 
Ets-like transcription factor (Tel) (Golub et al., 1994). Presumably, the resulting 
fusion protein is constitutively active and initiates the signal transduction in a ligand
independent manner. 

6. PDGF Antagonists 

Since PDGF appears to be involved in many severe disorders, specific PDGF 
antagonists would be of potential clinical utility. In the design and administration of 
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such antagonists, care must be taken not to interfere with important normal functions of 
PDGF. Thus, inhibition of PDGF could negatively affect the wound-healing process. 
However, since there appear to be many different growth factors involved in wound 
healing with partially overlapping effects, the inhibition of PDGF may slow down 
wound healing only marginaIly. Another potentially more serious complication could 
be the effect on platelet aggregability. Inhibition of PDGF's feedback control of plate
lets could lead to an increased risk for thrombosis. Since platelets have only a recep
tors, whereas in many disorders the PDGF effects are exerted mainly via the ß receptor, 
which is found in higher amounts on, e.g., smooth muscle ceIls, fibroblasts, and 
mesangial cells, a possible strategy would be to develop antagonists that block PDGF 
action via ß receptor without affecting the a receptor. 

Regarding the possibility of interfering with the intracellular pathways regulated 
by PDGF, a potential problem is specificity, since such pathways are likely to be shared 
by several factors. One possibility would be to specifically inhibit the receptor kinase, 
and certain low-molecular-weight inhibitors, denoted tyrphostins, which discriminate 
to a certain extent between different tyrosine kinases, have been developed (Fig. 3) 
(Bryckaert et al., 1992). 

Another possibility is to interfere with the extracellular interactions between lig
and and receptor. There are certain low-molecular-weight substances that have been 
found to displace PDGF from its receptor, and thus act as antagonists. One example is 
suramin (Williams et al., 1984). However, suramin is not specific for PDGF, but 
interferes with a number of other ligand-receptor interactions as weIl (Betsholtz et al., 
1986). Neomycin has also been shown to inhibit the binding of PDGF to its receptor 
(Vassbotn et al., 1992). Interestingly, the inhibition occurs in a receptor-specific man
ner; the binding of PDGF-BB to the a receptor is blocked, but not the binding to the ß 
receptor. The binding of PDGF-AA to a receptors is somewhat affected but less than 
the binding of PDGF-BB. Even if the high concentrations of neomycin needed for any 
appreciable effect makes this compound unsuitable as a PDGF inhibitor for clinical 
use, these observations indicate that the a and ß receptors recognize slightly different 
epitopes on PDGF, and that it therefore should be possible to find receptor-specific 
antagonists. 

Due to the conservation of PDGF through the evolution, it has been difficult to 
obtain high-affinity antibodies against PDGF. However, useful neutralizing sera have 
been obtained in rabbits and goats that have been shown to inhibit autocrine stimulation 
in sis-transformed cells (Huang et al., 1984; Johnsson et al., 1985), as weIl as the 
atherosclerotic process that occurs after deendothelialization of carotid arteries in rats 
(Fems et al., 1991) and mesangial proliferation in the development of glomerulone
phritis (Johnson et al., 1992). In addition, a soluble form of the PDGF ß receptor has 
been shown to bind PDGF and thereby prevent it from binding to signaling receptors 
(Duan et al., 1991). Whereas isoform-specific antibodies could be clinically useful as 
PDGF antagonists, the use of soluble receptors would be complicated by the fact that 
extracellular domains of both a and ß receptor bind PDGF-AA, which is not desirable 
because of the risk for increased platelet aggregability, as discussed above. 

Since receptor dimerization is a key event in signal transduction, another strategy 
to achieve PDGF antagonism would be to prevent receptor dimerization (Fig. 3). If the 
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Figure 3. Possible levels of specific inhibition of PDOF signals. Inhibition is also possible further down
stream, but in such cases is not expected to be specific since intracellular signal transduction pathways are 
shared by many factors. 

effect of the dimeric POGP molecule is to bring together two receptors in a dimer, 
monomeric POGP may be an antagonist. However, a POGP mutant, in which the 
cysteines involved in interchain disulfide bonding were mutated to serine residues, was 
found to stimulate receptor dimerization and activation (Andersson et al., 1992), prob
ably because the POGP molecule even in the absence of disulfide bonds occurs as a 
dimer (Kenney et al., 1994). A more efficient way to prevent receptor dimerization 
could be to combine a wild-type POGP chain with a mutant chain, which is unable to 
bind to receptors and actively prevents receptor dimerization. 
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7. Future Perspectives 

The results of animal experiments and the first clinical trials support the notion 
that topical application of PDGF stimulates wound healing. It is therefore possible that 
PDGF will be an important future clinical tool, particularly for the stimulation of soft 
tissue repair in patients with impaired capacity for wound healing. Much work remains, 
however, to optimize, e.g., dose, ways of administration, and choice of PDGF isoform. 
Moreover, critical comparisons with other growth factors should be performed in order 
to select the best factor, or combinations of factors, for different types of wounds. 

Accumulating evidence strongly suggests that overactivity of PDGF is a causative 
factor in the development of several serious disorders. Specific and efficient PDGF 
antagonists are therefore highly desirable. As discussed above, it will probably be 
necessary to design antagonists that discriminate between the two receptors for PDGF. 
Moreover, it remains to be solved how to administer antagonists to the appropriate 
localizations in the different diseases. Despite these difficulties, it is likely that suitable 
PDGF antagonists will be produced and find their way to the clinic in a not too distant 
future. 
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Chapter 8 

Transforming Growth Factor-~ 

ANITA B. ROBERTS and MICHAEL B. SPORN 

1. Introduction 

Transforming growth factor-[3 (TGF-[3) is generally acknowledged to be the cytokine 
with the broadest range of activities in repair of injured tissue, based both on the variety 
of cell types that produce and/or respond to it and on the spectrum of its cellular 
responses (Roberts and Sporn, 1990). TGF-[3 is released from degranulating platelets 
and secreted by all of the major cell types participating in the repair process, including 
lymphocytes, macrophages, endothelial cells, smooth muscle cells, epithelial cells, and 
fibroblasts (see Fig. 1). A unique feature of this molecule is that its autoinduction 
results in sustained expression at the site of a wound and extends the effectiveness of 
both the initial burst of endogenous TGF-[3 released upon injury and exogenous TGF-[3 
that might be applied to a wound. The ability of TGF-[3 to improve and/or accelerate 
tissue repair has been studied extensively in a variety of animal models of both normal 
and impaired healing. A limited number of clinical trials are in progress, but it is 
anticipated that many new applications for TGF-[3 will ultimately be found, once 
problems with appropriate timing and formulation can be solved. 

In this chapter, we will give a brief overview of the basic biochemistry and 
biology of TGF-[3, review results from a variety of animal models of wound healing, 
and discuss potential clinical applications of TGF-[3 to repair of tissue injury. We will 
also briefly summarize the extensive literature concerning the roles of TGF-[3 in 
fibrotic disease and in carcinogenesis, both of which, in many respects, can be viewed 
as aberrations of the normal repair process. We will focus principally on articles 
published in the past 4 years. 

1.1. Multiple Forms of TGF-Il 

The term TGF-[3 refers generically to any of the TGF-[3 isoforms, each of which 
are highly homologous and often interchangeable in a variety of biological assays, but 
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macrophage 

endothelial cell 

T-Iymphocyte 

Figure 1_ Many different cell types participating in tissue repair processes are capable of both responding to 
and producing TGF-ß. TGF-ß released from degranulating platelets or from matrix stores contributes to 
inductive and autoregulatory processes that result in enhanced expression of TGF-ß 1 by responsive cells 
involved in tissue repair. We thank Dr. John Letterio for the artistic presentation. 

are encoded by distinct genes and have unique promoters (Roberts and Sporn, 1990). 
Mammals express three isoforms of TGF-ß designated TGF-ß I, -2, and -3; TGF-ß 1 is 
the most abundant isoform in all tissues, and in human platelets it is the only isoform of 
the peptide. Certain cells such as retinal pigment epithelial cells secrete predominantly 
TGF-ß2 (Connor et al. , 1989), and certain body fluids such as the aqueous and vitreous 
of the eye (Connor et al., 1989; Jampel et al., 1990), amniotic fluid (Altman et al., 
1990), saliva, and breast milk (Jin et al., 1991) contain principally TGF-ß2. It is 
noteworthy that >85% of the TGF-ß in adult wound fluid is the type 1 isoform, 
whereas in wound fluid from second trimester fetuses, which do not scar, the type 2 
isoform predominates (Longaker et al., 1994). TGF-ß3 is the least studied of the 
TGF-ß isoforms. It has been isolated from human umbilical cord (ten Dijke et al., 
1988) and is secreted from certain cells, including myoblast celllines (Lafyatis et al., 
1991); however, it is usually less abundant than either TGF-ßl or -2 in both tissue and 
cell extracts. 

Burt and Law (1994) have suggested that TGF-ß4 in chickens and TGF-ß5 in 
Xenopus are the homologues of mammalian TGF-ß1. If this hypothesis is correct, it 
suggests that TGF-ß 1 is the most evolutionarily diverged isoform, since TGF-ß4 and 
-5 are each only 82% identical to TGF-ß 1. In contrast, chicken and Xenopus TGF-ß2 
are 99 and 95% identical to mammalian TGF-ß2, respectively. Based on this hypothe-
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sis, TGF-ß4 and -5 should play dominant roles in wound healing in avian and amphib
ian species, respectively. 

The various isoforms of TGF-ß are usually interchangeable in vitro or when 
applied exogenously to a wound (Schmid et al., 1993b; Ksander et al., 1993). As an 
example, TGF-ßl, -2, -3, and -5 have similar activity in stimulating the chemotaxis of 
human macrophages and in inhibiting the growth of human B lymphocytes (Roberts et 
al., 1990). However, in assay medium containing serum, it can appear as if TGF-ß 1 or 
-3 are more potent than TGF-ß2, since !X2-macroglobulin, which is abundant in serum, 
binds TGF-ß2 with about tenfold higher affinity than TGF-ßl (Danielpour and Sporn, 
1990). In wound healing, exogenous application of TGF-ßl and -2 appear to have 
equivalent outcomes (Ksander et al., 1993), whereas application of TGF-ß3 has re
sulted in less scarring of incisional wounds (Shah et al., 1995). 

1.2. Transcriptional Regulation of TGF -lU, -2, and -3 

The three mammalian isoforms of TGF-ß each have distinct promoter regions and 
5' and 3' untranslated regions that regulate their transcription and translation, respec
tively (Roberts and Sporn, 1992a; Kim et al., 1992). Because of this, a particular 
stimulus such as wounding will affect the expression of each isoform differently. Thus, 
TGF-ßl expression is selectively induced in response to a variety of stimuli following 
wounding, ischemia, or anoxia, and in carcinogenesis and fibrogenesis. In contrast, 
expression of TGF-ß2 and -3 is regulated primarily in response to hormonal and 
developmental signals. 

The TGF-ß 1 promoter lacks classic TA TA or CAAT boxes, but includes several 
response elements important in wounding, such as AP-l and Egr-l sites (Kim et al., 
1989; Dey et al., 1994) (see Fig. 2). Expression of TGF-ßl is induced in response to 
Egr-l; to products of the oncogenes jun, los, src, abi, and ras; to the transactivator 
proteins of viruses including human T-cell leukemia virus type 1, human cyto
megalovirus, and hepatitis B virus; and, perhaps most importantly, to TGF-ß itself, by 
a mechanism termed autoinduction (Kim et al., 1989). Autoinduction is of central 

AP-1 Egr Egr 

0 []1] r 
-500 -400 -300 -200 -100 +1 

oncogenes sre, abi, ras, Jun, tos sre,abl 

vtral transactlvatolS Hll\J.l TAX CMVIE2,HBx 

growth tactolS TGF-P NGF 

Figure 2. The TGF-ß I promoter contains both AP-I and Egr sites, which are responsible for its selective 
induction and autoinduction following injury. These sites, which are not found in either the TGF-ß2 or -3 
promoters, are activated by oncogenes, viral transactivators, as weH as growth factors (see Section 1.2). 
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importance in wound healing since it results in sustained expression ofTGF-ßl, which 
persists long after the initiating stimulus. It is mediated through the AP-l sites in the 
TGF-ßl promoter (Kim et al., 1989). These sites bind the transcription factor complex 
formed between the oncogene products Jun and Fos, each of which is rapidly induced 
in response to both TGF-ß and wounding (Martin and Nobes, 1992; Wang and John
son, 1994). Thus the sustained elevation of the expression of TGF-ßl seen following 
injury or in a variety of disease states is due, at least in part, to the wide variety of 
"distress signals" that activate transcription of the type 1 isoform selectively and do not 
affect the transcription of TGF-ß2 and -3 (Roberts and Sporn, 1992a). 

In contrast, the TGF-ß2 and -3 promoters each contain a TA TA box with a 
functional cyclic AMP-responsive element/activating transcription factor (CRE/ATF) 
site just 5' of the TA TA box (Lafyatis et al., 1990; O'Reilly et al., 1992). Although in 
some models, expression of TGF-ß2 and -3 has been shown to be enhanced following 
wounding (Schmid et al., 1993a,b), the mechanistic basis of this increase has not been 
studied, nor has it been determined whether increased synthesis or activation of exist
ing stores of peptide is involved. 

Although the long 5' and 3' untranslated regions of all 3 TGF-ß isoforms proba
bly playa role in posttranscriptional regulation of TGF-ß expression (Romeo et al., 
1993; Kim et al., 1992), thus far, it has not been demonstrated how or whether these 
elements might be modulated to affect posttranscriptional control. 

1.3. Activation of Latent TGF-ß 

TGF-ß is secreted from cells and released from platelets in a form that is unable to 
bind and activate its signaling receptors directly, and therefore is called "latent" TGF-ß 
(for reviews, see Miyazono et al., 1993; Harpel et al., 1992). Two forms of latent 
TGF-ß have been described and are termed the small and large latent complexes (see 
Fig. 3). The smalllatent complex is derived from a single gene product and consists of 
a noncovalent complex between the mature C-terminal 112-amino-acid TGF-ß and the 
N-terminal remainder of its own pre-pro-domain (residues 30-278), called the latency
associated protein (LAP). In the large latent complex, LAP is covalently linked to 
another protein called the latent TGF-ß-binding protein (LTBP). LTBP has been cloned 
and contains 16 epidermal growth factorlike repeats, eight cysteine repeats, as well as 
an RGD (Arg-Gly-Asp) sequence and the cellular binding domain of the laminin B2 
chain; the platelet form appears to have been proteolytically processed and is 125-160 
kDa. Although the exact role of LTBP in activation of the latent complex is not fully 
understood, it appears to increase the efficiency of secretion of TGF-ß and may 
promote binding of TGF-ß to matrix and facilitate its activation, analogous to fibrillin 
to which it shows some homology (Taipale et al., 1994; Flaumenhaft et al., 1993a). 
Certain cells, such as osteoblasts, have been shown to secrete TGF-ß in the form of the 
smalllatent complex (Dallas et al., 1994); the implications ofthis for activation are not 
presently understood. However, recent observations on prostate cancer cells have 
shown that failure of cells to secrete LTBP is associated with a poor prognosis (Eklov et 
al., 1993). 
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Figure 3. The fonnation and activation of latent complexes of TGF-ß are highly regulated processes. Latent 
TGF-ß consists of a noncovalent complex between LAP and mature TGF-ß; in the large latent complex, 
LAP is covalently bound to LTBP. These complexes can be either sequestered by matrix or activated by a 
cooperative proteolytic process involving the mannose-6-phosphate receptor and surface-bound protease. 
Only the mature C-tenninal domain of TGF-ß binds to its signaling receptors, although certain larger 
complexes, such as that between TGF-ß and thrombospondin, are also biologically active (see Section 1.3 for 
details). 

In addition to complexes formed with LAP or LAP/LTBP, active TGF-ß can also 
associate with a variety of matrix proteins including biglycan, decorin, type IV col
lagen, fibronectin, and thrombospondin (Noble et al. , 1992). TGF-ß can also form both 
covalent and noncovalent complexes with <X2-macroglobulin; it has been proposed that 
<x2-macroglobulin might function either to scavenge TGF-ß2 or to deli ver it to particu
lar tissues such as the liver (O'Connor-McCourt and Wakefield, 1987). 

Understanding of the elements involved in regulation of the activation of latent 
TGF-ß is likely to be critical in providing insight into its roles in wound healing, 
fibrotic disease, and carcinogenesis. The ability of TGF-ß to be stored extracellularly 
in an inactive form provides a reservoir of the peptide, which can be readily made 
available following activation, even in the absence of transcriptional induction. Studies 
involving coculture of endothelial cells and smooth muscle cells have shown that 
activation of the latent complex is a multifactorial process depending, in part, on the 
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mannose-6-phosphate receptor, plasmin, and transglutaminase (Harpel et al., 1992). 
This has led to a model of cell-surface-mediated activation of the latent complex in 
which both latent TGF-ß and plasmin must be surface-bound. The anchoring of latent 
TGF-ß to activation sites on the cell surface or extracellular matrix is proposed to occur 
via LTBP (Taipale et al. , 1994) and/or via binding of mannose-6-phosphate residues on 
LAP to the mannose-6-phosphate receptor (Harpel et al., 1992). Transglutaminase is 
thought to mediate the cross-linking of plasminogen to the cell surface or to extracellu
lar matrix. 

Other mechanisms have also been described for activation of latent TGF-ß. Anal
ogous to the use oflow pH to activate latent TGF-ß in vitro, it is thought that the acidic 
local environment around osteoclasts might serve to activate latent TGF-ß in resorbing 
bone (Brown et al., 1990; Bonewald et al., 1991). Binding of TGF-ß to thrombospon
din has also been reported to result in its activation, suggesting that certain matrix 
proteins are able to bind TGF-ß in a conformation that leaves the receptor-binding 
epitope exposed or that constrains the moleeule so that this epitope is optimally config
ured for binding (Schultz-Cherry and Murphy-Ullrich, 1993). Since thrombospondin is 
released in large quantities from platelets and secreted from cells, and since its synthe
sis is induced by growth factors including TGF-ß, it is likely that it plays an important 
in the activation of TGF-ß in wound healing (Bornstein, 1992), possibly by transfer of 
TGF-ß from an inactive to an active matrix protein complex. Treatment of cells with 
ligands of the steroid receptor superfamily such as retinoic acid, 1,25-dihydroxy vita
min D3, tamoxifen, or gestodene also results in activation of TGF-ß (Roberts and 
Sporn, 1992b), though, in certain cases, this has been demonstrated to result from 
increased protease secretion from cells treated with these agents (Kojima and Rifkin, 
1993). Some of the reported vulnerary qualities of retinoids might be based, in part, on 
their ability both to enhance secretion and to activate TGF-ß (Glick et al., 1991; Hunt 
et al., 1969; Weinzweig et al., 1990; Varani et al., 1991). 

1.4. TGF -ß Receptors 

The TGF-ß receptors have recently been cloned and shown to belong to a growing 
family of receptors with intrinsic serine-threonine kinase activity (for reviews, see 
Massague et al., 1994; ten Dijke et al., 1994a; Lin and Moustakas, 1994). The most 
widely accepted model for the functional signaling unit of these receptors is a hetero
dimer or higher-order multimer composed ofboth type I (approximately 55 kDa) and 11 
(approximately 80 kDa) receptors, but many variations on this model are under active 
investigation (Lin and Moustakis, 1994; Yamashita et al., 1994b). Receptors in these 
two classes currently implicated in binding and signaling of the TGF-ß include a single 
type 11 receptor (Lin et al., 1992) and two distinct type I receptors: either Tsk-7L/ 
ALK-2/Rl, which can also function as a type I activin receptor (He et al., 1993; Ebner 
et al., 1993; ten Dijke et al., 1994b), or ALK-5/R4, which appears to be specific for the 
TGF-ß (Bassing et al., 1994). Recent data based on use of kinase-defective receptors 
suggest a novel signaling mechanism dependent on phosphorylation of specific sites of 
the type I receptor by the type 11 receptor kinase (Wrana et al., 1994). 
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Two other cell surface proteins, the type III receptor (also called betaglycan) and 
endoglin, which are about 70% homologous in their transmembrane and cytoplasmic 
domains, also bind TGF-ß with high affinity; these proteins have only short cyto
plasmic tails and lack a kinase domain (Massague et al., 1994). The binding site for 
TGF-ß in betaglycan has been shown to reside in the proximal third of the extracellular 
domain, near the transmembrane domain (Fukushima et al., 1993; Pepin et al., 1994); 
this region has only very short stretches of homology to endoglin, suggesting that their 
binding sites may be distinct. It has been postulated that both of these proteins facilitate 
binding of TGF-ß to its signaling receptors by "presenting" it in some appropriate 
conformation (Yarnashita et al., 1994a). A high-molecular-weight type V TGF-ß recep
tor exhibiting serine-threonine kinase activity has also been described; however, its 
role in TGF-ß signaling is not yet clear (Q. Liu et al., 1994). 

2. Biological EtTects of TGF -(1 Relevant to Tissue Repair 

TGF-ß affects nearly every aspect of tissue repair. It is released in the form of a 
large latent complex from the a granules of platelets, when they degranulate by expo
sure to thrombin. Once activated, TGF-ß attracts cells to the wound site by chemotaxis 
and then stimulates the formation of granulation tissue. In this section, we will discuss 
the individual steps as they might be influenced by TGF-ß. 

2.1. Chemotaxis 

TGF-ß is perhaps the most potent stimulator of chemotaxis known, stimulating 
the migration of monocytes, lymphocytes, neutrophils, and fibroblasts in the femtomo
lar concentration range (Wahl et al., 1987; Postlethwaite et al., 1987; Adams et al., 
1991; Brandes et al., 1991). In all of the cell types studied, the dose-response to 
TGF-ß is in the form of a bell-shaped curve with concentrations either less than or 
greater than the active range having no effect. Since chemotaxis is stimulated only at 
very low concentrations of TGF-ß and not at higher concentrations that are required to 
activate gene transcription in responsive cells, the TGF-ß-directed migration of these 
cells into a wound site must occur either prior to activation of significant amounts of 
latent TGF-ß released from platelets or at sites quite distant from the major source of 
TGF-ß, where the concentrations of active TGF-ß would be quite low. 

TGF-ß also modulates the migration of cells, although the direction of its effects 
appear to be both cell-specific and contextual. Thus TGF-ß stimulates the migration of 
an intestinal epithelial celliine, IEC-6 (Ciacci et al., 1993), but inhibits the migration of 
smooth muscle cells after wounding in vitro in monolayer (Sato and Rifkin, 1989); it 
also increases the migration of keratinocytes both in vitro and in organ culture (Hebda, 
1988; Nickoloff et al., 1988). Although TGF-ß has a chemotactic effect on fibroblasts 
in Boyden chamber assays, it inhibits their migration into three-dimensional collagen 
gel matrices (Ellis et al., 1992). 
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2.2. Angiogenesis 

The specific manner in which TGF-ß stimulates angiogenesis in viva is still being 
debated. The first evidence that TGF-ß had angiogenic properties came from injection 
of TGF-ß into Hunt-Schilling chambers implanted subcutaneously into the back of rats 
(Sporn et al., 1983) and from subcutaneous injection of TGF-ß into an uninjured area 
of skin in newborn mice (Roberts et al. , 1986). In each of these cases, TGF-ß induced 
the formation of highly vascularized granulation tissue at the site of injection. In the 
rabbit corneal model, it has been clearly demonstrated that TGF-ß induces angio
genesis indirectly by recruiting inflammatory cells which then stimulate angiogenesis 
by secreting endothelial cell mitogens (Phillips et al., 1992). 

In direct contrast, TGF-ß has been shown to be a potent inhibitor of the growth of 
endothelial cells in monolayer. In coculture of vascular endothelial cells and either 
smooth muscle cells or pericytes, but not in homotypic cultures, latent TGF-ß secreted 
by the cells is activated and growth of the cells is inhibited (Aaumenhaft et al., I993b). 
This has led to the suggestion that Iocal activation of TGF-ß at the edge of the pericyte 
cover of growing capillaries contributes to cessation of growth of the endothelial cells. 
In in vitra models of angiogenesis, the ability of TGF-ß either to stimulate or to inhibit 
the formation of endothelial tubes has been shown to be contextual, depending on its 
concentration, the presence of other cytokines such as basic fibroblast growth factor, 
and the pericellular environment ofthe responding endothelial cell (Pepper et al., 1993; 
Merwin et al., 1990; Gajdusek et al., 1993). The effects of TGF-ß in in vitra an
giogenesis have been shown to be mediated, in part, by its effects on the "proteolytic 
balance," which are important in the interplay between invasion of the extracellular 
matrix and formation of a lumen in endothelial cell cords (Pepper et al., 1993). 

2.3. Production and Remodeling of Extracellular Matrix 

The effects of TGF-ß on extracellular matrix are more complex and more pro
found than those of any other growth factor and are central to its effects on increasing 
the maturation and strength of wounds, as weIl as on pathological matrix accumulation 
characteristic of fibrotic disease (Roberts and Sporn, 1992a; Noble et al., 1992). In a 
dermal site, the target cell is the wound fibroblast, which is first stimulated to migrate 
chemotactically in response to femtomolar concentrations of TGF-ß at the periphery of 
the wounded area and then is activated transcriptionally by higher concentrations of 
TGF-ß within the wound site. Matrix production and/or processing by keratinocytes 
(Vollberg et al., 1991; Wikner et al. , 1990; Keski-Oja and Koli, 1992), osteoblasts 
(Fawthrop et al., 1992; Sodek and Overall, 1992), renal mesangial cells (Border et al., 
1990a), endothelial ceIls, and smooth muscle cells (Basson et al., 1992) are also 
regulated by TGF-ß. TGF-ß regulates the transcription of a wide spectrum of matrix 
proteins including collagen, fibronectin, and glycosaminoglycans, of matrix-degrading 
proteases and their inhibitors, and of integrin receptors, increasing production of matrix 
proteins while decreasing their proteolysis and modulating their interactions with cells 
as mediated by integrin receptors. The specific target genes affected are cell- and 
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context-specific. Evidence suggests that effects of TGF-ß on matrix may be mediated 
through a receptor complex or signaling pathway different from that which mediates its 
effects on growth, since certain cells that have lost responsivity to the growth inhibitory 
effects of TGF-ß are still sensitive to its effects on induction of fibronectin and 
plasminogen activator inhibitor synthesis (Geiser et al., 1992). Understanding of the 
basis of these differences may eventually permit selective manipulation of one or the 
other of these pathways. 

Recent experiments have shown that the interaction of TGF-ß and matrix is 
bidirectional (Nathan and Sporn, 1991). In mammary epithelial cells, the level of 
TGF-ßl expression is transcriptionally down-regulated when the cells are cultured on 
reconstituted basement membrane compared to the same cells cultured on plastic 
(Streuli et al., 1993). Expression of TGF-ß2 was unchanged in the two culture condi
tions, in agreement with the very different nature of the promoters of TGF-ßl and -2 
and underscoring their different roles in tissue repair and disease (Roberts and Sporn, 
1992a). These results have important implications for wound healing since they sug
gest (1) that disruption of anormal basement membrane may be one of the signals 
contributing to increased and prolonged expression of TGF-ß 1, and (2) that the re
formed basement membrane, possibly signaling through integrin receptors, may play 
an active role in terminating expression of one of its inducers, TGF-ß 1. They also 
suggest that pathological accumulation of matrix may result not only from excessive 
production of TGF-ß 1, but also from defects in the signaling pathways emanating from 
matrix that would ordinarily function to terminate or suppress expression of TGF-ß 1. 

3. Animal Models of Tissue Repair 

Animal models of both basal and impaired tissue repair in rats, guinea pigs, pigs, 
and rabbits with experimentally induced incisional, excisional, and burn wounds or 
with implants of wire mesh Hunt-Schilling chambers or polyvinyl alcohol sponges 
have been utilized to evaluate the role of endogenous TGF-ß and the efficacy of 
exogenous TGF-ß in the repair process (for reviews, see Cromack et al., 1991; Martin 
et al., 1992; Roberts and Sporn, 1993; Lawrence and Diegelmann, 1994). Endpoints 
involve evaluation of the quality and rate of healing as assessed by physical measure
ments of the tensile strength of linear incisional wounds, measurement of rates of 
wound closure, histomorphometric analyses, biochemical measurements of synthesis 
of DNA and matrix proteins, and assessment of scarring. 

At the time of injury, latent TGF-ßl is released from degranulating platelets into 
the wound bed as a bolus. Subsequently, injury-induced expression of immediate-early 
genes contributes to the transcriptional activation and autoinductive pathways of 
TGF-ßl expression (Martin and Nobes, 1992; Wang and Johnson, 1994), resulting in 
elevated levels of expression of endogenous TGF-ß 1 that persist over a protracted 
period. Since large stores of latent TGF-ß are localized to pericellular matrix, in part 
via LTBP binding (Taipale et al., 1992, 1994), the proteolytic environment characteris
tic of the early stages of wound healing might also serve to release TGF-ß locally from 
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its matrix stores (Falcone et al., 1993; Kane et al., 1991), prior to or independent of 
transcriptional activation of the TGF-ßl gene. Thus, the levels of TGF-ß in wound 
fluid remain elevated for up to 14 days, with peak levels on days 7 to 9 following 
implantation of wire mesh Hunt-Schilling chambers in the back of rats, at the time of 
maximum fibroblast proliferation and collagen synthesis (Cromack et al., 1987). 

Immunohistochemical studies have shown that each of the three TGF-ß isoforms 
are expressed in unique patterns following wounding (Kane et al., 1991; Levine et al., 
1993). However, it has been shown that regardless of which TGF-ß isoform is applied 
exogenously to a wound, expression of TGF-ßl, and not TGF-ß2 and -3, is induced 
endogenously. Thus, topical application of either TGF-ßl, -2, or -3 resuIted in approx
imately equivalent induction ofTGF-ßl mRNA in the wound bed ofthermal injuries in 
mice (Schmid et al., 1993b); TGF-ß2 or -3 mRNAs were not detected. Similarly, in a 
model of impaired healing in mice, exogenous application of TGF-ß2 resulted in 
expression of endogenous TGF-ß 1, as determined by immunohistochemistry (Ksander 
et al., 1993). These results and those showing autoinduction of TGF-ßl mRNA and 
protein following its exogenous application in two different wound models in pigs 
(Quaglino et al., 1990, 1991) again underscore the critical role of the type 1 isoform of 
TGF-ß in tissue repair. 

Study of the expression patterns of the TGF-ß isoforms in uninjured human skin 
and in wounds suggests that there may be differences compared to the animal models. 
Whereas little expression of TGF-ß2 and -3 was seen in mice, TGF-ß3 mRNA and 
protein are prominantly expressed in keratinocytes of intact human dermis (Schmid et 
al., 1993a); TGF-ßl mRNA expression was seen at the reepithelialization front of 
acute wounds. The TGF-ß type 11 receptor was also expressed in the epidermis with 
stronger expression in the upper, more differentiated layers (Schmid et al., 1993a). 
Now that tools are available for detection of the TGF-ß receptors, it will be important 
to examine the spacial and temporal patterns of their expression in tissue repair and in 
fibrogenesis to determine whether any regulation of the TGF-ß response occurs at the 
receptor level. Recent studies in carcinogenesis demonstrate that cells that are no 
longer sensitive to regulation by TGF-ß have either impaired expression of the type 11 
receptor or impaired receptor signaling, suggesting that it may be important to ex amine 
receptor expression in chronic wounds (Park et al., 1994). A caveat in extrapolating 
functional significance from in situ expression of receptor mRNA alone is illustrated 
by recent studies of receptor expression in hepatic lipocytes, which are suggested to 
serve as a paradigm for mesenchymal cells. These studies show that receptors may 
have to become activated, possibly by formation of muItimeric complexes, before they 
can bind ligand, and, because of this, that expression of receptor mRNA does not 
always correspond with TGF-ß binding activity. 

3.1. Unimpaired Wound Models 

3.1.1. Delivery Vehicle 

TGF-ß is typically delivered to the wound in either a saline vehicle (pierce et al., 
1992), a 3% methycellulose suspension (Beck et al., 1990a), an emulsified bovine 
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collagen vehicle (Zyderm 11) (Mustoe et al., 1991), or a sponge made of bovine 
collagen either with or without heparin (Ksander et al., 1990a,b). In the only study in 
which delivery vehicles were actually compared, it was shown that TGF-ß applied 
topically as a single dose to an incisional wound in a rat in saline was ineffective 
compared to the same dose delivered in a collagen suspension, suggesting that pro
longed local exposure of the wound to TGF-ß was beneficial (Mustoe et al., 1987). 

3.1.2. Dose Levels and Application Schedule 

The design of most wound-healing studies has consisted of a single application of 
TGF-ß applied topically at the time of wounding. In studies addressing the question of 
dosing schedule, it was shown in a rabbit ear dermal ulcer model that a single applica
tion of TGF-ß at the time of wounding had an effect equal to that of multiple doses, 
whereas application 24 hr after wounding had no beneficial effect (Beck et al., 1990a). 
Timing of application TGF-ß is therefore of critical importance and suggests that there 
is a particular cell population present in the early stages of tissue repair that is optimally 
targeted by TGF-ß. However, in glucocorticoid-impaired healing of excisional wounds 
in the rabbit ear, where healing was delayed sufficiently to evaluate the extended repair 
process, repeated application of TGF-ß, spaced several days apart, was of greater 
benefit than a single treatment (Beck et al., 1991). 

Important, and conceptually novel, is the demonstration that systemic administra
tion of TGF-ß, even up to 24 hour before wounding, is effective in enhancing repair 
(Sporn and Roberts, 1993). Following injection of a single intravenous dose of TGF-ß 1 
(100 or 500 IJ-g/kg), Beck et al. (1993b) showed that the tensile strength of incisional 
wounds in either old or glucocorticoid-impaired rats was increased to the level ob
served in normal untreated young rats; marginal effects were observed using the lowest 
dose of 10 IJ-g/kg. Systemic TGF-ß 1 was effective if administered as early as 24 hr 
before wounding or up to 4 hr after wounding, and significantly reduced if adminis
tered 48 hr prior to wounding. These results suggest that TGF-ß can "prime" cells for 
increased responsiveness to factors released at the wound site, and that such signals can 
persist for as long as 24 hr. Circulating monocytes and possibly also tissue fibroblasts 
are potential targets of systemic TGF-ß; in vitro experiments have shown that mono
cytes exposed to TGF-ß have enhanced responses to secondary stimuli (Mustoe et al., 
1987). The ability of TGF-ß to autoregulate its own production mayaiso contribute; 
this would result in amplification of the initial "endocrinelike" action of the systemic 
TGF-ß by subsequent paracrine and autocrine mechanisms. 

Doses of TGF-ß used to treat wounds topically have varied over a 1000-fold 
concentration range from as little as a few nanograms (Shah et al., 1994a) to several 
micrograms (Ksander et al., 1990a; Beck et al., 1990b, 1993b). Interestingly, in the 
rabbit ear ulcer model, two independent studies varied by a factor of 10 in terms of 
optimal dose of TGF-ß, although each showed a biphasic dose-dependency. Thus, 
Beck et al. (1990a) showed positive effects of TGF-ßI on wound healing, which 
increased at doses of 5-100 ng TGF-ßl and decreased at higher doses, while Mustoe et 
al. (1991) showed optimal effects at IIJ-g with decreasing effects at lower or higher 
amounts of TGF-ß 1. In these two studies, TGF-ß 1 was applied in a methylcellulose or 
collagen suspension, respectively; it is not known how this might have affected the 
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detennination of dose range. However, the response curves clearly indicate that dose 
range studies will be important and that optimal levels will vary depending on the mode 
of delivery and wound type. 

3.1.3. EtTects of TGF -Jl on the Tensile Strength of Incisional Wounds 

One way to assess healing is to measure the strength of an incisional wound; this 
is commonly done by testing the breaking strength of fonnalin-fixed or freshly excised 
incisions. Such measurements consistently show that topical application of TGF-ß 
increases the breaking strength in incisional wounds in rats (Mustoe et al., 1987; 
Brown et al., 1988; Ammann et al., 1990; Pierce et al., 1989b; Beck et al., 1993b) and 
guinea pigs (Ksander et al., 1990a) with maximum effects at early time points and 
negligible effects at later time points when healing was complete in both treated 
and control wounds. Tensile strength of punch wounds in pigs (Beck et al., 1990b) and 
guinea pig wounds healing by secondary intent was also increased (Ksander et al., 
1990b). A newly developed in vivo method that does not require excision ofthe wound 
site confinned that TGF-ßl (2 I-Lg/rat) significantly increased wound strength of ab
dominallinear incisional wounds in rats at day 5 (Perry et al., 1993). 

These results derive, in part, from the profound and unique effects of TGF-ß on 
synthesis of collagen and other extracellular matrix proteins. Injection of labeled pro
line showed that TGF-ß enhanced collagen synthesis in a dose-dependent manner in 
the rabbit ear ulcer model (Beck et al., 1990a; Chen et al., 1992) as had been shown 
previously in wire mesh chambers (Sporn et al., 1983) and in a model for granulation 
tissue fonnation in uninjured skin (Roberts et al., 1986). Others have used morphologi
cal analysis with either Masson trichrome or reticulin stain (Mustoe et al., 1987), 
specific antibodies to procollagen type I (pierce et al., 1991a), or picosirius red (Shah et 
al., 1994a; Pierce et al., 1992) to show increases in newly synthesized collagen in 
wounds treated with TGF-ß. The effect ofTGF-ß on collagen synthesis is transient and 
paralleis the increase in tensile strength; subsequent collagen cross-linking, on the 
other hand, is not a major detenninant of TGF-ß-dependent improvement in repair 
(Pierce et al., 1991a). 

Comparisons of the effects of TGF-ß with those of platelet-derived growth factor 
(PDGF-BB) and basic fibroblast growth factor (bFGF) in both the rabbit ear denn al 
ulcer model (Pierce et al., 1991b, 1992; Mustoe et al., 1991) and an incisional model in 
rats (pierce et al., 1991a) demonstrate that individual growth factors may regulate 
different aspects of repair. Specifically, with respect to their effects on collagen synthe
sis, it was shown that ulcer wounds treated with TGF-ßl appeared to bypass the 
inflammatory phase of wound repair, with early deposition and maturation of collagen 
into large bundles at the leading edge of the wound, as assessed by picosirius red 
staining with polarization optics (pierce et al., 1992). In contrast, PDGF-BB stimulated 
wound closure by augmenting deposition of provisional matrix composed of gly
cosaminoglycans and fibronectin at the edge of new granulation tissue and did not 
stimulate new collagen synthesis until rather late in the repair process. Wounds treated 
with bFGF contained little to no collagen even after complete closure (Pierce et al., 
1992). These results are consistent with the action of these growth factors on fi-
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broblasts in vitro. In contrast to dominant effects of TGF-ß on the wound fibroblast 
phenotype, PDGF-BB had stronger effects on inflammatory cell influx and bFGF on 
angiogenesis than did TGF-ßl. Nonetheless, TGF-ß1, injected subcutaneously into 
uninjured skin can, by itself, induce all the features of granulation tissue, possibly, in 
part, by induction of other growth factor activities (Roberts et al., 1986). Not unexpect
edly, synergistic effects are seen using combinations of growth factors to treat partial
thickness porcine skin wounds (Lynch et al., 1989). 

3.1.4. EtTects of TGF -ß on Reepithelialization 

Because it inhibits the growth of keratinocytes in vitro, it had been predicted that 
TGF-ß would also inhibit reepithelialization of open wounds. However, Hebda (1988) 
showed that TGF-ß increased the rate of outgrowth of keratinocytes from porcine skin 
explants, again emphasizing that results from cells cultured on plastic are often not 
predictive for behavior of cells in the context of their natural in vivo environment. In 
wound models, the effects depend on the dose of TGF-ß used and the particular model. 
Thus, in the rabbit ear ulcer model, which precludes contraction and is thus considered 
a useful model for the healing of human ulcer wounds that also do not heal by 
contraction, high doses of TGF-ß1 (1 jLg/wound), which were optimal in terms of 
formation of new granulation tissue, had no effect on reepithelialization; however, 5 
jLg/wound significantly inhibited reepithelialization (Mustoe et al., 1991). In contrast, 
in a similar model, treatment with 100 ng TGF-ß actually enhanced the migration of 
epithelial cells from the wound margin toward the center without affecting their prolif
eration (ehen et al., 1992). Similarly, in dermal wounds in pigs, the extent of surface 
covered by epithelium was again unaffected by TGF-ß over a tenfo1d high dose range 
from 1 to 10 jLg/cm2 (Ksander et al., 1990a), whereas application of lower doses of 70 
or 700 ng/day TGF-ß1 for 5 days resulted in increases in the area of regenerated 
epidermis and increased cross-sectional depths of regenerated dermis, characterized by 
granulation tissue, compared to wounds treated with saline vehicle alone (Jones et al., 
1991). In glucocorticoid-impaired healing of excisional wounds in pigs, TGF-ß1 
caused a substantial reduction in the degree of epithelialization after 5 days' treatment 
with doses >500 ng/wound per day, applied daily; however, all wounds were fully 
epithelialized at 10 days regardless of the treatment (Quaglino et al., 1990). Together, 
these data suggest that it is unlikely that TGF-ß, used in an appropriate dose range, will 
have adverse effects on reepithelialization in clinica1 treatment of wounds. 

3.2. Healing-Impaired Models 

Much of the need for clinical management of wounds is in a patient population 
with compromised healing, often as a complication of other basal metabolic derange
ments such as diabetes or poor vascular circulation, or of treatment protocols such as 
steroids, chemotherapy, or radiation that often complicate the postoperative manage
ment of surgery for malignancy. Studies of animal models of impaired healing suggest 
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that the effeets of growth faetor treatment are substantial, often inereasing the healing 
rates to a level comparable to that of unimpaired, control animals. 

3.2.1. Corticosteroids 

Pharmaeological levels of eortieosteroids reduee inflammatory eell influx and 
angiogenesis and inhibit fibroblastic collagen synthesis, resulting in a marked healing 
deficit (for review, see Wahl, 1989). In rats treated with methylprednisolone with 
defieits in wound strength of 50% at 7 days, applieation of TGF-ß 1 0.25-1 J.lg/incision 
(Pieree et al., 1989a) or 2-8 J.lg/incision (Beek et al., 1991) restored the deficit in a 
dose-dependent fashion. It is signifieant that PDGF-BB, used in the same study design, 
failed to restore breaking strength (Pieree et al., 1989a). Sinee macrophages were 
notably absent in wounds of the glucocorticoid-treated rats, the data suggest that these 
cells normally mediate the effects of PDGF on induction of procollagen synthesis in 
fibroblasts, whereas TGF-ß is able to aet directly on the fibroblasts. Indeed, while both 
TGF-ß and PDGF increased the number of fibroblasts in wounds of treated rats, only 
TGF-ß treatment stimulated their synthesis of type I procollagen (pierce et al., 1989a). 
As discussed in Section 3.l.2, systemic administration of TGF-ßl was also highly 
effective in restoring the deficit in wound-breaking strength in steroid-treated rats 
(Beck et al., 1993b). 

TGF-ßl (100 or 500 ng/wound) also improved the healing of ulcer wounds in the 
ears of rabbits treated with methylprednisolone to suppress healing, increasing the 
amount of granulation tissue and inereasing reepithelialization (Beek et al., 1991). 
Moreover, in this model, the delayed healing permitted evaluation of multiple appliea
tions of TGF-ß; two applieations of TGF-ß spaced several days apart improved the 
healing compared to a single application (Beek et al. , 1991). In glucocorticoid
impaired healing of excisional wounds in pigs, TGF-ß 1 eaused a transient reduetion in 
the degree of epithelialization after 5 days' treatment with doses >500 ng/wound per 
day, applied daily; however, epithelialization was eomplete at later times (Quaglino et 
al. , 1990). 

3.2.2. Chemotherapeutic Agents 

Adriamycin (doxorubicin) is an antineoplastic agent in widespread clinical use 
that impairs wound healing when used in large doses; the mechanisms of its action on 
wound healing are not understood. However, some insight is provided by the observa
tion that mRNA levels of both TGF-ß 1 and type 1 collagen are deereased in woundsof 
rats treated with adriamycin compared to untreated controls; topical application of 
TGF-ßl (2 J.lg) to these wounds restored the levels oftype 1 collagen mRNA to normal 
(Salomon et al., 1990). In other experiments in which adriamycin pretreatment of rats 
decreased wound tear strength and energy by about 50% at 10 days following wound
ing, treatment with TGF-ßl (2 J.lg) resulted in a transient revers al in the wound-healing 
impairment (Curtsinger et al., 1989). Together, these studies show that decreased 
expression of endogenous TGF-ß 1 may underlie the impaired healing associated with 
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certain chemotherapeutic regimens and that its topical replacement may correct the 
defect. 

3.2.3. Radiotherapy 

Impaired or delayed healing of irradiated tissue is a significant clinical problem. 
As in other models of impaired healing, TGF-ß has been shown to reverse the 
radiation-induced deficit. In guinea pigs, irradiation of skin flaps 2 days prior to 
incisional wounding resulted in a 72% reduction in wound-bursting strength measured 
7 days postwounding. TGF-ß 1 at 1 or 5 ILg/wound nearly doubled the strength of 
radiation-treated wounds; treatment with higher doses (20 ILg) decreased the wound 
strength (Bernstein et al., 1991). The low doses of TGF-ß, but not the high dose, were 
also shown to increase expression of pro-a1(I) collagen mRNA at the wound site. 
Interestingly, enhanced and sustained expression of TGF-ßI mRNA and protein are 
also thought to be involved in radiation-induced fibrosis (M. Martin et al., 1993). 

Comparison of the effects of total body irradiation, which reduces levels of circu
lating monocytes without having significant local effects on skin, with that of megavolt 
electron beam surface irradiation, which impairs the function of dermal fibroblasts, has 
provided interesting insight into the mechanisms of TGF-ß action in wound healing. 
Using a rat linear skin incision model, Cromack et al. (1993) have shown that TGF-ßI 
(2 ILg/wound) significantly accelerated repair and wound-breaking strength in animals 
receiving total body irradiation, but not in those receiving surface irradiation. These 
results are consistent with those from glucocorticoid-treated rats that showed that the 
effects of TGF-ß are mediated through its action on dermal fibroblasts and are less 
dependent on bone-marrow-derived monocytes/macrophages. As anticipated, PDGF
BB, which is dependent on tissue macrophages for its effects on healing, was effective 
in the surface irradiation model (Mustoe et al., 1989). Appreciation of these mechanis
tic differences in the action of TGF-ß and PDGF will be important in optimal manage
ment of clinical wounds. 

3.2.4. Others 

Other models of impaired healing involve use of aged or diabetic animals or 
covering wounds with occlusive dressings; in every case TGF-ß has been shown to 
improve the outcome and restore the healing deficit toward normal. Thus, TGF-ß 1 
injected directly into the wound site day 3 postwounding increased both the accumula
tion of granulation tissue and the tensile strength of implanted polyvinyl a1cohol 
sponges and incisional wounds, respectively, at day 7 in streptozotocin-induced dia
betic rats (Broadley et al., 1989). Age-dependent deficits in wound strength in rats were 
also reversed both by topical (1-4ILg/wound) and systemic (100-500 ILg/kg) TGF-ß1 
(Beck et al., 1993b); TGF-ß2 was also shown to effective (Cox et al., 1992). Decreased 
expression of TGF-ß1 was observed in wounds covered with occlusive dressings, 
which resulted in impairment of granulation tissue formation; this could be partially 
reversed by treatment with either TGF-ß 1 or -2 (Ksander et al., 1993). 
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3.3. Healing of Nondermal Wounds 

Although much of the focus on the ability of TGF-ß to stimulate tissue repair has 
been on dermal wounds, in part because such wounds are easily treated topically and 
their progress monitored visually, many of the same cellular mechanisms underlie 
repair in other sites of the body. The efficacy of TGF-ß in the limited number of animal 
models studied and described below suggests that it could improve the outcome in a 
variety of clinical settings. Moreover, in treatment of bony defects or fraetures, gastro
intestinal anastomoses, orallesions, or in the eye, TGF-ß can be applied locally, so that 
problems of targeting or systemic toxicity need not be of major concem. 

3.3.1. Bone 

Repeated injections of TGF-ß subperiosteally into uninjured rat femurs stimulates 
formation of cartilage that subsequently mineralizes to form bone (Joyce et al., 1990), 
analogous to the observation that repeated injections of TGF-ß subcutaneously into 
uninjured skin induces local formation of granulation tissue (Roberts et al., 1986). The 
osteoinductive properties of TGF-ß have also been demonstrated in a skull defect in 
rabbits where application of TGF-ß (0.4-5 J-Lg) at the time of surgery resulted in a 
dose-dependent closure and bony bridging of the defects, suggesting that TGF-ß might 
be applicable to therapy of nonhealing bony defects (Beck et al., 1993a). Once the 
dosing, timing, and delivery of TGF-ß can be optimized, it is expected that it will find 
application in fracture healing as weIl (Joyce et al., 1991). Progress has been made in 
this regard in the design of a biodegradable controlled release system for TGF-ß 
consisting of polY(DL-lactic-co-glycolic acid) and demineralized bone matrix; the 
TGF-ß is released over a 20-day period, depending on the loading and the percent bone 
matrix in the device (Gombotz et al., 1993). 

Mechanistically, the role of TGF-ß in bone repair involves many of the same 
processes involved in soft tissue repair: it is initiated by platelet degranulation, cell 
recruitment by chemotaxis, angiogenesis, and formation of matrix (Joyce et al., 1991). 
In transgenic mice, synthesis and secretion of TGF-ß 1 in osteogenic zones coincided 
with areas of expression of the 0:2(1) collagen promoter (D'Souza et al., 1993). TGF-ß 
stimulates the chemotaxis of osteoblastlike cells (Pfeilschifter et al., 1990) as weIl as 
differentiation of mesenchymal cells into chondrocytes, resulting in intramembranous 
or endochondral ossification in the parietal bones of neonatal and adult rats, respec
tively (Taniguchi et al., 1993). 

3.3.2. Gastrointestinal 

Anastomotic dehiscence resulting from loss of wound integrity is a major cause of 
morbidity and mortality in gastrointestinal surgery. A rabbit model of a gastric incision 
was developed to test whether TGF-ß might promote closure (Mustoe et al., 1990). 
Despite the fact that this wound site is populated principally by smooth muscle cells 
with relatively few fibroblasts, TGF-ß 1 (0.1-10 J-Lg) applied topically at the time of 
surgery increased both wound-breaking strength and energy at days 7-11 postsurgery. 
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Optimal effects were seen at a dose of 2 /J-g, with approximately a 4-day acceleration of 
healing (Mustoe et al., 1990). Human intestinal smooth muscle cells respond to TGF-ß 
in vitro by increasing synthesis of collagen (Graham et al., 1990), suggesting that the 
animal model might translate to clinical application in anastomotic surgery. It has 
subsequently been shown that TGF-ß (5 /J-g/wound) also increased the breaking 
strength of longitudinal ileal wounds in pigs, partially reversing the steroid-induced 
impairment of healing of these wounds (Slavin et al., 1992). In a different model of 
intestinal injury, TGF-ß promoted healing of perforated rat mesentery when injected 
into the peritoneal cavity for either 2 or 4 days postwounding; this effect was presum
ably mediated directly by mesenchymal cells, as no recruitment of peritoneal macro
phages was observed (Franzen and Schultz, 1993). Not surprisingly, caution must be 
exercised in administering repeated doses of TGF-ß intraperitoneally, as it has been 
shown that daily injections for 5 days can significantly increase the severity of post
operative intestinal adhesions in rats; adhesions did not result from injection of TGF-ß 
into the peritoneum of uninjured rats (Williams et al., 1992). 

3.3.3. Oral Mucosal 

One of the proposed clinical applications of TGF-ß is for treatment of oral 
mucositis, or ulcerative stomatitis, a painful condition that affects approximately one 
third of patients undergoing high-dose chemotherapy for treatment of cancer (Dreizen 
et al., 1981); the frequency is even higher in pediatric patients. Administration of 
5-fluorouracil intraperitoneally to Syrian golden hamsters produces an ulcerative mu
cositis that has been used as a model for this condition. Surprisingly, topical adminis
tration of TGF-ß during the period of active mucositis impaired healing of the oral 
mucosa (Sonis et al., 1994). However, topical application of four doses of 20 I-Lg 
TGF-ß3/dose to the cheek pouch over a 24-hr period prior to injection of the 5-fluo
rouracil resulted in a transient decrease in proliferation of the oral mucosa and reduced 
the severity and duration of the resulting mucositis. Clearly, this outcome is based not 
on the ability of TGF-ß to promote repair, but rather on its ability to inhibit the 
proliferation of epithelial cells, in this case protecting the cells from the cytotoxic 
effects of the chemotherapy. 

3.3.4. Eye 

Both animal models and recent clinical data demonstrate a role for TGF-ß in 
repair of injury in the eye. In models of corneal injury, it has been shown that TGF-ß is 
chemotactic for corneal cells at femtomolar concentrations (Grant et al., 1992) and 
appears to stimulate matrix synthesis by corneal fibroblasts (Schultz et al., 1992). It has 
also been shown that direct intraocular application of TGF-ß 1 to the site of a retinal 
tear in a rabbit eye induces a chorioretinal adhesion (Smiddy et al., 1989); doses either 
tenfold less than or greater than the optimal 700 ng/eye were ineffective. Remarkably, 
these data have translated directly to the clinical application of TGF-ß for treatment of 
macular holes (Smiddy et al., 1993; Lansing et al., 1993; Glaser et al., 1992; see also 
Section 6). Overproduction of TGF-ß is implicated in cataractlike changes in rat lens 
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epithelial explants (J. Liu et al., 1994) and in the vitreous of human eyes with intraocu
lar fibrosis resulting from proliferative vitreoretinopathy (Connor et al., 1989), substan
tiating the elose link between the mechanisms involved in fibrogenesis and healing (see 
Section 4). 

3.3.5. Central Nervous System 

Functional recovery from injury to the brain or spinal cord is poor, and it is not yet 
known how to prevent gliosis and promote neuronal growth. Wound elosure occurs 
rapidly following a penetrating injury in the rat brain with reformation of the blood
brain barrier; however, the formation of a fibrous scar inhibits reconnection of neural 
pathways (reviewed in Logan and Berry, 1993). The cellular events following injury to 
the brain mimic to some extent that seen in peripheral dermal wounds in that they are 
initiated by platelet degranulation and followed by invasion of cells of the mono
cyte/macrophage lineage; reactive microglia, astrocytes, and neurons are also involved. 
After a penetrating brain injury in the rat, TGF-ßl mRNA is up-regulated predomi
nandy in cells with an astrocyte phenotype (Lindholm et al., 1992; Logan et al., 1992). 
Whether or not the expressed TGF-ß mediates repair is not known, but it has been 
suggested that TGF-ß has a critical role in organizing the response of the brain to 
neurodegeneration and to injury, particularly by protecting it against invading lympho
cytes and by suppressing microglial activity (Finch et al., 1993). 

Addition of TGF-ßl to the site of a brain injury results in increased influx of 
macrophages, increased deposition of fibronectin, and subsequent scarring; conversely, 
antibodies to TGF-ß 1 block those effects and reduce levels of scarring below that of 
control wounds (Log an and Berry, 1993). However, even when scarring was blocked 
by anti-TGF-ßl or by other treatments such as infusion of decorin, neuronal regenera
tion was not seen, suggesting that the physical barrier of scar tissue is not the limiting 
factor and that additional strategies, possibly involving neurotropic factors, will have to 
be developed. 

3.3.6. Others 

Since TGF-ß acts on most cells and since mechanisms of repair in all tissues 
follow similar patterns of cell recruitment, cell proliferation, and deposition of matrix, 
it follows that TGF-ß will likely mediate repair of many different tissues. A role of 
repair in the myocardium is strongly suggested, although the mechanisms involved are 
still not understood (Roberts et al., 1993). In other tissues ineluding lung, kidney, and 
liver, as weIl as the eye, excessive or prolonged expression of TGF-ß has been impli
cated in pathological accumulation of matrix (see Section 4). However, since fibrosis 
can be viewed as an aberration of the repair process, the implication would be that 
controlled expression of TGF-ß in response to local injury would mediate repair in 
these same tissues. 

Intravenous administration of TGF-ß 1 has been shown to reduce the cellular 
damage associated with ischemia/reperfusion injury, be that in the splanchnic circula
tion, where TGF-ß attenuates the development of vascular resistance in a rabbit model 
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(Thomas and Thibodaux, 1992); the heart, where it also protects against reperfusion 
injury and maintains myocyte integrity in rats as well as cats (Lefer et al., 1990, 1993); 
or in the brain, where it reduces ischemie injury in mice (Prehn et al., 1993) and piglets 
(Annstead et al., 1993) and reduces infarct size in a rabbit model of thromboembolic 
stroke (Gross et al., 1993). The mechanisms involved appear to be indirect and center 
on the ability of systemie TGF-ß 1 to reduce adherence of circulating neutrophils to 
endothelium, thereby preventing their extravasation into tissue and blocking the subse
quent elaboration by these cells of inflammatory cytokines such as tumor necrosis 
factor-a and interleukin-1ß, which mediate cellular injury (Lefer et al., 1993; Roberts 
et al., 1993). TGF-ß also suppresses the synthesis of hydrogen peroxide (Tsunawaki et 
al., 1988) and nitric oxide (Vodovotz et al., 1993) by activated macrophages. However, 
data suggest that direct effects of TGF-ß on the target tissues are also important. Thus, 
in the heart, expression of TGF-ß is increased at the margins of infarcted tissue and it 
maintains the contractility of cultured cardiac myocytes and inhibits their synthesis and 
secretion of the inducible form of nitric oxide synthase (Roberts et al., 1993). And 
although investigations are only beginning, local expression of TGF-ß in the brain 
following injury mayaiso be mediating repair (Wiessner et al., 1993; Finch et al., 
1993); an indieation of this is the ability of TGF-ß to prevent degeneration of cultured 
rat neurons after treatment with toxie levels of glutamate (Prehn et al., 1993). 

3.4. Scarring versus Nonscarring 

Formation of scar tissue represents a significant dinical problem in that it results 
in functional impairment and disfiguration. It has been known for some time that fetal 
dermal wounds heal without scarring (for reviews, see Mast et al., 1992; Adzick and 
Lorenz, 1994), and surgery on fetuses is now in limited use to repair defects with 
otherwise lethal outcomes (Adziek and Harrison, 1994). In fetal wounds, collagen is 
deposited in a reticular pattern indistinguishable from that of the surrounding normal 
dermis, whereas in adult wounds, it is deposited in large, parallel bundles perpendieular 
to the wound surface (Whitby and Ferguson, 1991a; Longaker et al., 1990). Since fetal 
wounds typieally contain less TGF-ßl than their adult counterparts (Whitby and Fer
guson, 1991b), experiments have been designed to examine the effect of exogenous 
TGF-ß on fetal wounds. Complementing these studies are those addressed at reduction 
of scarring by blocking endogenous TGF-ß activity in adult wounds. 

3.4.1. Scarring in Fetal Wounds 

Fetal wounds do not involve formation of a fibrin/platelet dot, do not have a 
significant inflammatory reaction, do not neovascularize, and do not scar. Platelets and 
macrophages, major sources of TGF-ßl in the adult wound, are significantly reduced 
or absent in embryonic and fetal wounds (Longaker et al., 1994). The extracellular 
matrix deposited in fetal wounds is similar in composition to that of adult wounds, but 
differs in spacial and temporal organization. Immunohistochemieal localization of 
TGF-ß in wounds made in mouse embryos has shown that levels of TGF-ß isoforms 
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are significantly reduced (Whitby and Ferguson, 1991b), but, probab1y most signifi
cantly, that TGF-ß1 mRNA and protein are expressed only transiently following 
wounding, being detectable as early as 1 hr postwounding but returning to background 
levels by 18 hr (P. Martin et al., 1993). These data suggest either that autoinductive 
cascades are in some unknown manner impaired or repressed or that they are simply 
not sustained in the fetus in the absence of external sources of TGF-ß from macro
phages and lymphocytes. Wounding of mouse embryos in which the TGF-ß 1 gene has 
been knocked out (Kulkarni et al., 1993) demonstrate that TGF-ß1 plays a critical role 
in contraction of mesenchymal cells (P. Martin, personal communication), much as it 
has been shown to enhance contractile capacity of wound fibroblasts embedded in a 
collagen gel (Montesano and Drci, 1988). 

One other aspect that has not been examined thorough1y is the ratio of the TGF-ß 
isoforms in wounds. Analysis of the relative levels of TGF-ß 1 and -2 in wound fluid of 
sheep into which wire mesh Hunt-Schilling chambers had been implanted subcutane
ous1y showed that levels of TGF-ß1 were approximately equal in 100-day-old fetuses 
compared to adults, whereas levels ofTGF-ß2 were about 14-fold higher in the fetuses 
(Longaker et al., 1994). The significance of this pattern of endogenous expression is 
not presently understood. However, TGF-ß1, -2, or -3 produce approximately equiva
lent results when applied topically (Schmid et al., 1993b; Ksander et al., 1993). 

The question of whether the limited expression of TGF-ß 1 in fetal wounds is 
critical for the absence of scarring has been addressed by adding TGF-ß 1 to fetal 
wounds (Fig. 4). Subcutaneous implantation of polyvinyl alcohol sponges into fetal 
rabbits showed that addition of TGF-ß 1 resulted in a fibrotic response accompanied by 
a significant increase in the cellularity of the sponges, especially as reflected in an 
increase in the number of infiltrating T lymphocytes (Ado1ph et al., 1993). Moreover, 
in fetal rat limbs cultured in serum-free medium, addition of TGF-ß1 to day 14 limbs 
that do not sear resulted in searring, whereas addition of TGF-ß antibodies to day 18 
limbs that heal with scarring reduced the degree of scarring, as determined by quantita
tion of collagen and assessment of fiber organization using picosirius red (Houghton et 
al., 1995). These data clearly show that differences in the levels and the kinetics of 
TGF-ß expression in the fetal compared to the adult wound must, in part, be responsi
ble for the scarring pattern observed. 

+ antl-TGF-~ 
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Figure 4. Alteration of the levels of TGF-ß at a site of tissue injury can modify the degree of scarring as 
assessed by the pattern of collagen organization in the healed wound. Fetal wounds that do not scar can be 
induced to scar by addition of TGF-ß. Conversely, the scarring of adult wounds is reduced by addition of 
antibodies to TGF-ß. Higher levels of TGF-ß also result in increased numbers of inflammatory cells in the 
wound bed, whereas antibodies to TGF-ß reduce the influx of these cells (see Section 3.4). 
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3.4.2. Scarring in Adult Wounds 

Enhanced expression of mRNAs for TGF-ßl and types I, III, or VI collagen has 
been observed in tissues of patients with systemie sclerosis (Kulozik et al., 1990; 
Peltonen et al., 1990), in postbum hypertrophie scar tissue (Ghahary et al., 1993), in 
diffuse fasciitis (Peltonen et al., 1991b), and in keloids (Peltonen et al., 1991a). Elu
cidation of the mechanisms underlying scarring will require that the process be studied 
in its early rather than mature stages. In rat incisional wounds, application of neutraliz
ing antibodies to TGF-ßl and -2, applied at the time of wounding, reduced cutaneous 
scarring as assessed by the architecture of the neoepidermis (Shah et al., 1994a). 
Analogous to effects in brain wounds (Logan and Berry, 1993), use of anti-TGF-ßl 
and -2 antibodies reduced the inflammatory and angiogenie responses as weIl as 
extracellular matrix deposition in the early stages of wound healing. The tensile 
strength of the wounds treated with antibody was equal to that of control, untreated 
wounds at day 7, whereas wounds treated with a single application of 10 ng TGF-ß had 
twiee the strength at that time. However, by days 14 and 70 postwounding, there were 
no differences in tensile strength between any of the groups (Shah et al., 1992). 

Preliminary observations indieate that mannose-6-phosphate, which has been 
shown to reduce activation of latent TGF-ß (Miyazono and HeIdin, 1989; Harpel et al., 
1992), can also reduce scarring in incisional wounds in rats (McCallion et al., 1995). 
More surprisingly, TGF-ß3, used in the same rat model, reduces the level of immu
nohistochemieal staining for TGF-ßl and -2 and has effects on neodermal architecture 
similar to that of neutralizing antibodies to TGF-ßl and -2 (Shah et al. , 1993, 1994b). 
These observations must be expanded to other animal models and ultimately tested in 
human wounds; but, minimally, they suggest that varying the TGF-ß profile of a 
healing wound can have significant effects on the cellularity and neodermal architec
ture. 

4. Fibroproliferative Disorders 

Tissue fibrosis, like carcinogenesis discussed in Section 5, is an aberration of the 
wound-healing process. The process is initiated by injury, often of a chronic nature, and 
many elements in the process are similar to those in wound healing. However, in a 
simplistic sense, the stop signals are missing, leading to uncontrolled matrix deposition 
or scarring (for a review, see Border and Noble, 1994). Just as TGF-ß plays a key role 
in wound healing, so is it thought to be central to development of pathological tissue 
fibrosis, acting principally on mesenchymal cells to stimulate synthesis of matrix and 
reduce its proteolysis (Noble et al.,1992). Target tissues in which TGF-ß has been 
implicated in fibrogenesis include kidney, lung, liver, and skin. 

In a model of pulmonary fibrosis induced by bleomycin in rats, the temporal 
relationships between expression of TGF-ßl and type I collagen mRNA and protein 
strongly suggest that expression of active TGF-ß 1 by alveolar macrophages is causa
tive in the accumulation of matrix (Khalil and Greenberg, 1991; Khalil et al., 1993). 
Increased expression of TGF-ßl and extracellular matrix proteins has also been re-
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ported in nonnecrotizing granulomas of pulmonary sarcoidosis (Limper et al. , 1994) 
and very early after radiation injury resulting in chronic radiation fibrosis (Finkelstein 
et al., 1994). 

Similarly, in experimental glomerulonephritis in rats, enhanced expression of 
TGF-ßl correlates with the pathological accumulation of matrix (reviewed in Border 
and Noble, 1994). In vitro studies show that mesangial cells respond to TGF-ß treat
ment with increased secretion of proteoglycans, whereas glomerular epithelial cells 
secrete increased fibronectin, type IV collagen, and laminin (Nakamura et al., 1992). 
Kidney biopsies from patients with immunoglobulin A nephropathy, a disease histo
logically similar to glomerulonephritis, also show elevated glomerular staining for 
TGF-ß (Yoshioka et al., 1993). Elevated levels of expression have also been observed 
in both a rat model of diabetic nephropathy and in human disease (Yamamoto et al., 
1993). 

TGF-ß has also been implicated in pathogenesis of liver fibrosis (Castilla et al., 
1991) and in experimental models of liver disease in the rat, including carbon tetra
chloride and galactosamine hepatoxicity and radiation hepatitis (Czaja et al., 1989; 
Anscher et al., 1990; Arrnendariz-Borunda et al., 1990). 

Current thinking is that development of effective TGF-ß antagonists will ulti
mately provide a new treatment paradigm for these diseases. Injection of antiserum to 
TGF-ßl has reduced the accumulation of matrix in experimental glomerulonephritis 
(Border et al., 1990b), in bleomycin-induced pulmonary disease (Giri et al., 1993), as 
weIl as in the injury models previously described in brain (Logan and Berry, 1993) and 
skin (Shah et al., 1994a). Other approaches to interfere with the action of TGF-ß in 
these diseases are based on development of receptor antagonists, soluble receptors or 
binding proteins including LAP, or agents that would block the pathways of TGF-ß 
activation. 

5. Carcinogenesis 

The relationship between wound healing and carcinogenesis has been appreciated 
for a long time. Haddow (1972) proposed that, "the wound may be regarded as a tumor 
which heals itself," whereas Dvorak (1986) put it another way, stating that, "tumors are 
wounds that do not heal" and that "tumors appear to the host as an unending series of 
wounds that continually initiate healing but never heal completely." Each understood 
that tumor stroma contains many of the same elements as granulation tissue of a 
healing wound, even though the two processes are initiated by quite distinct mecha
nisms. Some insight into the molecular basis of this relationship is provided by the 
discoveries that wounding of chickens infected with Rous sarcoma virus (Sieweke et 
al., 1990) or of transgenic mice carrying either the v-jun oncogene under control of a 
widely expressed promoter (Schuh et al., 1990) or the bovine papilloma virus type 1 
genome (Sippola-Theile et al., 1989) leads to tumor formation. In the chicken study, it 
was shown that injection of TGF-ß, but not other growth factors expressed in wound
ing, could substitute completely for wounding in tumor induction (Sieweke et al., 



Transforming Growth Factor-ß 297 

1990). These data suggest that wounding-indueed autoinduetion ofTGF-ßl, as ampli
fied and sustained by expression of these viral proteins or oncogene products, prornotes 
tumorigenesis possibly in part by enhaneing formation of tumor stroma. 

6. Clinical Applications 

While animal models are obviously not ideal substitutes for human studies, they 
have nonetheless demonstrated a strong rationale for clinical evaluation of TGF-ß in 
treatment of patients with both aeute and ehronie wounds. The safety of topical appli
eation of TGF-ß is demonstrated by pharmacokinetic studies that have shown that 
high-dose dermal application of TGF-ß resulted in loeal effects at wound sites without 
systemie toxicity; chronic systemic administration, on the other hand, produced a 
spectrum of lesions in multiple target tissues, especially liver and kidney (Terrell et al., 
1993). Other studies using radiolabeled TGF-ß 1 have shown that 35% of a topical dose 
applied to excisional wounds in rats can be recovered intact after 24 hr, again with litde 
or low systemic absorption (Zioncheck et al., 1994). 

The first successful clinieal applieation of TGF-ß has been in the eye for treatment 
of full-thickness macular holes that cause a significant reduction in visual acuity. 
Clinical observations that spontaneous improvement in visual acuity in patients with 
macular hole was always accompanied by flattening of the rim of the hole, and that 
TGF-ß acted as a chorioretinal glue in treatment of tears in rabbit eyes (Smiddy et al., 
1989), suggested that local application of TGF-ß might induce a chorioretinal adhesion 
along the edge of the macular hole. Indeed, application of TGF-ß2 to the edge of the 
hole resulted in both flattening of the detachment and significant improvement in visual 
acuity (Glaser et al., 1992; Smiddy et al., 1993); the latter was observed most com
monly in eyes receiving the highest dose of TGF-ß2 (1330 ngjeye). Only the type 2 
isoform of TGF-ß has been tested, though its use is consistent with the predominance 
of this isoform in the vitreous (Connor el al., 1989). The intraocular treatment with 
TGF-ß2 simplifies the vitrectomy surgery, eliminating the need for epiretinal mem
brane peeling (Lansing et al., 1993). Immunohistochemicallocalization of TGF-ß by 
electron microscopy shows distinct loealization of the different isoforms of TGF-ß in 
the retina: TGF-ßl and TGF-ß3 are localized to Mueller's glia and retinal ganglion 
cells; TGF-ß2 to the cytoplasm of retinal pigment epithelial eells; TGF-ß 1 and -2 to the 
photoreceptor outer segment; and TGF-ß3 in the mitochondria of the photoreceptor 
cell inner segments (Anders on et al., 1995). These findings suggest that TGF-ß may 
playa role in restoration of photoreceptor cell function and not only in reapposition of 
the rim of detaehed retinal tissue to the underlying choroid (Glaser el al., 1992; Smiddy 
el al., 1993). 

Its ability to improve or aecelerate healing in animal models of injury suggests 
that TGF-ß will be effective in treatment of chronic, nonhealing ulcers in patients. 
Wound fluid from chronic wounds has been shown to have abnormal growth factor 
profiles and to have an altered proteolytic balance in favor of proteolysis, compared 
to "acute" mastectomy wound fluid (Wysocki et al., 1993). Since TGF-ß shifts the 
proteolytie balance in the opposite direction, it might be particularly effective in this 
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environment. Clinical trials have recently begun for evaluation of TGF-ß2 in treat
ment of venous stasis ulcers. An open label trial utilizing TGF-ß2 applied to the 
wound in a collagen sponge at 0.5 I1g/cm2 three times per week for 6 weeks showed 
improvement in the rate of c10sure of the ulcer. A subsequent three-arm prospective 
blind trial using 2.5 I1g/cm2 TGF-ß2 applied in the same manner with the same 
treatment schedule also showed improvement; there was no indication of recurrence 
in patients whose ulcers had c10sed completely (Robson et al., 1995). As in animal 
models, there was some suggestion that lower doses might be more effective than 
higher doses. Further studies of the effects of TGF-ß on healing of other types of 
chronic, nonhealing wounds as well as surgical wounds in healing-impaired patients 
are now critically needed. 

7. Perspectives 

Clearly, these studies are only a beginning. The multiplicity of effects of TGF-ß 
on cells involved in tissue repair and its proven effectiveness in a wide variety of 
animal models of tissue injury provide a compelling argument for its clinical applica
tion. Although most attention has been focused on use of TGF-ß for healing of 
cutaneous wounds, evidence is rapidly accumulating that it will also promote repair of 
injury to many different organs and tissues by both direct and indirect mechanisms. Its 
c1inical application is limited only by our ability to devise appropriate delivery modes 
and treatment schedules, be they local or systemic, single dose or repeated application; 
toxicity does not pose a problem for either topical application or for acute administra
tion systemically. The c1inical need for an agent that will promote healing is enormous, 
both for treatment of chronic, nonhealing wounds such as venous stasis, decubitus, or 
diabetic ulcers, and as a prophylactic treatment for surgical patients, especially those 
predicted to have impaired healing responses (Sporn and Roberts, 1993). As develop
ment of c1inical applications of all three isoforms of TGF-ß by several companies in 
the pharmaceutical industry proceeds, it is hoped that the enormous promise of this 
molecule will soon be realized. 
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Chapter 9 

Integrins in Wound Repair 

KENNETH M. YAMADA, JAMES GAILIT, 
and RICHARD A. F. CLARK 

1. Introduction 

The integrin family of cell adhesion receptors consists of over 20 members, which 
mediate cell surface interactions with extracellular matrix or (in some cases) with other 
cells (Akiyama et ai., 1990b; Albelda and Buck, 1990; Clark, 1990; Hemler, 1990; 
Hogg, 1991; Ruoslahti, 1991; Shattil and Brugge, 1991; Yamada, 1991; Damsky and 
Werb, 1992; Ginsberg et ai., 1992; Hynes, 1992; Akiyama and Yamada, 1993; Gailit 
and Clark, 1993; Glukhova and Thiery, 1993; Gumbiner, 1993; Juliano and Haskill, 
1993; Sastry and Horwitz, 1993; Sonnenberg, 1993; Tuckwell et ai., 1993; Zetter, 
1993; Springer, 1994). Each integrin is a heterodimer, consisting of one a and one 13 
subunit in a noncovalent complex. As summarized in Fig. 1, only certain combinations 
of integrins are observed: major groupings include integrins of the 131 subfamily and 
integrins containing the av subunit. Changes in either the a or the 13 subunit of integrin 
heterodimers alter their specificity for ligands, as summarized in Table I. 

2. Integrin Structure 

Integrins appear to share the distinctive shape shown in Fig. 2. As visualized using 
a variety of electron microscopic methods (Nermut et at., 1988), integrins consist of a 
globular or mushroom-shaped head region that is thought to contain substantial contri
butions from both a and 13 subunits, and that mediates integrin binding to ligands. 
Integrins have long, semirigid legs that hold the head approximately 20 nm above the 
cell surface and penetrate through the plasma membrane via hydrophobic trans
membrane domains. Integrins have carboxy-terminal cytoplasmic tails or domains 

KENNETH M. YAMADA • Laboratory of Developmental Biology, National Institute of Dental Re
search, National Institutes of Health, Bethesda, Maryland 20892-4370. JAMES GAILIT and RICHARD 
A. F. CLARK • Department of Dermatology, Health Sciences Center, State University of New York at 
Stony Brook, Stony Brook, New York 11794-8165. 
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Figure 1. Schematic diagram showing the subunit associations of human integrins. Integrins are hetero
dimers containing one alpha and one beta subunit. Their patterns of association are specific. The ßl, CLV, and 
ß2 subunits have multiple possible partners. Many others, incJuding the CLl and ß6 subunits, have only one 
known partner. These specific patterns of noncovalent association create dimers with varying specificities for 
many different extracellular matrix moleeules or cellular targets (see Table I). 

protruding into the cytoplasm, which are often short (15-60 amino acids in length), 
although the ß4 tail is more than 1000 amino acids long (Sastry and Horwitz, 1993). 
This transmembrane organization permits integrins to bind to extracellular ligands and 
to transmit signals into the cytoplasm. Conversely, however, the intracellular tails 
interact with cytoplasmic molecules to regulate extracellular ligand-binding affinity. 
These functions have been termed "outside-in" and "inside-out" signaling, respectively 
(Ginsberg et al., 1992). As reviewed in Section 3, specificity of integrin function can be 
attributed to the structures of both the extracellular and intracellular domains of inte
grins. 

A number of integrin subunits can exist as different isoforms due to alternative 
splicing of their precursor mRNA molecules. Spliced subunits indude a3, a4, a6, a7, 
ßl, ß3, and ß4 (Tamura et al., 1990; Balzac et al., 1993; Collo et al., 1993; Song et al., 
1993). Although the functional significance of this alternative splicing is not known in 
all cases, such alterations in ß 1 and ß3 integrin cytoplasmic domains alter the capacity 
of these domains to target the movement of receptors to adhesion sites (focal contacts). 
The originally described ßl sequence (now termed ßIA) readily targets receptor local
ization to these sites, but the ß IB isoform remains diffuse in localization in spite of its 
similar a-subunit associations and capacity to bind fibronectin (Balzac et al., 1993). 
The alternatively spliced version of the cytoplasmic tail of ß3 (the alternative isoform 
is termed ß3B) is also unable to direct areporter to focal contacts (LaFlamme et al., 
1994). The ß3B isoform is also unable to mediate signaling via tyrosine phosphoryla
tion of focal adhesion kinase (FAK), in dear contrast with the ßIA and ß3A cyto
plasmic domains (Akiyama et al., 1994). Alternative spicing may therefore help to 
regulate integrin localization and signal transduction. 

Integrin Glycosylation, Subunit Assembly, 
and Acquisition of Function 

The subunits of integrin receptors are glycosylated by asparagine-linked oligosac
charides. The presence and processing of these sugar moieties appears to be crucial for 
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Figure 2. Diagram of the general structure of integrin receptors. Each is composed of an alpha and beta 
subunit that are joined noncovalently at amino-terminal domains to form the extracellular head region, which 
binds to ligands. Long extracellular legs appear to allow the integrin to protrude approximately 20 nrn above 
the plasma membrane. Each integrin subUlut spans the plasma membrane with a transmembrane segment and 
each has a unique intracellular domain. 

integrin function, as established for the a5ß 1 fibronectin receptor. Immature ß 1 chains 
are characterized by the high-mannose form of N-linked oligosaccharide, and they are 
not normally expressed on the cell surface and cannot bind ligand (Akiyama and 
Yamada, 1987). Treating cells with inhibitors of N-linked oligosaccharide maturation 
or with enzymes that remove oligosaccharides resuIts in loss of binding function; 
moreover, the latter treatment clearly inhibits subunit association (Akiyama et al. , 
1989; Zheng et al., 1994). Mature carbohydrates thus appear to promote subunit 
association and secretion of a mature integrin able to bind to the ligand. Some condi
tions such as malignant transformation or transforming growth factor-ß (TGF-ß) treat
ment of human fibroblasts change the ratio of immature to mature ß 1 subunits, enhanc
ing the proportion of total ß 1 subunits on the cell surface (Heino et al., 1989; Akiyama 
et al., 1990a). 

It is currently thought that integrin ß 1 and av subunits are generally produced in 
excess, and that the rates of generation of final cell surface heterodimers depend on the 
production and ratios of their appropriate a or ß subunit partners (Cheresh and Spiro, 
1987; Heino et al., 1989; Koivisto et al., 1994). In fact, ßI integrins can be shown to 
exist initially in the endoplasmic reticulum as a complex witb calnexin, a 90-kDa 
membrane-bound cbaperone (Lenter and Vestweber, 1994). Calnexin's chaperone func
tion facilitates tbe proper assembly of other molecular complexes, including tbe major 
histocompatibility (MHC) class I molecules, tbe T-cell receptor complex, and 
membrane-associated immunoglobulins. Tbe ß 1 integrin-calnexin complex remains in 
tbe endoplasmic reticulum until an a chain binds to calnexin and displaces it to form a 
mature a/ß integrin beterodimer complex. It will be interesting to learn tbe relationsbip 
of integrin oligosaccharide maturation to calnexin binding and assembly of a/ß com
plexes. 
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3. Integrin Function 

3.1. Ligand Specificity 

Cell behavior is dependent on the ligand-binding specificities of the integrins 
present on the cell surface. For example, cells lacking the a4ß 1 integrin cannot adhere 
to the altematively spliced CS 1 site in fibronectin. One striking characteristic of the 
integrins is their overlapping but nonidentical binding specificities. As can be seen in 
Table I, many integrins can bind to fibronectin or to laminin, and yet each integrin has a 
distinctive repertoire of binding to other ligands. Binding is based on protein-protein 
recognition, and in many cases a central element of the molecular recognition event 
involves a short adhesive peptide sequence (Yamada, 1991). As reviewed in Chapter 2 
on provisional matrix, even though the same short peptide sequence is used as apart of 
the recognition process by a number of integrins, additional specificity arises from 
separate "synergy" sequences. 

The types and concentrations of integrin receptors on cells are important determi
nants of the specificity of binding to extracellular matrix molecules, although their 
activation state and spatial distribution (diffuse vs. aggregated) also appear important. 
During epithelial wound repair, there are increases in levels of the a5ßl integrin and 
av-containing integrins (Grinnell, 1990, 1992; Guo et al., 1990; Kurpakus et al., 1991; 
Douglass et al., 1992; Hertle et al., 1992; Murakami et al., 1992; Paallysaho et al., 
1992; Tervo et al., 1992; Cavani et al., 1993; Gipson et al., 1993; Hergott et al., 1993; 
Juhasz et al., 1993; Larjava et al., 1993; Stepp et al., 1993; Gailit et al., 1994) including 
avß6 (H. Larjava and R. A. F. Clark, personal communication). 

Adult human keratinocytes are initially unable to adhere to fibronectin, even 
though they have the ability to adhere to collagen and to vitronectin (Guo et al. , 1990). 
Over a span of several days after in vivo wounding or in vitro culturing in serum
containing media, keratinocytes adhere to fibronectin. This process is accompanied by 
changes in the glycosylation state of the ßl subunit and in levels of a5ßl (Guo et al., 
1990; L. T. Kim et al., 1992). Whether alterations in av integrins contribute to this 
process remains to be established. Interestingly, amphibian epidermal wound healing 
does not involve these changes in integrin subunits or such activation of keratinocytes, 
and it proceeds quite rapidly without scar formation (Donaldson et al., 1994). Whether 
these differences can be attributed to differences in integrin functional state even before 
wounding remains to be determined. 

3.2. Ligand-Binding Sites 

Aseries of studies has defined the sites on several a and ß subunits that bind to 
ligands (D'Souza et al., 1990; Loftus et al., 1990; Smith and Cheresh, 1990; Bajt et al., 
1992; Plow et al., 1992; Takada et al., 1992; Calvete et al., 1994). The major platelet 
receptor aIIbß3 has been studied in the most detail: The ligand-binding pocket is 
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thought to consist of contributions from amino acids in the regions of residues 114-128 
and 212-219 in the ß3 subunit, combined with contributions ofresidues 294-314 and 
probably 657-665 in the allb subunit (Plow et aZ., 1992; Calvete et aZ., 1994). The 
notion that an integrin heterodimer has multiple polypeptide regions intimately in
volved in contact with a ligand would be predicted if those ligands had more than one 
contact site, i.e., a primary peptide recognition site and one or more synergy sites as 
described for fibronectin (Yamada et aZ., 1992). Remarkably, a short ll-residue peptide 
sequence from the allb subunit (TDVNGDGRHDL, residues 296-306) by itself can 
mimic the capacity of the entire integrin to bind to fibrinogen (D'Souza et aZ., 1991). 
It will be of interest to leam the extent of ligand-binding specificity of this tiny se
quence. 

A central element of the ligand recognition process for RGD (Arg-Gly-Asp) 
peptides may be the formation of a putative divalent cation-binding site by sequences 
similar to the EF-hand, a high-affinity cation-binding motif characteristic of molecules 
such as parvalbumin and calmodulin (Loftus et aZ., 1990; Tuckwell et aZ., 1992). The 
integrin EF-hand structure, however, lacks one of the key consensus coordinating 
residues. This missing residue may be provided by the aspartic acid residue in peptide 
recognition sequences such as RGD or LDV (Leu-Asp-Vol) (Loftus et aZ., 1990; 
Tuckwell et aZ., 1992). Altematively, or in addition, the ligand may displace a previ
ously bound divalent cation (D'Souza et aZ., 1994). 

Evidence for two distinct domains involved in integrin binding to a non-RGD 
ligand (a counterreceptor molecule) appears to exist for the lymphocyte function
associated antigen (LFA-I) moleeule (aLß2). A direct binding site for the trans
membrane counterreceptor ICAM-l (intercellular adhesion molecule-l) is present in 
the "I" (inserted) domain of LFA-l (Randi and Hogg, 1994). Additional binding 
regions correspond to 10- and 20-amino-acid subregions in domains V and VI, respec
tively, which are associated with predicted divalent-cation-binding motifs (Stanley et 
al., 1994). It will be interesting to leam whether interaction sites corresponding to each 
of these integrin-binding sites can be identified on the ligand, e.g., the ICAM-l mole
cule. 

Another type of ligand-binding mechanism involving three-dimensional structural 
recognition appears to be required for the binding of native collagen by the a2ßl 
integrin. Cells are known to bind to native collagen via integrins such as a2ß 1, and 
synthetic peptide inhibitors containing RGD or DGEA (Asp-Gly-Glu-Ala) sequences 
in collagen have been proposed to represent critical sites for binding (Dedhar et aZ., 
1987; Gehlsen et aZ., 1988; Staatz et aZ., 1991). Nevertheless, such recognition appears 
relatively weak or nondemonstrable in other systems (Tuckwell et aZ., 1994). In fact, 
even though the a2ß 1 integrin appears to recognize R and D residues in native type IV 
collagen, the recognition involves residues on two different chains. Even though these 
two residues are not adjacent in the primary sequence, they are located side-by-side in 
the three-dimensional structure of triple-helical collagen (Eble et aZ., 1993). Studies of 
type VI collagen show that binding to the native triple-helical molecules is mediated by 
al ß 1 and a2ß 1 and is resistant to RGD peptide inhibition, while binding to apparently 
exposed RGD sequences in denatured collagen was mediated by avß3 and a5ßl (Pfaff 
et al., 1993). Recently it has been demonstrated that recombinant a2ßl expressed in 
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Chinese hamster ovary (CHO) cells binds type I collagen through the I domain of the 
a2 subunit (Kamata and Takada, 1994). Likewise, alßl appears to bind collagen 
through its I domain (Kern et al., 1994). In contrast, binding to denatured type I 
collagen (gelatin) occurs either directly through avß3 interactions with an unmasked 
RGD site (Davis, 1992) or indirectly via a fibronectin intermediate, which bridges the 
gelatin molecule (binding by its collagen-binding site) and a cell surface receptor such 
as the integrin a5ßl (Klebe, 1974; Tuckwell et al., 1994). 

3.3. Integrin Activation 

Integrins can potentially exist in at least three states of activation: inactive, par
tially activated, and highly activated (Ginsberg et al., 1992; Hynes, 1992; Faull et al., 
1993; Juliano and Haskill, 1993; Sastry and Horwitz, 1993). Platelet activation 
switches the major platelet integrin aIIbß3 from an "inactive" state (inability to bind 
soluble fibrinogen and fibronectin, although able to bind RGD-containing peptides and 
substrate-bound fibrinogen) to an activated state. This process involves inside-out 
signaling involving a conformational change in the external domain of aIIbß3 (Gins
berg et al., 1992). The altered conformation can be detected by monoclonal antibodies, 
which bind only to activated aIIbß3 (Abrams et al., 1994), and by changes in suscep
tibility to protease digestion (Calvete et al., 1994). According to the latter studies, 
activation may cause a major reorientation of the extracellular domains at the interface 
between the a and ß subunits, such that aseries of peptide residues become buried as 
the integrin is activated to bind RGD-containing proteins. 

The process of platelet activation is dependent on function of the a cytoplasmic 
domain (O'Toole et al., 1991, 1994), as is phorbol ester-mediated activation of a4ßl 
(Kassner and Hemler, 1993). Overexpression of a competing ß cytoplasmic tail will 
inhibit the aIIbß3-signaling process (Y. P. Chen et al., 1994), and an activating anti-ßl 
monoclonal antibody can activate an a4ß 1 chimera that is otherwise refractory to 
activation due to absence of an a cytoplasmic domain. Although the mechanisms of 
these important activation events are not known in detail, they appear to involve 
binding of one or more cytoplasmic effectors to the ß tail. This process appears to be 
modulated by the a tail, which produces a conformational change in the extracellular 
domain that permits the binding of large ligands such as fibrin and fibronectin. Inter
estingly, binding of a short RGD peptide to the unactivated extracellular domain can 
apparently produce similar conformational and functional changes that are transient 
rather than permanent (Du et al., 1991). 

Other integrin receptors can also exist in inactive or resting states. Many of the ß 1 
integrlns on unactivated lymphocytes, such as the a5ßl fibronectin receptor and the 
a6ß 1 laminin receptor, are not active (or are only poorly active) for mediating adhesion 
unless activated by phorbol esters (Dustin and Springer, 1989; Shimizu et al., 1990; 
Ginsberg et al., 1992). The a5ßl fibronectin receptor can in fact be shown to exist in 
three states of activation (Faull et al., 1993). 

The ß2 integrin LFA-l shows striking switches in activation state. For example, 
T-cell receptor activation due to cross-linking can trigger LFA-l (aLß2) adhesive 
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function (Dustin and Springer, 1989). The mechanism is not yet known. Interestingly, 
the related aMß2 integrin (Mac-I) of monocytes can be activated to bind factor X and 
fibrinogen by the drug cytochalasin B, which disrupts actin microfilament organization 
(Elemer and Edgington, 1994). The authors suggest that a transient disassembly of 
actin filaments may release constraints on tbis integrin, permitting conformational 
changes in the receptor that permits it to bind ligands. 

3.4. Cell Surface Distribution of Integrin Receptors 

Cells can be roughly classified into two general phenotypes: migratory and sta
tionary (Couchman and Rees, 1979; Duband et al., 1988a). The migratory state is 
found in rapidly migrating embryonic cells, but may also be a characteristic of granula
tion tissue fibroblasts. Many cells display the "stationary" phenotype, including embry
onic cells that have halted migration or granulation tissue fibroblasts that become 
fmnly associated with fibronectin and collagen fibrils. At a molecular level, the migra
tory phenotype is characterized by a diffuse distribution of ß 1 integrin receptors, little 
organized cytoskeleton, and generally poor organization of cell surface fibronectin 
fibrils. The stationary phenotype is characterized by integrin organization into focal 
adhesion sites. These focal adhesions are associated extracellularly with fibronectin 
fibrils (Singer, 1979; Chen and Singer, 1982) and intracellularly with specialized 
cytoskeletal complexes composed of talin, a-actinin, and paxillin into which actin 
bundles appear to insert (Geiger, 1989; Turner and Burridge, 1991). 

These two distinct cellular phenotypes are likely to have important functions in 
wound repair. Migration of cells into wounds requires the rapid making and breaking of 
contacts with extracellular molecules and cytoskeIetaI plasticity to permit rapid cell 
movement. In fact, excessive cell adhesion to substrates will inhibit rates of migration 
(Duband et al., 1991; DiMilla et al., 1993; Schmidt et al., 1993). After cells cease 
migration and begin to enter the phase of wound contraction, they must bind tightly to 
extracellular collagen and fibronectin fibrils and organize a contractile cytoskeleton 
(Welch et al., 1990). Integrin receptors probabIy play central roles in these processes, 
forming the link between extracellular matrix fibrils and the contractile cytoskeleton 
(Singer et al., 1984). 

3.5. Integrin-Cy.toskeletallnteractions 

The cytoskeietal protein talin, which binds to actin and appears in focal contacts, 
also binds to ßl integrins with reIativeIy modest affmity (Kd = 10-6 M) (Horwitz et 
al., 1986). This interaction may be inhibited by integrin tyrosine phosphorylation 
(Tapley et al., 1989). Tyrosine phosphorylation, however, does not appear necessary for 
cell motility (Duband et al., 1988b; Hayashi et al., 1990). a-Actinin, another cytoskeIe
tal protein that is located in focaI contacts but also along actin microfilament bundles, 
binds to ßl integrin tails (Otey et al., 1990, 1993). InterestingIy, a-actinin binds with a 
100-fold higher affinity to synthetic ßl integrin tails than to intact integrins (Kd = 2 x 
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10-8 M vs. 2 X 10-6 M, respectively) (Otey et al., 1990). This finding suggests that 
the a tail might possibly suppress access of a-actinin to the ß tail to which it binds. 
Although strong binding of a-actinin to integrins has been difficult to demonstrate in 
most immunoprecipitation experiments, neutrophils responding to the formyl-Met
Leu-Phe (FMLP) chemotactic peptide show a strong but short-lived binding (10-15 
min) of a-actinin to ß2 integrins (Pavalko and LaRoche, 1993). Similarly, antibody 
activation of the T-cell receptor may induce a protein kinase C (PKC)-dependent 
association of ß2 integrins with the actin-containing cytoskeleton (Pardi et al., 1992). 

The binding of a-actinin to integrins has been 10calized to two regions on the ß 1 
cytoplasmic domain and to two other sites on ß2 tails (Otey et al., 1993; Pavalko and 
Otey, 1994). It is conceivable that the differences described in estimated binding 
affinities of a-actinin point to differences between binding to unoccupied integrins and 
to activated or exposed ß 1 tails, as has been postulated to occur after ligand OCCUPanCY 
of integrins (LaFlamme et al., 1992). 

Increasing evidence points to a direct link between extracellular ligands, cluster
ing of integrins, and organization of cytoskeletal proteins into submembranous aggre
gates. Binding of beads coated with ligands such as fibronectin leads to accumulations 
of cytoskeletal proteins on the inner surface of the plasma membrane (Grinnell and 
Geiger, 1986; Mueller et al., 1989; Plopper and Ingber, 1993). In fact, clustering of 
chimeric receptors containing only the ß 1 tail of integrins (lacking any extracellular or 
transmembrane domain other than a neutral reporter domain) will also lead to striking 
accumulations of a variety of cytoskeletal molecules including talin, a-actinin, tensin, 
vinculin, and F-actin on the inner surface of the membrane (S. Miyamoto, S. E. 
LaFlamme, and K. M. Yamada, unpublished results). Regions of the ß cytoplasmic 
domain needed for binding and transmembrane accumulation of various cytoskeletal 
molecules could be characterized by progressive truncation of ßl integrin tails, which 
were expressed in a-ß integrin heterodimer complexes and aggregated by antibody
coated beads (Lewis and Schwartz, 1995). The capacity of ßl integrin to induce 
accumulation of talin and FAK requires the carboxy-terminal 4 amino acids of the 
cytoplasmic domain, while a site needed for a-actinin localization was up to 9 amino 
acids more amino-terminal. Even though a-actinin is known to bind to actin filaments 
direct1y, binding of a-actinin to one ofthe mutants in the absence oftalin and FAK (and 
possibly other molecules) does not lead to actin accumulation; integrin-mediated clus
tering of a-actinin is therefore insufficient to organize actin accumulation (Lewis and 
Schwartz, 1995). These and other studies point to a direct link between the ßl integrin 
tail and the cytoskeleton, especially after externalligation and clustering of the recep
tors. In contrast, the a5 tail appears to lack this function except for weak redistribution 
of a-actinin, and may instead serve to modulate the activity of the ß subunits 
(LaFlarnme et al., 1992; Briesewitz et al., 1993; Ylanne et al., 1993). 

Inside-Out Adhesion Site Organization 

In addition, information intrinsic to ß cytoplasmic domain sequences can also 
target receptors direct1y to focal contacts. This intrinsic propensity of certain ß tails to 
target receptors to adhesion sites is most clearly displayed in chimeric receptors, which 
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are targeted to these sites if they contain ßl integrin tails (Geiger et al., 1992; 
LaFlamme et al., 1992). In fact, certain tails, but not others modified by alternative 
splicing, appear to play roIes in such adhesion site organization (LaFlamme et al., 
1992, 1994; Balzac et al., 1993). It appears likely, then, that intracellular targeting 
infonnation cooperates with extracellular inputs as integrins accumulate along fibrils of 
extracellular matrix to generate fonnation of the focal contact or fibronexus. 

Chimeric swaps of integrin cytoplasmic domains provide a complementary ap
proach to analyzing integrin cytoplasmic domain functions. The <x2 and <X5 cyto
plasmic tails of integrin <X subunits appear to be more effective in supporting collagen 
gel contraction, while <x4 tails appear more effective in promoting cell migration 
(Schiro et al., 1991; Chan et al., 1992). Functions of<x cytoplasmic domains in cell 
adhesion may have relatively low specificity, since short cytoplasmic stubs of differing 
sequence were able to substitute for full-Iength <X tails in penniuing integrin-mediated 
cell adhesion, and tails were not needed for ligand binding or fibronectin matrix 
assembly (Bauer et al., 1993; Kassner et al., 1994). 

These studies could indicate that <X cytoplasmic domains play significant struc
tural or binding roIes in interactions of integrins with cytoplasmic molecules, or they 
could indicate a function for <X tails in regulation of ß tail function. Until <X cytoplasmic 
domains can be clearly shown to function in isolation, roles in modulating ß tail 
function appear somewhat more likely, as also appears more likely for integrin inside
out activation. 

Swaps of ßl and ß5 integrin cytoplasmic domains have provided further evidence 
for distinct functions of these domains. Replacement of the ß 1 cytoplasmic tail with the 
ß5 tail resulted in a loss of capacity to localize to fOCal adhesionlike structures (Pas
qualini and Hemler, 1994). Similarly, the ß5 integrin localizes less than ßl or ß3 
receptors to focal contacts (Wayner et al., 1991). This difference, however, may be due 
to differences in cells or culture conditions (Conforti et al., 1994). Nevertheless, 
chimeric ß 1 subunit with a ß5 tail was more effective at mediating cell migration in a 
haptotactic migration assay. In addition, cells expressing the chimera failed to prolif
erate in response to fibronectin plus an integrin-activating antibody and to phosphory
late a 90-kDa protein that correlates with proliferation (Pasqualini and Hemler, 1994). 
These studies suggest that certain ß integrin tails have distinct functions, at least in the 
context of chimeras. 

3.6. Integrin-Mediated Signaling 

Integrins can transduce aseries of signals after ligand binding or receptor cluster
ing. For example, integrin-mediated adhesion of cells to a variety of extracellular 
matrix molecules including fibronectin, vitronectin, laminin, and collagen will lead to 
enhanced tyrosine phosphorylation of the molecule FAK (Guan et al., 1991; Kornberg 
et al., 1991, 1992; Guan and Shalloway, 1992). This protein localizes to focal contacts 
and may be involved in their organization (although its function is not yet clarified). As 
a model for transmembrane signal transduction via integrins, however, it has been quite 
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infonnative. Antibody-mediated clustering, at least with certain anti-ß3 and anti-ßI 
monoclonal antibodies, will trigger this phosphorylation process (Kornberg et al., 
1991, 1992), and overexpression and especially clustering of even isolated ß 1 cyto
plasmic tails will induce signaling (Akiyama et al., 1994; Lukashev et al., 1994). 

This mechanism of signaling by clustering of cytoplasmic domains is strongly 
reminiscent of honnone- and growth factor-induced signal transduction. In the latter 
cases, however, the mechanisms often involve bringing tyrosine kinase domains into 
close proximity, thus inducing autophosphorylation of receptor tails and subsequent 
binding of cytoplasmic effectors via phosphotyrosine-recognizing SH2-domain mole
cules (Schlessinger, 1988; de Vos et al., 1992; Metzger, 1992). Integrins, in contrast, 
have no known enzymatic activities; instead they may cause clustering of associated 
kinases. The signaling mediated by integrin ß tails has specificity. Studies with isolated 
tails indicate that the ß I, ß3, and ß5 tails all readily signal tyrosine phosphorylation of 
FAK, whereas the alternatively spliced version of the ß3 integrin does not signal 
(Akiyama et al., 1994). Alternative splicing can thus apparently help regulate integrin 
signal transduction. 

Binding of fibroblast integrins to extracellular matrix ligand can also trigger 
tyrosine phosphorylation pathways involved in the activation of transcription factor 
function. The kinases tenned extracellular regulated kinases-l and 2 (ERK 1 and 
ERK2), which are prominent members of the mitogen-activated protein (MAP) kinase 
pathway, are transiently activated after adhesion of cells to fibronectin (Q. ehen et al., 
1994; Morino et al., 1995). This activation is accompanied by translocation into the 
nucleus, where these molecules may transcriptionally activate as yet unknown fi
broblast genes. An independent pathway, tenned the Jun kinase or stress-activated 
protein (SAP) kinase pathway can also be activated by integrin ligands or anti-integrin 
antibodies, but with different kinetics than ERKs (Miyamoto et al., 1995b). It is 
remarkable that two major signaling pathways, one specific for cytokines such as 
platelet-derived growth factor (PDGF) and epidennal growth factor (EGF) (the ERK 
pathway) and the other for stresses and inflammatory cytokines such as tumor necrosis 
factor-a (TNF-a) (the Jun kinase pathway), can both be activated by interaction of 
integrins with an extracellular ligand such as fibronectin. 

Integrin-mediated adhesion of cells to fibronectin and cross-linking of integrins 
can trigger a rise in intracellular calcium (Schwartz, 1993; Schwartz and Den
ninghoff, 1994). In endothelial cells, this rise is due to an influx of extracellular 
calcium ion. This influx can be mediated by the av integrin subunit (Schwartz and 
Denninghoff, 1994), probably via association with a putative calcium transporter 
tenned integrin-associated protein (IAP) (Lindberg et al., 1993; Schwartz, 1993). The 
latter protein is ubiquitous, found even on erythrocytes (which appear to lack inte
grins). Therefore, IAP may have some additional function besides serving as an 
integrin-triggered calcium channel. In some cells, ligation of integrins can also induce 
a rise in intracellular pH, changes in inositol lipid metabolism, and increased GTP
bound p21ras, which are signaling pathways often associated with cellular responses 
to growth factors (Schwartz et al., 1991a, b; Schwartz and Lechene, 1992; Kapron
Bras et al., 1993; McNamee et al., 1993). 
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Since integrins often accumulate at focal contacts, it is interesting to consider the 
regulatory proteins known to be present at these sites, which may be candidates for 
proteins that interact with integrin cytoplasmic tails or associated molecules to help 
mediate transmembrane signaling. Molecules found at focal contacts include FAK and 
its truncated form pp41FRNK, pp60v-src , pp59fyn , the alpha (type 3) isoform ofprotein 
kinase C, and calpain 11 (calcium-dependent protease 11) (Hyatt et al., 1990; Pavalko 
and Otey, 1994). It is important to determine which of these proteins are involved in 
interactions with integrin cytoplasmic domains. 

A tantalizing series of studies has established that the KXGFFKR amino acid 
sequence present in the cytoplasmic domains of all integrin 0. subunits can bind 
calreticulin (Rojiani et al., 1991; Dedhar et al., 1994; Leung-Hagesteijn et al., 1994). 
Calreticulin is a calcium-binding protein that normally resides in the endoplasmic 
reticulum, but it may have additional functions in the cytoplasm and the nucleus. 
Antibody-induced redistribution of integrins results in calreticulin redistribution, and a 
partial decrease in calreticulin levels using antisense oligonucleotides is accompanied 
by major inhibition of cell adhesion (Leung-Hagesteijn et al., 1994). In addition, 
calreticulin can bind to retinoic acid and androgen receptors via the same KXRRKR 
sequence, resulting in inhibition of receptor binding to the respective DNA response 
elements and inhibition of transcriptional activity (Bums et al., 1994; Dedhar et al., 
1994). It has thus been suggested that calreticulin may be involved in transducing 
integrin-mediated signals to the nucleus and thereby modulating gene expression 
(Leung-Hagesteijn et al., 1994). Whether these effects are direct, indirect, or merely 
coincidental remains to be determined. 

Other signaling molecules are likely to be identified in close or regulated asso
ciation with integrin cytoplasmic domains. FAK binds to ß 1 integrin cytoplasmic 
domain sequences in vitro (Schaller et al., 1995), and can be clustered into intracellu
lar complexes by experimental aggregation of integrins using anti-integrin antibodies 
bound to beads (Miyamoto et al., 1995a). In fact, certain anti-0.5ßl antibodies can 
induce clustering of only FAK and the cytoskeletal protein tensin, but not seven other 
cytoskeletal proteins; combining integrin aggregation with ligand occupancy triggers 
accumulation of the full complement of cytoskeletal proteins (Miyamoto et al., 
1995a). These types of study suggest that particularly close associations exist be
tween ß 1 integrin tails and FAK and tensin, slightly more peripherally with talin and 
o.-actinin, and only after formation of large complexes for actin and other cytoskeletal 
molecules. 

Distinct hierarchies of cytoskeletal and signaling moleeules. can be identified 
during formation of the transmembrane aggregates induced by integrins. After 
aggregation-induced accumulation of tensin and FAK, integrin occupancy triggers 
accumulation of talin, o.-actinin, and vinculin (Miyamoto et al., 1995b). If tyrosine 
phosphorylation is permitted and actin microfilaments are intact, aggregation and 
occupancy can also lead to accumulation ofF-actin, paxillin, and filamin. Interestingly, 
aggregation even without ligand occupancy will induce the accumulation of 19 other 
signal transduction moleeules if tyrosine phosphorylation is not inhibited; moreover, 
under these conditions, ERK and JUN kinase pathways are also activated (Miyamoto et 



Integrins in Wound Repair 323 

al., 1995b). Thus, hierarchical groupings of signaling and cytoskeletal proteins charac
terize the responses to integrins. This complexity provides multiple possible points of 
regulation of integrin responses by both extracellular and intracellular stimuli, as weIl 
as a variety of sites for potential pharmacological and therapeutic intervention. 

3.7. Integrin Regulation of Gene Expression and Cell Proliferation 

For many years, the extracellular matrix has been proposed to provide important 
regulatory information to cells, helping to control specific gene expression and cell 
proliferation (Hay, 1991). Integrins are now known to be central mediators of these 
forms ofregulation (Damsky and Werb, 1992; Hynes, 1992; Juliano and Haskill, 1993). 
In rabbit synovial fibroblasts, adhesion to fragments of fibronectin containing its cen
tral cell-adhesive domain or anti-a5 antibodies that are clustered or immobilized on 
substrates stimulates secretion of proteinases such as stromelysin and interstitial col
lagenase (Werb et al., 1989). Interestingly, these effects are not produced by intact 
fibronectin, which appears to provide suppressive information primarily from the alter
natively spliced CS 1 site of fibronectin, which binds to the a 4ßl integrin (Huhtala et 
al., 1995). This binding apparently results in a signaling event that suppresses activa
tion otherwise provided by the central cell-binding domain. This type of biological 
activity based on a fragment of fibronectin resembles a previous report of monocyte 
chemotaxis toward a cell-binding domain of fibronectin but not intact fibronectin 
(Clark et al., 1988). 

In monocytes, adhesion to different extracellular matrix components results in 
selective patterns of expression of specific genes (Juliano and Haskill, 1993). For 
example, adhesion of monocytes to fibronectin results in induction of colony
stimulating factor (CSF-l) and monocyte adherence-derived inflammatory gene-15 
(MAD-15) genes. Other genes are induced by adhesion to type IV collagen. Genes such 
as interleukin-l (IL-l) and IL-8 are induced on all substrates. Roles of transcription 
factors involved in these regulatory events are being characterized. For example, NF
kB undergoes translocation into the nucleus (Juliano and Haskill, 1993). Mammary 
epithelial cell interaction with the basement membrane analogue Matrigel via a 
ßl-integrin pathway results in striking morphogenetic changes and enhanced expres
sion of the differentiated phenotype, e.g., induction of casein and whey acidic protein 
production (Streuli et al., 1991; Howlett and BisselI, 1993; Lin and BisselI, 1993). 

Besides effects on specific gene expression, integrins can induce cell proliferation 
(Symington, 1990, 1992; Guadagno et al., 1993; Han et al., 1993). Matrix regulation of 
proliferation occurs at a cell cycle control point similar to the yeast cell cycle control 
point, termed START. Interestingly, its function can be replaced in certain cells by the 
cytokine transforming growth factor-ß (TGF-ß) (Han et al., 1993). GRGDS peptide 
occupancy of a5ßl fibronectin receptors on erythroleukemia cells stimulates kinase 
activities associated with the cyclin A and cdc2 within 2 hr; appearance of the 110-kDa 
form of the retinoblastoma protein within 3 hr; and cell cycle progression within 24 hr 



324 Chapter 9 

(Symington, 1992). These studies provide links between integrin ligand occupancy and 
intracellular growth regulators. 

4. Cell-Matrix Interactions during Wound Repair 

4.1. Introduction 

Integrin receptors are clearly required for all phases of wound repair. Immediately 
after injury, platelet aIIbß3 integrins mediate interactions with extracellular matrix 
(ECM) molecules, such as fibrin, fibronectin, vitronectin, thrombospondin, and von 
Willebrand factor (Plow et al., 1992). These platelet-ECM interactions are essential 
for stable clot formation. Over the next 24 hr, integrins of the ß2 family are obIigatory 
for leukocyte accumulation in the wound (Springer, 1994). These inflammatory cells 
cleanse the wound of contaminating microorganisms and tissue debris. Once granula
tion tissue formation begins, integrins are required for neovascularization (Clark et al., 
1995b) and presumably for fibroblast ingrowth (Clark et al., 1990). Later, during 
wound contraction, a2ßl and a5ßl integrins probably provide the linkage between 
fibroblasts and the ECM, allowing the tensile forces generated by fibroblasts to be 
transmitted over the breadth ofthe wound (Welch et al., 1990; Schiro et al., 1991). Best 
studied in the context of wound repair, however, are keratinocyte integrins. Oespite the 
lack of direct evidence that integrins function during reepithelialization, many epider
mal wound-healing studies have demonstrated a correlation between integrin appear
ance on the wound keratinocytes and the appropriate ECM ligand beneath the migrat
ing epidermis, strongly suggesting a functional interaction. In addition, the requirement 
of integrins for motility of cultured keratinocytes further suggests their importance for 
in vivo epidermal migration. Thus we have chosen to expand on keratinocyte integrins 
and their probable function in wound repair. 

4.2. Keratinocyte Integrins-An Example of Cell-Matrix Interactions 
during Wound Repair 

Ouring skin reepithelialization, keratinocytes at the wound margin dissolve their 
complex attachment with the underlying basement membrane and migrate over a 
provisional matrix consisting of fibrin(ogen), vitronectin, tenascin, and type I collagen 
(Odland and Ross, 1968; Clark et al., 1982; Mackie et al., 1988; Betz et al., 1993; 
Cavani et al., 1993). Keratinocytes use integrins for attachment and migration on these 
provisional matrix proteins (Gailit and Clark, 1993). Sometimes the cells utilize more 
than one integrin to interact with a particular matrix protein. For example, ker
atinocytes can use both a3ßl and a5ßl integrins to bind fibronectin. Of these, how
ever, the a5ßl integrin is more important for migration even though the cells express 
more a3ßl integrin on their surface. When a5ßl integrin on human keratinocytes was 
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blocked by monospecific antibodies, migration was dramatically inhibited (L. T. Kim 
et al., 1992). 

4.2.1. Keratinocyte a5131 

Although a5ßl is expressed by human keratinocytes in situ and in culture, it is not 
fully expressed nor completely functional in situ. When these cells are freshly isolated 
from epidermis and placed into culture, they exhibit little a5ßl on the cell surface, they 
do not attach to fibronectin (Toda et al., 1987), and the ßI subunit is not localized into 
focal adhesions (Grinnell, 1990). Interestingly, freshly isolated keratinocytes attach, 
but do not spread, on collagen and laminin (Grinnell, 1990). After 7-10 days in culture, 
keratinocytes attach to fibronectin, and ßI localizes with vinculin to focal adhesions 
(Toda et al., 1987; Grinnell, 1990). Attachment to fibronectin is inhibited by peptides 
containing RGD and by polyclonal antibodies against fibronectin receptor. Thus, the 
expression and function of a5ßl are markedly increased on normal human ker
atinocytes after a short time in culture (Guo et al., 1990). Such up-regulation of integrin 
expression and function during cell culture has also been observed with other normal 
and malignant cells (Albelda et al., 1990; Horton, 1990). 

The effect of cell culture on a5ßl expression in keratinocytes appears to be very 
similar to the effect of TGF-ß on integrin expression in other cell types. Cell culture 
conditions may increase the expression of functional a5ßl by increasing the rate at 
which the ßl precursor is converted to mature glycoprotein (Guo et al., 1991). Immu
noprecipitates from freshly harvested keratinocytes contained only immature ß 1 sub
units associated with a2, a3, and a5. Identical immunoprecipitates from cells cultured 
4-7 days contained mostly mature ß 1. Although the rate of ß 1 processing in freshly 
isolated keratinocytes has not been measured, in cultured keratinocytes it is relatively 
fast: half-maximal maturation occurs in about 3 hr (Larjava, 1991). 

Rabbit keratinocytes freshly isolated from ear skin, like freshly isolated human 
keratinocytes, do not adhere to fibronectin; but keratinocytes taken from wound beds of 
the same animals do adhere to fibronectin (Grinnell et al., 1988). The induction of 
fibronectin receptor observed during culture in vitro, therefore, has a corollary during 
wound repair in vivo. 

The a5ßl fibronectin receptor appears to be involved in keratinocyte motility on 
fibronectin (J. P. Kim et al., 1992a). It has been known, in fact, for some time that 
fibronectin, as weIl as collagen types I and IV, promotes the migration of human 
keratinocytes (O'Keefe et al., 1985). Interestingly, a5 is found only in keratinocytes 
capable of migration. When keratinocytes migrating out of skin explants are examined 
after 7 days, a5 is found predominantly in the migrating cells; ß 1, a2, and a3 are found 
both in the skin and in the migrating cells (Guo et al., 1991). Furthermore, freshly 
isolated keratinocytes are relatively immobile cells (Grinnell, 1990) and they contain 
little fully processed a5ßl; cultured cells are motile and do express functional a5ßl 
(Guo et al., 1991). These observations indicate a consistent correlation between the 
presence of functional a5ßl and the ability to migrate. Thus, a5ßI expressed on 
wound epidermis as it migrates over the fibronectin-rich provisional matrix (Clark, 
1990; Cavani et al., 1993; Juhasz et al., 1993; Gailit et al., 1994) probably is required 
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for this migration. Furthermore, the TGF-ß1 that colocalizes with Ct5ß1 to the migrat
ing epidermis might be responsible for full expression and function of this fibronectin 
receptor (Gailit et al., 1994). 

4.2.2. Keratinocyte av Integrins 

Vitronectin, another plasma protein, is deposited in wounds along with fi
brin(ogen) and fibronectin. Vitronectin was previously called serum spreading factor or 
epibolin since it is the factor in serum that induces keratinocytes at the cut edge of a 
human skin explant to migrate and eventually to surround the dermal component of the 
explant by a process called "epiboly" (Steno, 1981). Vitronectin is also required for 
keratinocyte spreading on fibronectin, collagen, and laminin (Steno, 1987). 

Cu1tured human keratinocytes adhere to vitronectin through Ctvß5. Antibodies 
against CtV inhibit keratinocyte adhesion to vitronectin (Adams and Watt, 1991), while 
antibodies against ß1 do not (Larjava et al., 1990; Adams and Watt, 1991). Normal 
keratinocytes do not express Ctvß3, the classic vitronectin receptor, in culture or in skin. 
Immunoprecipitations from detergent lysates of radiolabeled cells revealed complexes 
containing CtV and ß5 (Larjava et al., 1990; Adams and Watt, 1991) but not ß3 or ßl 
(Adams and Watt, 1991; Marchisio et al., 1991). Although keratinocytes do express ßl, 
the complex Ctvß 1, another potential vitronectin receptor, is not formed in normal 
cultured keratinocytes cells. The mRNA for ß5 is present in keratinocytes (Adams and 
Watt, 1991; Marchisio et al., 1991) and in other epithelial cell types (Ramaswamy and 
Hemler, 1990; Suzuki et al., 1990). 

It is important to distinguish among the different CtV integrins as they seem to bind 
to different ligands, distribute differently in response to binding, and may well provide 
distinct signals to the cello For example, M21 human melanoma cells contain Ctvß3 and 
avß5 (Wayner et al., 1991). When these cells were plated on vitronectin, avß3 col
ocalized in focal contacts with vinculin, taHn, and the ends of actin filaments; <xvß5 
showed a punctate distribution on the ventral surface that was entirely different from 
the focal contact staining. Similar results have been obtained from a strain of non
differentiating keratinocytes. This strain, called ndk, expresses <xvßl, <xvß3, and <xvß5 
(Adams and Watt, 1991). When adherent cultures of these cells were examined, the 
results again suggested that Ctvß3 and <xvß5 had different cellular distribution patterns. 

A role for <xvß5 in keratinocyte motility was first suggested by two separate 
observations. First, in growing keratinocyte cultures, <Xv has been identified in basal 
cells at the periphery of expanding colonies (Adams and Watt, 1991; Marchisio et al., 
1991). Suprabasal cells, which have differentiated, did not contain <xv. It is known that 
in an expanding colony the cells at the periphery migrate outward as the colony 
enlarges (Barrandon and Green, 1987). Thus, the expression of Ctvß5 is characteristic 
of a migratory phenotype but not of a differentiated and stationary phenotype. Second, 
vitronectin prornotes many forms of keratinocyte motility. As mentioned, vitronectin 
stimulates the movement of epithelial sheets, a process called epiboly (Steno, 1981). 
Although vitronectin increases local motility of keratinocytes, in an almost circular 
pattern (Brown et al., 1991), it does not stimulate the same directed, linear motility 
produced by collagen or fibronectin (O'Keefe et al., 1985). In fact, vitronectin reduces 
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keratinocyte motility on collagen type I (Brown et al., 1991). Recently, it has been 
shown that avß5 is the integrin that mediates this modest motility (Kim et al., 1994). 
Thus, vitronectin has several unique effects on cell motility, and av integrins are 
probably required for keratinocyte interaction with vitronectin. In fact, av, and more 
specifically avß5, is expressed on epidermal cells as they migrate over a provisional 
matrix containing vitronectin during epithelialization of cutaneous wounds (Cavani et 
al., 1993; Gailit et al., 1994). In all cells, except platelets and megakaryocytes, the only 
integrins that bind to vitronectin all contain av. 

More recently, both in vitro and in vivo evidence suggests that the migrating 
epidermis also expresses avß6 (Haapasalmi et al., 1995). However, this integrin may 
be a tenascin receptor rather than a vitronectin receptor. Interestingly, there is a switch 
in av integrins expressed during reepithelialization (Clark et al., 1995a; Zambruno et 
al., 1995). During the first few days of migration, the basal epidermal cells express 
avß5. In contrast, avß6 is present around the time of epidermal fusion. This progres
sion of av receptor expression corresponds to the early presence of vitronectin, a ligand 
for avß5, and the later appearance of tenascin, a ligand for avß6. 

Clearly, fibronectin, vitronectin, and tenascin stimulate different, complementary 
types of motility (Brown et al., 1991) and these responses are regulated during wound 
repair (Cavani et al., 1993; Juhasz et al., 1993; Gailit et al., 1994; Haapasalmi et al., 
1995). Keratinocytes in normal unwounded skin are probably not in contact with either 
of these proteins. Nevertheless, freshly isolated keratinocytes respond immediately to 
vitronectin by attaching and spreading; they respond to fibronectin, however, only after 
some time in culture. The significance of this difference, that keratinocytes are consti
tutively responsive to vitronectin and facultatively responsive to fibronectin, is unclear. 
These responses are probably mediated by avß5 and a5ßl. 

4.2.3. Keratinocyte a2ßl and a3ßl 

The integrins a2ßl and a3ßl are prominently expressed by keratinocytes in 
culture and in skin (Carter et al. , 1990b; Adams and Watt, 1991; Marchisio et al., 
1991). Unlike keratinocyte adhesion and motility on fibronectin and vitronectin, inter
actions with collagen are not mediated by RGD even though collagens contain these 
sequences. 

The a2ß 1 collagen receptor mediates keratinocyte interactions with collagens as 
demonstrated by the fact that blocking a2ß 1 with monospecific antibodies inhibits 
keratinocyte adhesion and migration on botb types I and IV collagen (Carter et al., 
1990b; Staquet et al., 1990; Adams and Watt, 1991). Moreover, a2ßl is concentrated 
in the focal adbesion plaques formed when keratinocytes attach to collagen type I, but 
not in the focal adhesions formed when the cells attach to fibronectin (Carter et al., 
1990b). Clearly, a2ßl mediates cultured keratinocyte migration (J. P. Kim et al., 
1992a), and it probably also mediates keratinocytes migration over denuded dermal 
type 1 collagen during cutaneous wound repair. Keratinocyte a2ß 1 collagen receptors 
are up-regulated by EGF, and such stimulated cells demonstrate enhanced migration on 
collagen (Chen et al., 1993). Since increased EGF receptors are expressed on the 
migrating epidermis during cutaneous wound repair (Wenczak et al., 1992), EGF or 
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TGF-a may up-regulate expression or function of a2ß 1 on the migrating keratinocytes. 
Paradoxically, the expression of a2ßl in the migrating wound epidermis is less, not 
more, than normal epidermal expression (Cavani et al., 1993). Thus the explicit activity 
of a2ß 1 during epidermal repair warrants further study. 

There are several possible matrix ligands for a3ßl, but it probably serves ker
atinocytes as a receptor for laminins. In certain situations, a3ßl can bind to collagen 
and fibronectin, as weIl as laminin (Elices et al., 1991). The a2ßl and a3ßl may act in 
concert to mediate cell binding to laminin. Antibodies against a2 (Carter et al., 1990b) 
and a3 (Carter et al., 1990b; Adams and Watt, 1991) individually inhibit attachment to 
larninin, but together the antibodies inhibit more effectively (Carter et al., 1990b; 
Adams and Watt, 1991). However, a3, but not a2, is identified in focal adhesion 
plaques formed by cells attached to laminin (Carter et al., 1990b). Keratinocyte a3ßl 
probably does not bind to collagen (Carter et al., 1990b; Staquet et al., 1990; Adams 
and Watt, 1991). Evidence for keratinocyte a3ßl binding to fibronectin is also contra
dictory. 

The most biologically significant ligand for keratinocyte a3ßl is probably epi
ligrin, a glycoprotein synthesized by keratinocytes (Carter et al., 1991). Originally 
identified as a product of keratinocytes in culture, epiligrin has also been identified in 
the basement membrane of skin and other epithelial tissues and is now recognized as an 
isoform of laminin (Marinkovich et al., 1993). Now called laminin 5, this isoform is 
closely associated with anchoring fibrils that traverse the lamina lucida beneath hemi
desmosomes (Carter et al., 1991; Rousselle et al., 1991). Like classicallaminin, lami
nin 5 consists of three chains organized in a crosslike structure. The proposal that 
epiligrin, or laminin 5, is a ligand for a3ßl is supported by several observations (Carter 
et al., 1991): Keratinocytes, and other cell types expressing a3ßl, attach to purified 
epiligrin; monoclonal antibodies specific for a3 or ß 1 inhibit attachment to epiligrin; 
and, furthermore, a3ßl is concentrated in the focal adhesion plaques formed when 
fibroblasts attach to purified epiligrin. Laminin 5 (Marinkovich et al., 1993), like 
classicallaminin (O'Keefe et al., 1985), inhibits human keratinocyte migration. Thus 
the reformation of the laminin-rich basement membrane beneath the neoepidermis of a 
cutaneous wound may stop the lateral movement ofkeratinocytes (Stanley et al., 1981; 
Clark et al., 1982). 

Besides playing an important function in keratinocyte cell-matrix adhesion, as 
discussed above, a2ßl and a3ßl interact with each other (Symington et al. , 1993), and 
thus playa role in keratinocyte cell-cell interactions. Studies of human epidermal 
tissue have demonstrated, using conventional immunohistochemistry, that staining for 
the ß 1 subunit is discontinuous near the basement membrane and mostly continuous in 
areas of cell-cell contact (Larjava et al., 1990). Subsequent studies of cultured ker
atinocytes confirmed that ßl was localized in areas of cell-cell contact (Carter et al., 
1990b; Larjava et al., 1990) and revealed that a2 and a3, but not a5, also accumulated 
in the same areas when cell aggregation was induced by addition of calcium or serum 
(Carter et al., 1990b). Furthermore, treating keratinocyte colonies with a monoclonal 
antibody specific for ß 1 dissociated the colonies by disrupting cell-cell contacts but 
apparently without disturbing cell-matrix adhesion (Larjava et al., 1990). Monoclonal 
antibodies specific for ßl or a3 also inhibited cell-cell adhesion in an assay measuring 
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the attachment of keratinocytes in suspension to a confluent celllayer (Carter et al., 
1990b). Finally, a study of cultured human cells demonstrated, using immunoelectron 
microscopy, that a3ßl was strongly associated with intercellular contact sites (Kauf
mann et al., 1989). 

Although the role of integrins in keratinocyte cell-cell interactions remains con
troversial (Tenchini et al., 1993), there is precedent for an integrin to have a dual 
function. The a4ß 1 functions in cell-matrix adhesion as a receptor for fibronectin and 
it functions in cell-cell adhesion as a mediator for lymphocyte-endothelial cell inter
actions (Cheresh, 1991). The a4ßl binds to vascular cell surface adhesion molecule-l 
(VCAM-l) on the surface of endothelial cells activated by cytokines. 

4.2.4. Keratinocyte a6ß4 

The integrin a6ß4 is restricted to the basal surface of keratinocytes along the 
basement membrane zone and is apparently a component of the hemidesmosome, a 
structure unique to epithelial tissue (Stepp et al., 1990). These adhesion junctions help 
anchor basal cells to the basement membrane. The a6ß4 is a prominent integrin of 
keratinocytes in culture and in skin (Carter et al., 1990a; De Luca et al., 1990; 
Marchisio et al., 1991). Although a6 can combine with ßl in some cells and tissues, 
immunoprecipitations demonstrated that in cultured human keratinocytes a6 and ß4 
combine exclusively with each other (De Luca et al., 1990; Adams and Watt, 1991). 
The a6 and ß4 were first identified in hemidesmosomes of corneal epithelium using 
immunoelectron microscopy (Stepp et al., 1990). Subsequent work has confirmed the 
presence of a6ß4 in hemidesmosomes in mucosal epithelium and in a cultured celliine 
(J ones et al., 1991). The rat bladder carcinoma celliine 804G has the unusual ability to 
form hemidesmosomes in vitro. These cells apparently express a6ß4 along their basal 
surface in a pattern that coincides with the distribution of a hemidesmosomal marker, 
bullous pemphigoid antigen (Iones et al., 1991). A polyclonal antiserum, directed 
primarily against the ß4 subunit of a6ß4, was able to prevent the formation of hemi
desmosomes by 804G cells. This antiserum also prevented the assembly of hemi
desmosomes by corneal epithelial cells in an in vitra model of wound healing, but it did 
not inhibit their migration (Kurpakus et al. , 1991). Cultured human keratinocytes 
produce stable anchoring contacts similar to hemidesmosomes, and these structures 
also contain a6ß4 and bullous pemphigoid antigens (Carter et al., 1990b). These stable 
anchoring contacts are associated with keratin intermediate filaments rather than stress 
fibers, a finding that distinguishes them from focal adhesions. 

Although the ligand for a6ß4 in a human adenocarcinoma cell line has been 
identified as laminin (Lee et al., 1992), the ligand for keratinocyte a6ß4 has not 
been established unequivocally. Anchoring filaments in the basement membrane have 
been suggested as one possibility (Carter et al. , 1990a), but laminin seems a more likely 
candidate. Polyclonal antibodies specific for ß4 were able to detach keratinocytes from 
a laminin substrate and to inhibit cell attachment to laminin (De Luca et al., 1990). 
Although the binding sites on laminin for other receptors have been characterized, a 
distinct binding site for a6ß4 has not been identified (Sonnenberg et al., 1990; Sonnen
berg, 1993). This situation is also complicated by the possibility that cultured human 
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keratinocytes bind to laminin at three different sites (Wilke and Skubitz, 1991). What
ever the ligand for a6ß4, the complex structure of the hemidesmosome further stabi
lizes the attachment of the neoepidermis of a wound to its newly formed basement 
membrane. 
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Chapter 10 

Reepithelialization 

DAVID T. WOODLEY 

1. Definition of Reepithelialization 

Reepithelialization is the tenn used in common parlance to indicate the covering of a 
skin wound with a new epithelium. In clinical practice, this tenn is truly ill-defined and 
usually does not take into account the complexity and specialty cells of an unwounded, 
mature, human epidennal layer. In the examination of a healed or healing wound, the 
clinician often says that the wound is "reepithelialized" if the moist erythematous 
vascular granulation bed is covered by a dry film of epithelium. At the clinical level, 
the physician usually does not take into account other functions of this epithelial 
membrane such as its immune function directed by epidennal Langerhan's cells, the 
role of pigment-producing melanocytes, the sensory function of epithelial Merkel's 
cells, the barrier function of an organized and mature stratum corneum, and the stable 
epidennal-dennal adherence that occurs by a fully fonned neobasement membrane 
zone between the epidennis and the underlying neodennis. In the future, as we advance 
our abilities to measure these functions, it is hoped that the definition of reepithelializa
tion on the clinical level will undergo more refinement and discrimination. 

In general, true reepithelialization involves multiple processes including the for
mation of a provisional wound bed matrix that is fonned by an insoluble protein 
exudate, the migration of epidennal keratinocytes from cut edges, the proliferation of 
keratinocytes that feed the advancing and migrating epithelial tongue, the stratification 
and differentiation of the neoepithelium, the refonnation of an intact basement mem
brane zone, and the repopulation of specialized cells that direct sensory functions, 
pigmentation, and immune parameters. 

2. The Morphology of Reepitheliazing Wounds 

Cell migration is an early and necessary event for reepithelialization to occur. 
Immediately after a wound is created, there is a short lag period lasting for several 
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hours (Stenn and Depalma, 1988). The keratinocytes that form the cut edge of the 
wound begin to migrate within 24 to 48 hr. Clark and colleagues (1982) have shown 
that these migratory keratinocytes use a provisional matrix in the newly created wound 
bed that consists primarily of fibronectin and fibrin. Initially, the keratinocytes laterally 
migrate and cover the wound by a process of migration. There is very little contribution 
early from cellular division. The keratinocytes migrate not only from the wound 
periphery but from cut epidermal appendages throughout the wound bed. Usually, then, 
there is a myriad of small epidermal islands sprinkled throughout the wound bed that 
contribute to the reepithelialization process in addition to the keratinocytes at the 
periphery ofthe wound circumferentially. 

Very little is known about the process of cellular migration and reepithelialization. 
Nevertheless, some basic tenets form our conventional wisdom about this process. 
First, it is generally accepted that if the wound environment is kept moist by occlusion 
or by some semipermeable membrane, these wounds will reepithelialize faster than 
wounds that are allowed to desiccate and form a scab (Winter, 1962; Eaglstein et al., 
1988, Woodley and Kim, 1992). It has been shown that this effect is somewhat time
limited and that there is a window of opportunity to use moist occlusion of a wound to 
promote more rapid reepithelialization (Eaglstein et al., 1988). Second, there appears to 
be a "ying-yang" relationship between keratinocyte migration and keratinocyte cell 
division. For example, if keratinocytes are exposed to transforming growth factor-ß 
(TGF-ß), the proliferative potential of these cells is driven to negligible levels. Despite 
the inability to proliferate, these cells are quite capable of migrating on connective 
tissue matrices (Sarret et al., 1992b). A number of investigators have shown that the 
blockage of cell division appears to have little if any effect on single-cell epithelial 
motility or the motility of epidermal sheets. 

Odland and Ross (1968) examined the morphology of epithelial cells at the 
initiation of migration after wounding by using the electron microseope. These investi
gators and others observed that the keratinocyte dramatically changes its shape as it 
goes from a stationary basal keratinocyte to a migrating cello In the unwounded stable 
state where the cell is juxtaposed to its own basement membrane zone, the basal 
keratinocyte demonstrates polarity. As the cell begins to migrate across the wound bed, 
it becomes flat and elongated. Long cytoplasmic extensions called lamellipodia are 
observed, along with ruffling cytoplasmic projections (Stenn and Depalma, 1988; 
Odland and Ross, 1968). In the unwounded state, the basal keratinocytes are joined to 
neighboring keratinocytes by cell-cell junctions called desmosomes and to its juxta
posed basement membrane zone by hemidesmosomes. When these structures are 
viewed by the electron microscope, they appear as electron-dense concretions studded 
across the plasma membrane. When the cell then becomes migratory and cell-cell 
junctions and cell matrix junctions are retracted away from the plasma membrane of 
the migrating cell toward a perinuclear localization. Tonafilament bundles, which 
usually converge outward from the cell upon desmosomal and hemidesmosomal con
nections, are retracted when the cell begins migration (Stenn and Depalma, 1988; 
Odland and Ross, 1968). Bereiter-Hahn and colleagues (1981) demonstrated that the 
expression of actin and a-actinin becomes manifest in the lamellipodia extended by the 
migrating epidermal cello Moreover, microfilament bundles in a peripheral beltlike 
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distribution are observed. The expression of both actinin and myosin in the cell can be 
detected by using monospecific antibodies against these elements. Although the cell
cell and cell-matrix junctions are retracted in a perinuclear loeation, gap junetions 
appear to be more numerous in migrating keratinocytes than stationary keratinoeytes 
(Stenn and Depalma, 1988; Odland and Ross, 1968; Bereiter-Hahn et al., 1981). 
Gabbiani et al. (1978) demonstrated an inerease in the proportion of epidermal cell 
surface consumed by gap junetions along with an overall increase in the density of gap 
junetions around the cello This observation appears to be correlated with the expression 
of contractile proteins, suggesting some sort of synchronism between these two cellular 
mechanisms. 

The keratinoeytes at the leading edge of the migrating epithelial tongue are highly 
phagoeytic. They probably ingest wound debris and some of the elements in the 
provisional wound matrix. Nevertheless, phagocytosis does not seem to directly stimu
late keratinocyte migration. Takashima and Grinnell (1984) have coated latex beads 
with fibronectin and shown that human keratinocytes readily phagocytose these beads 
to a much greater level than uneoated beads. Using this methodology, however, it was 
found that stimulating keratinoeyte phagoeytosis with fibronectin-coated latex beads 
did not alter human keratinocyte migration on fibronectin or other connective tissue 
components (Woodley et al., 1988a). 

3. Substrate and Epithelial Migration in Wounds 

Connective tissue matrix can influence the biological behavior of epidermal cells 
and vice versa. For example, the type of substraturn on which human keratinocytes are 
apposed can influenee the keratinocyte's proliferative potential, ability to bind to 
extracellular matrix, ability to spread on connective tissue, and the ability to migrate 
(Woodley et al. 1988a, 1990b). The keratinoeytes themselves are known to synthesize 
much of their own basement membrane (Woodley et al., 1980a, b, 1988b), including 
laminin, type IV collagen, anchoring filament-associated components (laminin 5, also 
ealled epiligrin, kalinin, nicein, BM 600), and anchoring fibril (type VII) collagen 
(Woodley et al., 1985b, 1987). The bullous pemphigoid antigen has been considered 
part of the basement membrane beneath the basal keratinocytes (Woodley et al., 1980a; 
Westgate et al., 1985; Regnier et al., 1981; Mutasim et al., 1985; Schaumburg-Lever et 
al., 1975), but it is now recognized to be c10sely associated with the hemidesmosome 
(Westgate et al., 1985; Regnier et al., 1981; Mutasim et al., 1985). Further, there are 
two bullous pemphigoid antigens (BPA) (Robledo et al., 1990; Stanley et al., 1981, 
1988). One, BPAgl, is a 230,OOO-Da noncollagenous protein that is localized within the 
keratinocyte (Stanley et al., 1982b, 1988) and is associated with the hemidesmosome 
dense plaque. The other, BPAg2, is a transmembrane glycoprotein with an extraeellular 
collagen domain containing typical Gly-X-Y sequences that lie outside of the cell in the 
upper lamina lucida space of the basement membrane zone (Guidice et al., 1991; Diaz 
et al., 1990; Robledo et al., 1990). It is likely that some of our information about the 
localization of all of these basement membrane components is artifactual and that the 
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true nature of the basement membrane zone may not be compartmentalized as weIl as 
that visualized by electron microscopy. 

Clark and colleagues (1982) demonstrated that during wound healing, when the 
intact basement membrane zone is abbrogated, migrating keratinocytes use a provi
sional matrix in the wound bed that is rich in fibronectin and fibrin. This fibronectin 
has several sources. First, much of it comes from the serum coagulum that occurs 
during clotting and early wound formation. Second, the resident dermal fibroblasts 
synthesize cell-surface-associated fibronectin. Third, human keratinocytes can them
selves synthesize and deposit fibronectin (Kubo et al., 1984; O'Keefe et al., 1984, 
1985). Comelius and colleagues (1986) demonstrated in human wounds that fibronec
tin is expressed as a wide amorphous material in the wound bed early during wounding. 
Around days 5-10 after wounding when the migrating epithelial tongue is actively 
marching across the wound bed, fibronectin becomes more tightly localized in the 
upper papillary dermis, giving it the appearance of a basement membrane component. 
In later stages of the healing wound, the fibronectin expression again becomes more 
dispersed, amorphous, and less intensely expressed (Comelius et al., 1986). 

Fibronectin is a large glycoprotein (Mr = 440,000) consisting of two similar 
chains disulfide-linked at the carboxyl-terminus. A number of biologically functional 
domains have been identified within the two chains. One functional domain is the cell
binding domain, which contains an Arg-Gly-n-Asp (RGD) acid tripeptide that is used 
by cells to attach to fibronectin (Ruoslahti, 1981, 1987). Gilchrest and colleagues 
(1980) demonstrated that human keratinocytes preferentially attach to a fibronectin 
matrix over other matrices including laminin and type IV (basement membrane) col
lagen. Others have also demonstrated that epidermal cells adhere and spread on a 
fibronectin matrix as well or better than laminin and type IV collagen (Clark et al., 
1985; Woodley et al., 1990b). Fibronectin has affinity for anchoring fibril (type VII) 
collagen and dermal collagen (Woodley et al., 1983, 1987). These interactions may 
playa role in epidermal-dermal adherence. 

In an excised newt limb model of wound healing and epithelial migration, Don
aldson and Mahan (1983) demonstrated that the RGDS-binding domain of fibronectin 
was important in the mediation of the epithelium of the newt limb to migrate onto a 
glass plate inserted into a wound in the limb. Likewise, Kim et al., (1992a) demon
strated that the process of human keratinocyte migration on a fibronectin matrix was 
mediated by the 120-kDa fibronectin ceIl-binding site via RGD within this domain. It 
was further demonstrated that the fibronectin ceIl-binding domain alone could be 
immobilized as a matrix and that it supported human keratinocyte migration to the 
same degree as whole fibronectin. Even when the small RGD site itself was immo
bilized as a matrix, keratinocytes were able to use this to support motility, but not to the 
same degree as whole fibronectin or the ceIl-binding domain. 

Human keratinocytes "sense" fibronectin, using a specific integrin (Kim et al., 
1992a). Integrins are cell receptors for connective tissue components and have in 
common two heterdimeric chains. Two integrins that bind to fibronectin have been 
described in human keratinocytes, a3ß1 and a5ßl. The a3ß1 integrin is more abun
dant on the cell than the a5ßl receptor, but the a3ßl receptor is much less specific for 
fibronectin. Kim et al., (1992) demonstrated that when the a5ßl integrin on human 
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keratinocytes was blocked by monospecific antibodies or by the addition of RGD, 
migration was dramatically inhibited. It was concluded that fibronectin-driven human 
keratinocyte migration was mediated by the a5ß 1 integrin on the cell side and by the 
RGD sequence within the cell-binding domain of fibronectin. 

In addition to this in vitro work, there is some in vivo work to suggest the 
importance of fibronectin in reepithelialization and wound healing. For example, there 
are instances when the exogenous application of intact fibronectin has been helpful in 
closing human skin and corneal wounds (Nishida et al., 1985; Wysocki et al., 1988; 
Kono et al., 1985; Scheel et al., 1991). In support ofthis concept is the observation that 
in acute healing wounds the fibronectin molecule is found intact within the wound 
fluid, whereas in chronic nonhealing wounds fibronectin is degraded into small mo
lecular species (Wysocki and Grinnell, 1990). Why fibronectin is degraded in chronic 
nonhealing wound is unclear, but it is believed that this is due to a different profile of 
proteases in chronic wounds when compared to acute healing wounds (Wysocki and 
Grinnell, 1990). Originally, it was thought that metalloproteinases were the salient 
proteases, but recently it has been demonstrated that serine protease inhibitors are 
defective in chronic nonhealing wounds (Rao et al., 1995). 

Fibronectin is in plasma and serum, and yet in the setting of a cutaneous wound it 
acts as a provisional matrix (Clark et al., 1982). Vitronectin is another plasma-serum 
component that can also function as a matrix component in the setting of wound 
healing, since it too forms part of the provisional matrix. Vitronectin has been also 
called serum spreading factor and epibolin. Stenn (1981) identified a factor in serum 
that induced keratinocytes at the cut edge of a human skin explant to migrate and divide 
and eventually surround the dermal component of the explant by a process called 
"epiboly." This factor was called "epibolin" and was later shown to be the same as 
vitronectin. Stenn also noted that the ability of keratinocytes to spread on fibronectin, 
collagen, and laminin was ineffective without the presence of serum or epi
bolin/vitronectin (Stenn and Dvoretzky, 1979; Stenn, 1987). 

A number of different kinds of cells have been shown to relate to vitronectin by 
integrin receptors (Haymen et al., 1985). Integrins that relate to vitronectin include 
avßl, avß3, avß5, and avß6. By 1251 surface-Iabeling human keratinocytes and 
chromatographing the labeled plasma membrane proteins on a vitronectin colurnn, Kim 
and colleagues (1995b) demonstrated that the salient integrin on human keratinocytes 
is the avß5 receptor. Brown and colleagues (1991) demonstrated that human ker
atinocyte motility was supported by a vitronectin matrix. Blocking the avß5 receptor 
on keratinocytes by monospecific antibodies or by the RGD tripeptide inhibited human 
keratinocyte migration on vitronectin (Kim et al., 1994b). Moreover, it has been shown 
that the presence of TGF-ß in reepithelializing wounds induces an increased expression 
of avß5 (Gailit et al., 1994). Therefore, it appears that two plasma-serum components, 
fibronectin and vitronectin, can serve as matrix components within the provisional 
matrix in the early wound bed and can support human keratinocyte attachment and 
migration. It appears that human keratinocytes use integrins to relate to fibronectin and 
vitronectin, and that migration on these two components is mediated by RGD se
quences within these molecules (Kim et al., 1992a, 1994b). 

During early wound healing, the keratinocytes at the unwounded margins of the 
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wound leave the basement membrane lying beneath them and migrate over the wound 
bed. In doing so, they come into contact with a whole host of new connective tissue 
components, cells, and serum elements (Woodley et al., 1985a). In the unwounded 
state, they rest on a 35-nm bed of laminin, a large glycoprotein localized within the 
lamina lucida of the basement membrane. During wounding and cell migration, the 
keratinocyte plasma membrane now contacts basement membrane (types IV and VII) 
and interstitial collagens (types I, 111, and VI). Even more than vitronectin and fibronec
tin, certain collagens (types I and IV) dramatically promote human keratinocyte mo
tility (Woodley et al., 1988a). Unlike fibronectin-vitronectin-driven keratinocyte mo
tility, collagen-driven motility is not mediated by RGD, even though collagens contain 
these sequences (Kim et al., 1992, 1995). Keratinocytes use the collagen receptor a2ßl 
to migrate on collagens. Blocking the a2ß 1 receptor with monospecific antibody will 
readily inhibit human keratinocyte migration on a collagen matrix. Further, if the a2ß 1 
collagen receptor on human keratinocytes is artificially up-regulated, the cells demon
strate enhanced migration on collagen (Chen et al. , 1993a). Basement membrane (type 
IV) collagen contains a globular amino terminus (NC1), a helical middle domain, and a 
collagenase-resistant amino-terminus called 7S. A small Hep 111 domain within the 
helical domain binds to heparan sulfate proteoglycan, serves as a cell attachment site 
(Wilke and Furcht, 1990), and mediates human keratinocyte migration on type IV 
collagen. Neither NCI or 7S can support human keratinocyte motility (Kim et al., 
1995). 

In a survey of the influences of most of the known matrix molecules on human 
keratinocyte migration, it was found that laminin uniquely inhibits migration. Laminin 
is a large, cross-shaped, noncollagenous glycoprotein within the lamina lucida of the 
basement membrane beneath basal keratinocytes (Woodley et al., 1988a). It is likely 
that the plasma membrane of these keratinocytes are in intimate contact with laminin. 
When human keratinocytes are placed in apposition with collagen, they attach and then 
begin to migrate. If laminin is then added, the collagen-driven migration is inhibited in 
a concentration-dependent fashion. Like fibronectin, laminin has specific domains that 
exhibit biological activity. For example, laminin contains specific domains that bind 
basement membrane collagen, heparan sulfate proteoglycan, and cells. The carboxyl
terminus of the laminin A chain contains a CSIKVAVS peptide sequence that inhibits 
human keratinocyte migration on collagen (Sarret et al., 1992). Laminin is known to 
have affinity for other basement membrane components such as type IV collagen and 
heparan sulfate proteoglycan, and these affinities are mediated by specific laminin 
subdomains (Woodley et al., 1983). In healing wounded skin, a neobasement mem
brane must ultimately form beneath the migrating keratinocytes. It has been shown in 
animal wounds that the expression of these basement membrane components reappear 
in an orderly and predictable sequence (Clark et al., 1982; Stanley et al., 1981), and 
that this in vivo sequence is very similar to what is seen in vitro using human skin organ 
cultures (Hintner et al., 1980; Woodley et al., 1980a). Further, in the one in vivo human 
skin wound study done by Cornelius et al. (1986), it appears that a similar sequence is 
found with the bullous pemphigoid antigen first observed beneath the reepithelializing 
tongue of keratinocytes followed by type IV collagen and laminin. Clark et al. (1982) 
have observed in animals that laminin does not appear consistently until the migratory 
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epithelium has almost completed its migration and is becoming stationary. This in vivo 
observation would support the notion that laminin is linked to a nonmigratory state and 
may be the connective tissue "brake" for keratinocyte motility (Woodley et al., 1988a). 

Recently, isoforms of laminin have been found to be localized within the lamina 
lucida space and closely associated with the anchoring fibrils that traverse the lamina 
lucida beneath hemidesmosomes (Carter et al., 1991; Verrando et al., 1987; Rousselle 
et al., 1991; Marinkovitch et al., 1994). These isoforms, like classicallaminin, consist 
of three chains organized in a cruciate arrangement. They have been given names such 
as epiligrin, kalinin, nicein, and BM600. Recently it has been shown that these are 
identical or very simi1ar molecules and have been placed under the umbrella term 
"laminin 5" (Marinkovitch et al., 1994; Ceilley et al., 1993). Laminin 5, like classical 
laminin, inhibits human keratinocyte migration (Marinkovitch et al., 1994). Laminin 5 
strongly promotes keratinocyte attachment and is thought to anchor the keratinocytes to 
the substratum. The integrin receptor for laminin 5 is the a3ßl. Kim et al. (1992) 
demonstrated that if the a3ß1 (laminin 5 receptor) was blocked by antibody, human 
keratinocytes exhibited hypermotility on collagen and fibronectin. Likewise, the ker
atinocytes of patients with junctional epidermolysis bullosa have genetically abnormal 
expression of laminin 5, and they exhibit hypermotility on collagen and fibronectin 
(Chen et al., 1993a, b; Woodley et al., 1988b). Taken together, it appears that laminin 5 
serves as a major cell adhesion factor for keratinocytes, and perturbations in the 
receptor for laminin 5 or laminin 5 itself cause the keratinocytes to be less adherent to 
their substratum and consequently able to increase their migration over these substrata. 

Like laminin, it appears that type VII collagen expression and anchoring fibril 
formation is a very late event in healing human skin wounds (Comelius et al., 1986). 
The functional parallel of this late expression is that healed human wounds exhibit poor 
epidermal-dermal adherence for a long period of time (month to years) after reep
ithelialization is completed (Woodley et al., 1988b, 1990a). 

4. Soluble Factors and Epithelial Migration in Wounds 

In human skin organ cultures, Hebda (1988) demonstrated that TGF-ß promoted 
the expansion of the epidermal outgrowth. In animal models, Mustoe et al. (1987) also 
demonstrated that TGF-ß promoted reepithelialization of skin wounds and wound 
closure. In acute human skin wounds, it has been shown that the application of recom
binent epidermal growth factor promotes reepithelialization and wound closure (Brown 
et al., 1989). These intriguing studies suggested that growth factors could accelerate 
wound closure by a number of mechanisms including the possible enhancement of 
epithelial migration. Organ cultures, animal models, and human wounds do not allow a 
dissection of the cellular mechanisms responsible for the effects of growth factors. It 
was shown in a pure keratinocyte migration assay that TGF-ß could inhibit the ker
atinocyte proliferative potential to zero and yet the keratinocytes could readily migrate 
on matrix (Sarret et al., 1992b). However, TGF-ß itself did not appear to dramatically 
increase keratinocyte motility. Neither did the addition of nerve growth factor, fi-



346 Chapter 10 

broblast growth factor, or interleukin-8 (Sarret et al., 1992b). In contrast, epidermal 
growth factor and TGF-a promoted human keratinocyte migration on collagen by 
increasing the cell surface expression of the collagen integrin a2ßl (Chen et al., 
1993a). This observation is an example of how soluble factors can influence ker
atinocyte motility by enhancing the known cellular mechanisms by which ker
atinocytes migrate on matrix. Recently, interleukin-l (IL-l) has been shown to promote 
keratinocyte migration by a mechanism independent from integrin expression and 
matrix interactions (Chen et al., 1995). Therefore, it appears that other intracellular 
mechanisms may be invoked by growth factors that promote cell motility. 

Another link between soluble factors and keratinocyte motility is via the expres
sion of collagenase. Collagenases are metalloproteinases that make specific cleavage 
sites in collagens. By immunofluorescence staining of human skin, mammalian col
lagenase is predominently localized within the papillary dermis (Bauer et al., 1977). 
Dermal fibroblasts synthesize collagenase (Bauer, 1977), and IL-l from keratinocytes 
induces fibroblasts to synthesize collagenase (Postlethwaite et al., 1982). In addition, it 
is now well documented that human keratinocytes constitutively synthesize and secrete 
collagenase (Woodley et al. , 1986; Petersen et al., 1989, 1990). Certain types of 
collagenases [such as those that degrade basement membrane (type IV) collagen] are 
known to be associated with the ability of malignant cells to cross tissue planes and 
establish metastatic foci (Liotta et al. , 1979). Human keratinocytes migrating on dermal 
collagen synthesize and deposit collagenases that degrade type I and type IV collagens 
(Woodley et al., 1986). Moreover, it has been demonstrated that the degree of col
lagenase synthesis by human keratinocytes is linked to the migratory mode of the cell 
(Peterson et al., 1989). For example, keratinocytes apposed to type I collagen and 
induced to migrate express much more type I collagenase than nonmigratory cells 
apposed to plastic or laminin (Petersen et al., 1989). 

Cytokines may play a role in promoting keratinocyte motility. It is known that 
human keratinocytes synthesize and secrete IL-l, IL-8, tumor necrosis factor, and 
granulocyte-macrophage colony-stimulating factor (Luger et al., 1981; Sauder et al., 
1982, 1988; Kupper et al., 1986). Some of these cytokines, such as IL-l, can serve as 
autocrines for the cells themselves. IL-l is known to stimulate collagenase synthesis is 
some cells (Postlethwaite et al., 1982). Recently, Chen and co-workers (1995) have 
demonstrated that IL-l can stimulate human keratinocyte migration on a collagen 
matrix and that this occurs by an integrin-independent mechanism. It is likely that the 
increased cellular expression of collagenase driven by the presence of IL-l plays a role 
in the observed increase in migration. 

There are wounds that somehow spiral into a chronic, nonhealing mode and seem 
to refuse to reepithelialize. Several methods have been used to convert a chronic, 
nonhealing wound into a healing mode. Meleney's ulcers were a prime example of a 
nonhealing wound. Meleney converted these ulcers to a healing mode by the applica
tion of zinc peroxide. Some nonhealing leg ulcers can be induced to heal by the 
application of 20% benzoyl peroxide (Coiman and Roenigk, 1978; Lyon and Reynolds, 
1929). Nonhealing decubitus ulcers and leg ulcers have been induced to heal by the 
application of an electric current (Gentzkow et al., 1993; Mertz et al., 1993). Many 
surgeons believe that aggressive debridement of nonhealing chronic wounds and essen-
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tially transforming them into acute wounds is helpful to initiate the healing mode. What 
do all of these methods have in common? They all invoke considerable trauma on the 
wound. It is known that trauma induces IL-l expression in human keratinocytes. One 
might hypothesize that trauma on wounds induces IL-l (and perhaps other cytokines) 
and promotes reepithelialization. 

5. Metabolie Requirements and Epithelial Migration 

5.1. Protein Synthesis 

Protein synthesis is required for epithelial sheets to migrate (Gibbins, 1973; Stenn 
et al., 1979; Rocha et al., 1986). Certain studies suggest that selected proteins may be 
more important than others in the support of keratinocyte motility. For example, in 
mouse skin, the synthesis and secretion of type V collagen may be necessary for mouse 
keratinocytes to move over dermal collagen (Stenn et al., 1979). In these mouse skin 
explant studies, the presence of cycloheximide, a protein synthesis inhibitor, or the 
presence of a proline-rich analogue that selectively inhibited collagen synthesis readily 
inhibited keratinocyte movement over dermal collagen (Stenn et al., 1979). Likewise, it 
has been shown that cell surface glycoproteins on epithelial cells have a different 
profile depending on whether the cells are stationary or migratory (Anderson and 
Fejerskov, 1974). Migratory cells have more lectin-binding sites than stationary cells 
and exhibit significantly higher rates of glycoprotein synthesis (Gipson et al., 1982). 
Blocking asparagine-linked glycoprotein synthesis by the presence of tunicamycin was 
found to inhibit the migration of corneal epithelial cells (Gipson and Anderson, 1980). 

5.2. cAMP 

In a newt limb organ culture system in which a cutaneous wound is created and 
cells are allowed to migrate out on a coverslip inserted into the wound, Donaldson and 
Mahan (1984) demonstrated that the presence of catecholamines, such as isoproterenol, 
inhibited the outward migration of the epidermal cells. When this experiment was 
repeated in the presence of propranolol, aß-antagonist, the inhibitory effect of iso
proterenol was nullified. Therefore, it was thought that epithelial migration involved a 
ß2-adrenergic receptor and a second messenger, such as cAMP. Compared with station
ary newt epithelial cells, the levels of intracellular cAMP were found to be elevated 
(Dunlap, 1980). Dibutyryl cAMP is a known mitogen for human keratinocytes (Fal
anga et al., 1991). Nevertheless, the proliferative effects of dibutyryl cAMP on human 
keratinocytes in culture occurs after 48 hr ofincubation. Recently, Iwasaki et al. (1994) 
demonstrated that an early effect of dibutyryl cAMP on human keratinocytes in culture 
is to promote migration at "physiological" concentrations, and that this effect was 
associated with an enhancement of keratinocyte synthesis of collagenases. It was found 
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that the concentration of dibutyryl cAMP was critical. At high concentrations it was 
toxie to the cells and at low levels it was ineffective. 

5.3. Divalent Cations 

Very little is known about the influence of divalent cations on epithelial cell 
motility. Magnesium, calcium, and maganese support cell adhesion and spreading on 
matrix (Fritsch et al., 1979; Stenn and Core, 1986), but how these functions relate to 
cell motility is undear. It is now very dear that cell adhesion to matrix and cell motility 
on a substratum are very different processes (Duband et al., 1988). In an in vitro human 
keratinocyte motility assay, it was found that medium with a low calcium concentration 
(O.lmM) supported cell migration on collagen much better than medium with higher 
calcium concentrations (DA M) (Sarret et al., 1992a). When intracellular free calcium 
concentrations were studied, it was found that when human keratinocytes are induced 
to migrate, intracellular calcium concentrations significantly decrease (Sarret et al., 
1992a, b). The mechanism of this decrease is unknown, but it could be due to the free 
calcium being consumed during signal transduction or due to binding to calmodulin. 

5.4. Cytoskeleton 

When colchicine or colcemid is added to migrating corneal epithelial cells, no 
inhibition of the migration occurs (Gipson et al., 1982). Likewise, when these agents 
are added to the newt limb organ culture system of Donaldson (Dunlap and Donaldson, 
1978), the epithelial skin cells from the limb continue to migrate out on the inserted 
glass coverslip to the same degree as controls. These agents block the formation of 
mierotubules. Therefore, since there is no inhibition of epithelial cell migration in the 
presence of these agents, it has been hypothesized that mierotubule formation plays a 
minimal role in epithelial cell movement (Stenn and Depalma, 1988; DiPasquale, 1975; 
Dunlap and DonaIdson, 1978; Gipson et al., 1982). 

5.5. Energy 

One can inhibit cellular respiration, the Krebs cyde, oxidative phosphorylation, 
and gluconeogenesis and demonstrate little perturbation on epithelial cell migration 
(Stenn and Depalma, 1988; Kuwabara et al., 1976; Gibbins, 1972). Inhibitors of 
glycolytic and sulfhydryl enzymes block epidermal cell movement (Stenn and De
palma, 1988; Kuwabara et al., 1976; Gibbins, 1972). Glycogen consumption appears to 
be the energy source for migrating cells, and migrating epithelial cells rely on an intact 
glycolytie pathway (Stenn and Depalma, 1988). 
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5.6. Serum Protein 

As outIined earlier, fibronectin and vitronectin (also called S protein, serum
spreading factor, and epibolin) are serum-plasma proteins that induce human ker
atinocyte migration on matrix via the avß5 integrin, and this interaction is RGD
mediated. These components promote motility and also cell spreading (Stenn, 1978; 
Stenn and Dvoretzky, 1979). Both fibronectin and vitronectin are present in the early 
wound bed and probably serve as a provisional matrix for keratinocyte migration in 
early wounds (Clark et al., 1982). 

5.7. Hypoxia 

Winter (1962) demonstrated that when skin wounds are kept moist, they heal more 
rapidly than those allowed to dry. This observation was the impetus for the current use 
of semiocclusive dressings that keep skin wounds moist and promote healing (Gentz
kow et al., 1993; Mertz et al., 1993). Why moist wounds heal more rapidly than dry 
ones still remains an open question, but it is thought that the formation of a dried eschar 
inhibits the epithelial tongue of migrating keratinocytes from readily covering the 
wound bed. This would suggest that their main effect is upon reepithelialization rather 
than other wound processes such as angiogenesis, fibroplasia, or contraction. In a 
double-bind controlled study in identical human wounds that did not abbrogate the 
basement membrane zone, it was shown that the use of a polyurethane occlusive 
dressing promoted reepithelialization over dressings that were nonocclusive (Woodley 
and Kim, 1992). This study also would suggest that occlusive dressings act more on 
reepithelialization than deeper processes involving the formation of the wound bed and 
granulation tissue. Varghese et al. (1986) measured the pH and oxygen tension of 
wounds covered with occlusive dressings. They found that although the wounds healed 
weIl, the oxygen tension and pH were very low. This in vivo study suggested that a 
hypoxie environment is not inhibitory to reepithelialization. In accordance with this 
observation, it has recently been demonstrated in an in vitro human keratinocyte 
migration assay that when the cells are maintained under hypoxie conditions (oxygen 
tensions of 2 or 0.2%), they exhibit significantly enhanced migration on connective 
tissue matrices compared to normoxie cells (Peavey et al., 1994). Hypoxia does not 
alter the integrin profile of the keratinocytes or total protein synthesis. Nevertheless, 
the hypoxie cells do demonstrate enhanced collagenase expression. In addition, hypox
ia induces up-regulation of the lamella podia-associated components ezrin and moesin. 

These observations suggest that hypoxia may be one initiating event for human 
keratinocyte motility. During an acute skin wound, blood rapidly clots in the small 
dermal blood vessels. The rent fills with aserum coagulum, fibronectin, fibrinogen, 
fibrin, and vitronectin. The epidermal cells at the edge of the wound are within avascu
lar tissue in the epidermis and separated from the clotted blood vessels by the early 
wound bed. It is conceivable that the first basal keratinocytes that must migrate over 
the provisional wound matrix are experiencing extreme hypoxia. This hypoxia may 
stimulate keratinocyte processes that are helpful for cellular migration over matrices. 
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6. Summary 

We are just beginning to understand some of the cellular mechanisms responsible 
for human keratinocyte migration on matrix. It is believed that an understanding of 
keratinocyte motility will have direct relevance to the problem of wound reepithelializ
ation. The work to date demonstrates that soluble factors (vitronectin, IL-I, epidermal 
growth factor, TGF-a), intracellular elements (cAMP, calcium), and connective tissue 
components may all influence human keratinocyte motility. The initiating events, the 
value or weight of importance of each element, the intracellular mechanisms, and the 
sequential orchestration of these soluble and matrix components are unknown. 
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Chapter 11 

Angiogenesis 

JOSEPH A. MADRI, SABITA SANKAR, and ANNE M. ROMANIC 

1. Introduction 

Angiogenesis, the fonnation of new vessels during development, in response to injury 
and tumor angiogenic factors is a dynamic process that is controlled by many diverse, 
sometimes complex factors acting together in a local environment. The principal cell 
type involved in the process of angiogenesis is the microvascular endothelial cell. This 
cell type is quite distinct from the endothelia lining the larger vessels of the circulatory 
system in its nonnal physiological functions and in its response to injury (Madri et ai., 
1991, 1992a, b). Following denudation injury (angioplasty, endarterectomy, synthetic 
and autologous bypass grafting), large-vessel endothelial cells undergo sheet migration 
that is modulated by both existing and newly synthesized extracellular matrix compo
nents and soluble factors (Madri et aI., 1988b, 1991, 1992a, b; Madri and Bell, 1992). 
In contrast, following injury, microvascular endothelial cells initiate an angiogenic 
process also modulated by both existing and newly synthesized extracellular matrix 
components and soluble factors, consisting of local disruption of their investing base
ment membrane, migration into the local interstitial stroma, cell proliferation, new 
vessel fonnation, stabilization, and eventually involution of the newly fonned vascular 
bed (Madri and Pratt, 1988; Madri and Marx, 1992; Madri et ai., 1992a, b; Marx et ai., 
1994). Distinct behavioral patterns exhibited by these two different endothelial cell 
populations have led to the development of the hypothesis that large-vessel endothelial 
cells exhibit "dysfunctional" behavior in response to injury-induced changes in the 
extracellular matrix and soluble factor environments, favoring the development of 
arteriosclerosis. In contrast, microvascular endothelial cells display a "plastic" phe
notype in response to injury-induced changes in the local extracellular matrix and 
soluble factor environments, displaying a variety of phenotypes nonnally observed in 
the microvasculature during angiogenesis (Madri et al., 1991; Madri and Marx, 1992). 
Since publication of the first edition of this book, a great amount of infonnation has 
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been accrued regarding vascular cell biology in general and the process of angiogenesis 
in particular. Of particular importance is the application of molecular biological and 
biophysical methods to existing and more-recently developed in vivo and in vitra 
models of angiogenesis. 

This chapter, sirnilar to the one published in the previous edition of this book 
(Madri and Pratt, 1988), does not attempt an exhaustive general review of endothelial 
cell biology, but instead considers selected aspects of cell-cell, cell-extracellular 
matrix, and cell-soluble factor interactions that are thought to be important in the 
modulation of angiogenesis. As before, we have divided OUT discussions into severjal 
main areas: stimulation, migration, proliferation, tube formation, stabilization
differentiation, regression-remodeling-involution, and current and future therapeutic 
issues. 

2. Activation 

Since the publication of the first edition of this book there has been significant 
advances in OUT understanding of endothelial cell activation-stimulation that occurs 
early, initiating the angiogenic response. Several investigators have demonstrated the 
induction of selected proteases and protease inhibitors following activation
stimulation with particular growth factors [basic fibroblast growth factor (bFGF) and 
transforrning growth factor-beta (TGF-ß)] known to be present following injury and 
during the process of angiogenesis (Pepper and Montesano, 1990; Pepper et al., 1992, 
1993; Saksela et al., 1987; Mignatti et al., 1992; Tsuboi et al., 1990). In addition to 
these studies, other groups utilizing monoclonal antibody and cloning methodologies 
have demonstrated the presence of inducible adhesion moleeules on the endothelial cell 
surface following stimulation with a variety of cytokines (pober, 1988; Pober and 
Cotran, 1990; Springer, 1990; Albelda and Buck, 1990). 

Just as it has been demonstrated that controlled protease-protease inhibitor sys
tems modulate, in part, the migration of large-vessel endothelial cell and vascular 
smooth muscle cell migration following injury (Bell and Madri, 1990; Bell et al., 1992; 
Madri and Bell, 1992; Saksela et al., 1987), investigators have shown that tightly 
regulated proteolysis is necessary for angiogenesis to proceed and capillaries to devel
op and mature (Pepper and Montesano, 1990; Bacharach et al., 1992; Blasi, 1993). 
Specifically, it has been demonstrated that bFGF, phorbol myristate acetate (PMA), and 
vanadate induce microvascular endothelial cell invasion and tube formation in fibrin 
gels (Pepper and Montesano, 1990). This behavior has been correlated with increased 
urokinase activity and mRNA levels. More recently, investigators have shown that 
levels of plasminogen activator inhibitor (PAI-l) protein and mRNA are also elevated 
in response to these three agents, suggesting that a tight local control of proteolysis is 
necessary for normal angiogenesis to occur (Pepper et al., 1992, 1993). Other soluble 
factors present following injury have also been shown to elicit induction of proteases 
and protease inhibitors in microvascular endothelial cells. The relative inductions of 
UTokinase-type plasminogen activator (uPA) and PAI-l vary depending on the factors 
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present and the state of the endothelial cells. Investigators have demonstrated differ
ences in the induction of uPA and PAI -1 by bFGF and TGF-ß 1 (Pepper and Montesano, 
1990). They found that bFGF induced a large increase in proteolysis, while TGF-ß 1 
elicited a net antiproteolysis. Cultures treated with bFGF developed widely patent 
lumina, while cultures treated with bFGF and TGF-ß 1 exhibited only superficial inva
sion of the gel in the form of solid cords. In additional studies, Montesano et al. (1990) 
have also illustrated the importance of the tight control of proteolysis in the process of 
angiogenesis. In these studies endothelial cells transduced with the middle T (mT) 
oncogene from polyoma virus (which induces hemangiomas in mice) formed large, 
ectatic saclike structures resembling hemangiomas when cultured in fibrin gels. These 
cells were found to express increased uPA activity and decreased PAI-l activity com
pared to normal endothelial cells. When these cells were cultured in fibrin gels in the 
presence of the plasmin inhibitors Trasylol (aprotinin) or e-amino caproic acid 
(e-ACA), the cells formed branching networks of capillarylike tubes with patent lumi
na similar to normal endothelial cells (pepper and Montesano, 1990; Montesano et al., 
1990). These studies have suggested that factor-driven control of proteolysis mediates 
tube formation during angiogenesis, with bFGF-induced proteolysis being necessary 
for lumen formation and TGF-ßl-induced antiproteolysis being necessary for control
ling the diameters and stabilizing the newly formed vessels. 

In addition to this direct factor-mediated induction of proteases during an
giogenesis, the endothelial cells in an area of injury are also induced to express uPA 
following adhesion by mononuclear cells. During the course of inflammation, local 
endothelial cells are exposed to a variety of cytokines that induce aseries of endothelial 
surface adhesion molecules in a temporal fashion (pober, 1988; Pober and Cotran, 
1990; Hauser et al., 1993a). One of these inducible molecules, vascular cell surface 
adhesion molecule-l (VCAM-1), a member of the immunoglobulin (lg) supergene 
family, is the counterreceptor for very late antigen-4 (VLA-4), a surface protein present 
on lymphocytes and monocytes. Romanic and Madri (1994a) have shown that the 
adhesion of lymphocytes to endothelial cells via a VCAM-1-VLA-4 interaction in
duces the increased expression of uPA and a decreased expression of PAI-l in the 
endothelial cells. These changes in uPA and PAI-l could directly elicit basement 
membrane proteo1ysis and/or activate plasmin and basement membrane and interstitial 
collagenases that would also contribute to proteolysis of the endothelial basement 
membrane (Fig. 1). 

In addition to these two mechanisms of endothelial cell activation and basement 
membrane proteolysis, the mononuclear cells that adhere to and transmigrate through 
endothelial cell mono1ayers at sites of injury (Hauser et al., 1993a, b) are also 1ikely 
contributors to local basement membrane proteolysis, which would function to release 
local endothelial cells from the constraints of their investing basement membranes. 
Recently, we have demonstrated that T lymphocytes that adhere to endothelial cells via 
V CAM -1-VLA -4 interactions and transmigrate through these endothelial cell mono
layers exhibit induction of 72-kDa gelatinase (basement membrane collagenase) 
mRNA, protein, and activity (Romanic and Madri, 1994b) (Fig. 1). 

Thus, endothelial cell activation can be triggered by a variety of soluble factors 
present at sites of injury. These factors [bFGF, TGF-ßl, interleukin-l (lL-l), tumor 
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Figure L Scheme depicting endothelial cell-Ieukocyte interactions and modulation of selected proteinase 
and proteinase-proteinase inhibitor systems by this interaction. Leukocytes (monocytes and T cells) are 
known to adhere to endothelial cells via VLA-4!VCAM-I and LFA-I/ICAM-I interactions. We propose that 
the modulation of endothelial cell and leukocyte proteinase and proteinase-proteinase inhibitor systems is 
mediated, in part, by engagement of these ligand pairs. The cell labeled "T cell" represents aT lymphocyte. 
The smaller rectangular-shaped cells labeled "EC" represent endothelial cells. Shaded ovals within each cell 
represent the cell nuclei. Abbreviations: uPA, urokinase plasminogen activator; PAI-I , plasminogen activator 
inhibitor-I; Plmgen, plasminogen; Plm, plasmin; 72 kDa, procollagenase (MMP-2); 62 kDa, active col
lagenase (MMP2); thick stipled line, basement membrane; VLA-4, very late antigen 4 (a4ßI integrin); 
VCAM-I, vascular cell adhesion molecule I; LFA-I , leukocyte function-associated antigen I; rCAM-I , 
intercellular adhesion molecule I; rCAM-2, intercellular adhesion molecule 2; uPAR, EC surface uPA 
receptor; MMPR, putative 72 kDa/62 kDa EC surface receptor; TIMP-2, tissue inhibitor of metallopro
teinase-2. PA can convert PlmG to Plm, ProC'ase to C'ase, and also it can degrade Fn, Ln, and IV. Plm can 
degrade Fn, Ln, and IV and can convert ProC'ase to C'ase; C'ase can degrade collagen types I, III, IV, and V. 
PAr binds to and inactivates PA in a reversible manner. (Data used in generating this figure were taken from 
Romanic and Madri, 1994a, b.) 

necrosis factor (TNF), etc.] are capable of eliciting differing endothelial cell responses 
depending on the state of the endothelial cells as modulated by the local extracellular 
matrix composition and organization, type, and quality of cell-cell interactions, the 
presence or absence of other cell types, and the differential expression of specific 
surface receptors (Madri et al., 1991; Madri and Marx, 1992; Marx et al., 1994). The 
differential expression of microvascular endothelial cell surface receptors can be medi
ated by the composition and organization of the surrounding and newly synthesized 
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Figure 2. (a) Schematic representation of the matrix modulation of microvascular endothelial cell (EC) 
phenotype during angiogenesis. Cells at the distal tip of the angiogenic sprout deposit and interact with an 
extracellular matrix different in composition and organization compared to cells nearer the parent vessel. 
Cells at the distal tip of an angiogenic sprout express features of undifferentiated EC, having a high 
proliferative rate, PDGF-a and -ß chain receptors, a smooth muscle actin, and a high TGF-ß receptor type II 
to type I ratio. Cells nearer the parent vessel deposit and interact with a mature basement membrane and 
express features of differentiated EC, having a low proliferative rate , tight junction formation, loss of both 
PDGF-a and -ß chain receptors and a smooth muscle actin, and a low TGF-ß receptor type 11 to type I ratio. 
(b) Specific culture conditions mimic either undifferentiated endothelial cells at the distal tip of an an
giogenic sprout (two-dimensional culture) or differentiated endothelial cells nearer the parent vessel (three
dimensional culture). (Data used in generating this figure were taken from Form er al. , 1986; Nicosia and 
Madri , 1987; Kocher and Madri, 1989; Madri er al., 1988a, 1992a; Merwin er al. , 1990, 1991; Marx and 
Madri, 1992; Madri and Marx, 1992; Marx er al. , 1994.) 
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extracellular matrix. For example, Marx et al. (1994) have shown that the surface 
expression of platelet-derived growth factor (PDGF) receptor a and ß chains 
(pDGFR-a and -ß) on microvascular endothelial cells and the cells' responsiveness to 
PDGF isoforms is modulated by the organization of the local extracellular matrix 
(Marx et al., 1994). In this study it was found that microvascular endothelial cells 
would express PDGFR-a and -ß when grown in traditional two-dimensional culture, a 
culture condition that mimics the migrating, proliferating endothelial cell population at 
or near the tip of an angiogenic sprout (Madri and Marx, 1992). However, when these 
same cells were cultured in a three-dimensional collagen gel (a culture condition that 
mimics the quiescent, differentiating endothelial cell population distal to the tip of the 
angiogenic sprout and closer to the parent vessel), the cells lost their expression of 
PDGFR-a and -ß (Fig. 2a, b) (Kocher and Madri, 1989; Madri et al., 1988a, Merwin et 
al., 1990; Nicosia and Madri, 1987; Madri and Marx, 1992; Marx et al., 1994). 

3. Migration 

Migration of microvascular endothelial cells into an area of injury is a necessary 
component of the process of angiogenesis. Migration of the activated endothelial cells 
now released from the constraints of their investing basement membranes is modulated 
by (1) the responsiveness of the cells to a variety of soluble factors including bFGF, 
PDGF, and TGF-ß; (2) interactions of the cells with the various extracellular matrix 
components comprising the local environment mediated by the repertoire of substrate 
adhesion molecules present on the cell surfaces; and (3) endothelial cell-endothelial 
cell interactions (Madri et al., 1989; Bell and Madri, 1989; Basson et al., 1990, 1992). 

Following injury, bFGF is released from injured cells and the local extracellular 
matrix (Mignatti et al., 1992; Vlodavsky et al., 1987) and has been associated with 
changes in the migratory phenotype of local endothelial cells (Mignatti et al., 1992). 
bFGF has been shown to stimulate migration of large-vessel and microvascular endo
thelial cells and has been associated with the induction of urokinase-type plasminogen 
activator (uPA) and its specific high-affinity receptor (uPAr) (Pepper and Montesano, 
1990; Pepper et al., 1992, 1993; Saksela et al., 1987; Tsuboi et al., 1990). Inhibition of 
endogenous bFGF with antibodies directed against bFGF inhibits migration and uPA 
and uPAr induction. In contrast, factors such as TGF-ß1 and angiotensin 2, which 
inhibit endothelial cell uPA and increase PAI-1 levels, have been shown to inhibit 
migration (Bell and Madri, 1990; Bell et al., 1992). In the instance of angiotensin 2, 
modulation of uPA activity correlates inversely with endogenous c-src levels, and 
overexpression of c-src in large-vessel and microvascular endothelial cells is associated 
with increases in c-src protein and activity and faster migration rates, suggesting that 
c-src participates in the uPA regulatory pathway (Bell et al., 1992; Madri and Bell, 
1992). Similar to the observations made following endothelial cell activation, PAI-1 
expression is also induced in migrating endothelial cells (Pepper et al. , 1992), suggest
ing a tightly regulated expression of proteases and protease inhibitors resulting in local, 
controlled extracellular matrix degradation at the cell surfaces of the cells at or near the 
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tips of the angiogenic sprouts and no proteolysis in quiescent, differentiating cells distal 
to the migrating tips. 

In addition to the important role of controlled proteolysis in regulating endothelial 
cell migration, endothelial cell-extracellular matrix interactions also play pivotal roles 
in regulating this important process. At the time of publication of the first edition of 
this text it was known that endothelial cell migration was modulated by extracellular 
matrix composition and organization and that cellular interactions with the matrix was 
likely mediated via integrins (Madri et al., 1988c; Basson et al., 1990, 1992). It is now 
known that specific integrin surface expression and engagement can modulate cell 
attachment, spreading, migration, and matrix assembly, as well as activate intracellular 
signaling pathways and protein phosphorylation (Hynes, 1992; Juliano and Haskill, 
1993; Wang et al., 1993). Using Chinese hamster ovary (CHO) and 3T3 cells, investi
gators have demonstrated that decreased expression of u5ßl integrins is associated 
with decreased migration of CHO cell variants, and that transfection of the u5ßl 
integrin-deficient variants with u5 subunit cDNA resulted in normal levels of u5ßl 
surface expression and restoration of motility of the cells (Bauer et al., 1992). In studies 
utilizing endothelial cells, investigators found that migration was inhibited when ß 1 
integrins were inhibited with functional antibodies directed against the ß 1 integrin 
chain or RGD (Arg-Gly-Asp)-containing peptides (Basson et al., 1990). In recent 
studies, investigators found that particular extracellular matrix components associated 
with different levels of endothelial cell migration elicited different integrin organiza
tional patterns (Basson et al., 1992), while soluble factors that are known to modulate 
endothelial cell migration were found to alter specific integrin surface expression 
(Basson et al., 1992). These data suggest an important role for integrins in modulating 
endothelial cell migration during the angiogenic response and illustrate the dynamic 
interactions among soluble factors, extracellular matrix, and substrate adhesion mole
cules in this process (Madri and Marx, 1992, Madri et al., 1988a, 1992a). 

In addition to the above-mentioned modulation of endothelial migration by sol
uble factors, extracellular matrix, and substrate adhesion molecules, vascular cell mi
gration is thought to be regulated, in part, by cell-cell interactions. The importance of 
cell-cell interaction in cell migration has been demonstrated in neural development. 
During neural development, specific cell adhesion molecules [neural cell adhesion 
molecule (NCAM) and neuron-glia cell adhesion molecule (NgCAM)] appear to regu
late neural outgrowth (Doherty et al., 1991). Recently, endothelial cells were found to 
express cell adhesion molecules on their surfaces, and the roles of these molecules in 
cell-cell adhesion, migration, and signaling are being actively investigated (Albelda 
and Buck, 1990; Albelda et al., 1991). One such molecule, platelet endothelial cell 
adhesion molecule-l (PECAM-l), a 130-kDa integral membrane glycoprotein that is a 
member of the Ig superfamily has been found constitutively on the surfaces of endo
thelial cells (Albelda et al., 1991; Schimmenti et al., 1992). PECAM-l exhibits a lateral 
localization, being present at the lateral borders of cells in contact with each other. 
When endothelial cells are induced to migrate, their PECAM-l localization pattern 
changes from a lateral one in the confluent state to a diffuse pattern covering the entire 
cell in cells at or near the migrating front, suggesting a role of PECAM-l as a regulator 
of endothelial cell migration (Schimmenti et al., 1992). Agents that inhibit endothelial 
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cell migration (such as TGF-ßl) appear to stabilize the lateral localization of 
PECAM-l, while agents that increase cell migration appear to disrupt PECAM-l 
lateral localization and promote a diffuse cellular localization. Further, when cells 
normally not expressing PECAM-l (specifically 3T3 cells) are stably transfected with 
PECAM-l cDNA and overexpress the molecule, they exhibit greater cell aggregation 
and a decreased migration rate (Schimmenti et al., 1992). These studies support the 
concept that cell adhesion molecules play important roles as modulators of endothelial 
cell migration during angiogenesis. 

4. Proliferation 

Endothelial cell proliferation during angiogenesis is a tightly controlled process 
limited to specific local cell populations in the angiogenic sprout (Madri and Pratt, 
1988; Ausprunk and Folkman, 1977; Burger and Klintworth, 1981). Specifically, the 
endothelial cells near the leading migratory cells at the tip of the angiogenic sprouts 
make up this proliferating population. The proliferative response is mediated by di
verse, interrelated stimuli, including local soluble autocrine and paracrine factors, 
extracellular matrix composition and organization, and cell-cell interactions. This 
localized proliferative response can be explained by local differences in the presence 
and/or absence of soluble growth factors/wound hormones; local differences in the 
composition and organization of the surrounding and newly synthesized extracellular 
matrix; and/or local differences in cell-cell interactions. 

It is known that the extracellular matrix synthesized and deposited during the 
process of angiogenesis differs along the length of an angiogenic sprout as one pro
ceeds from the tips of angiogenic sprouts to more distal regions of the sprouts (Fig. 2a) 
(Form et al., 1986, Nicosia and Madri, 1987; Langdon et al., 1988). The presence of 
particular matrix components correlates with the observed proliferation rates in vivo 
and those obtained in vitro with microvascular endothelial cells plated on particular 
matrix components (Form et al., 1986, Nicosia and Madri, 1987). The mechanism(s) 
involved in this phenomenon have been difficult to elucidate. However, the advent of 
several culture systems designed for microvascular endothelial cells have shed some 
light on a potential explanation for these observations. Previously, investigators found 
that culturing microvascular endothelial cells in traditional two-dimensional culture 
results in a cell phenotype resembling an undifferentiated endothelial cell having a high 
proliferative rate. In contrast, when microvascular endothelial cells are cultured in a 
three-dimensional environment, they acquire the phenotype of differentiated endo
thelial cells having a very low mitotic rate (Fig. 2b) (Madri and Marx, 1992; Marx et 
al., 1994; Madri et al., 1992a; Merwin et al., 1990, 1991). 

Recently, we observed that microvascular endothelial cells cultured in a two
dimensional environment exhibit a proliferative response to PDGF-BB and -AB, while 
the same cells grown in a three-dimensional environment do not res pond to these 
PDGF isoforms (Marx et al., 1994). It has also been shown that these cells exhibit a 
dramatic inhibition of proliferation in response to TGF-ßl when in two-dimensional 
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culture, but display no change in proliferative behavior in response to TGF-ß I in three
dimensional culture (Madri et al., 1988a; Merwin et al., 1990, 1991). When these cells 
were examined for their expression of PDGFR-(X and -ß chains, they were noted to 
express both chains when in two-dimensional culture, but did not express either chain 
when in three-dimensional culture (Marx et al., 1994). In similar studies, we have 
demonstrated that these cells express greatly reduced levels of type 11 TGF-ß receptor 
when cultured in a three-dimensional environment compared to the same cells cultured 
in a two-dimensional environment (S. Sankar, N. Mahooti-Brooks, and J. A. Madri, 
submitted) (Fig. 2a, b). These studies suggest that changes in the extracellular matrix 
organization are informational, possibly mediating signaling through mechanorecep
tors on the cell surface (Wang et al., 1993) and effecting changes in surface receptor 
expression that leads to changes in the cellular responses to particular soluble factors. 
This can, in part, explain the differences observed in proliferative rates in local endo
thelial cell populations along the angiogenic sprout. Further experimentation in this 
area is necessary to elucidate the signaling pathways involved in this dynamic process. 

5. Thbe Formation/Stabilization 

Tube formation during the angiogenic process is a complex process that involves 
complex cell-cell and cell-matrix interactions. Although our understanding of this 
aspect of angiogenesis is still incomplete, there have been significant advances in our 
understanding of this area since publication of the first edition of this volume. During 
the process of tube formation, microvascular endothelial cells must recognize each 
other and form stable cell-cell interactions if a capillary network is to form. In order 
for this to occur, the cells must express a variety of surface proteins that have as their 
functions the abilities to interact with achanging repertoire of surrounding extracellular 
matrix components and to effect cell-cell interactions. Investigators have demonstrated 
the presence of particular cell adhesion molecules (PECAM-1) (Albelda and Buck, 
1990) and substrate adhesion moleeules (several ß1 and ß3 integrins) (Albelda and 
Buck, 1990) on the surfaces of microvascular endothelial cells and have begun to 
elucidate their roles in the process of tube formation. During tube formation (Fig. 2a), 
the local populations of microvascular endothelial cells along the length of the sprout 
interact with an extracellular matrix that displays changes in its composition and 
organization along its length (Form et al., 1986; Nicosia and Madri, 1987). These 
changes are thought to modulate several aspects of endothelial cell behavior, including 
cell proliferation, migration, extracellular matrix synthesis and deposition, and cell
cell interactions (Form et al., 1986; Nicosia and Madri, 1987; Madri et al., 1988a, 
1992a; Merwin et al., 1990; Madri and Marx, 1992; Ment et al., 1991, 1992; Wang et 
al., 1993). 

Tube formation has been modeled successfully in vitro using a variety of tissue 
culture systems (Madri and Williams, 1983; Madri et al., 1988a; Pepper and Mon
tesano, 1990; Nicosia and Madri, 1987; Gamble et al., 1993). In the presence of 
angiogenic factors, three-dimensional cultures of microvascular endothelial cells form 
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branching networks of tubes having lumina and abluminal basallaminae (Madri et al., 
1988a; Merwin et al., 1990; Madri and Marx, 1992; Gamble et al., 1993). Cells 
dispersed in these three-dimensional connective tissue gels utilize integrins to interact 
with the matrix components present in the processes of invasion into the matrix, 
migration, and initiation and maintenance of cell contact. Initiation of cell-cell contact 
is likely mediated by cell adhesion molecules, several of which have now been identi
fied on the surfaces of endothelial cells (Albelda and Buck, 1990). One such molecule, 
PECAM-l, has been observed to playa role in mediating early cell-cell contact during 
tube formation. Early aspects of tube formation (initial cell-cell contact) appears to be 
mediated by PECAM-PECAM interactions, since functional antibodies directed 
against PECAM-l and soluble purified PECAM-l can inhibit tube formation in vitro 
(Madri et al., 1992a). Later aspects of tube formation (stabilization of the newly formed 
cell-cell contacts by organization of ßl integrins in these areas and the formation of 
tight junctions) are not affected by these reagents. In contrast, functional antibodies 
directed against ßl integrins and RGD-containing peptides are effective inhibitors of 
bOth the early and later aspects of tube formation, presumably by interfering with 
critical cell-matrix interactions that are necessary for formation of initial cell-cell 
contacts, stabilization of formed cell-cell contacts, and tight junction formation. 

Other studies (Gamble et al., 1993) have shown that inhibition of specific integrin 
heterodimeric pairs (anti-a2ßl in cells cultured in type I collagen gels and anti-avß3 in 
cells cultured in fibrin gels) resulted in enhanced tube formation, suggesting that 
disengagement of particular integrin heterodimeric pairs during the process of tube 
formation modulates microvascular endothelial cell phenotype from proliferation to 
differentiation. Another possible interpretation of these results sterns from recent stud
ies of tumor cell transmigration and invasion. Investigators have demonstrated that 
melanoma cells express avß3 on their surfaces, and when it is engaged the cells are 
induced to express 72-kDa gelatinase on their surfaces, leading to increased motility 
(Seftor et al., 1992). Thus, engagement of microvascular endothelial cell a2ß 1 and/or 
avß3 might induce the expression of 72-kDa gelatinase, resulting in increased migra
tion and proliferation. Inhibition of engagement of these· integrin pairs by functional 
antibodies might prevent protease induction and promote differentiation by stabilizing 
cell-matrix interactions mediated by other integrin pairs, thus allowing for formation 
of stable cell-cell interactions leading to tight junction formation (Fig. 3). Thus, during 
the process of tube formation a complex hierarchical, multistep process involving the 
assembly and surface organization of selected cell adhesion molecules (CAMs), sub
strate adhesion molecules (SAMs), and junction-associated molecules (JAMs) occurs 
in a three-dimensional soluble factor-rich environment. 

As mentioned in Section 4, the extracellular matrix composition and organization 
of an angiogenic sprout differs along its length (Fig. 2a) (Form et al., 1986; Nicosia and 
Madri, 1987). The synthesis and abluminal deposition of a morphologically identifiable 
basement membrane in the areas of angiogenic sprouts distal to the migrating tips 
serves to stabilize the vessel, and the eventual presence of such a structure investing all 
the newly formed vessels following an angiogenic stimulus is necessary for the contin
ued stability of the newly formed vascular bed. Failure or loss of investiture by a 
basement membrane can have profound and sometimes catastrophic effects. Investiga-
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Figure 3. Model for cell adhesion molecule. substrate adhesion molecule, and junction-associated molecule 
hierarchical expression and organization during angiogenic factor-induced in vitra angiogenesis. This figure 
iIIustrates putative temporospatial relationships of selected CAMs (PECAM-I), SAMs (ßI integrins), and 
JAMs (ZO-!) in three-dimensional cultures of microvascular endothelial cells. TGF-ßI induces cell-cell 
contact initially via PECAM-I homotypic interactions and integrin-extracellular matrix interactions. Fol
lowing this stage of the in vitra angiogenesis process, ß I integrins exhibit abluminal organization in areas of 
cell-cell contact, which likely serves to stabilize the newly formed tubelike structures. Following stabiliza
tion of the tubelike structures by the ß I integrins, tight junction formation occurs, which correlates with 
ZO-1 assembly and organization. (Based on data from Merwin et al .. 1990, 1991; Madri et al .. 1992a.) 

tors have begun to investigate the roIes of extracellular matrix synthesis, deposition, 
and degradation during vascular remodeling in the CNS, specifically in the germinal 
matrix of premature infants (Ment er al. , 1991, 1992). Intraventricular hemorrhage or 
hemorrhage into the remodeling germinal matrix during the period immediately fol
lowing premature birth from 24 to 28 weeks of gestation is a common problem that 
results in neurodevelopmental handicaps. This hemorrhage is thought to be due, in part, 
to the fragile basallaminae of the germinal matrix microvessels that undergo extensive 
remodeling and involution in the immediate postnatal period following premature 
delivery. Incidence of hemorrhage decreases to normal over the first 5 postnatal days, 
and this correlates with increases in basallaminae deposition of the extracellular matrix 
proteins laminin and type V collagen. Furthermore, treatment with indomethacin, 
which increases basal laminae deposition of laminin and type V collagen around 
germinal matrix microvessels compared to nontreated subjects, dramatically decreases 
the incidence of hemorrhage during this period. These data (Ment er al., 1991, 1992) 
support the concept that extracellular matrix deposition, organization, and maintenance 
are critical factors in stabilizing microvessels. 
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6. Regression/Remodeling/lnvolution 

Ouring development and late in the healing process, there is significant vascular 
remodeling and involution. Since 1988, several reports have been published that have 
demonstrated the amelioration of disease coincident with involution of a particular 
vascular bed. In one study (White et al., 1989), investigators treated a patient suffering 
from pulmonary hemangiomatosis with interferon-a and noted a dramatic reduction of 
the hemangioma and a concomitant improvement in the pulmonary function and over
all health of the patient. These reports underscore the potential value in down
regulating angiogenesis and eliciting involution of vascular beds in a variety of disease 
states, including tumor angiogenesis, vascularization following corneal injury, and 
possibly vascularization of keloids. Approaches that have been taken include the use of 
angiostatic steroids, first described by Crum et al. (1985), and more recently fungal 
metabolites (Brem et al., 1993; Kusaka et al., 1994). Oespite our advances in this area, 
our understanding of the mechanisms that initiate and control this aspect of the an
giogenic process is still incomplete. 

Ouring vascular involution, apoptosis (programed cell death) occurs in a tightly 
controlled spatiotemporal fashion, resulting in the regression of the neovascular bed 
with maintenance of the parent vessels that gave rise to the new, transient vascular bed. 
One such example of this process is the maturation of the germinal matrix during 
gestational weeks 24 to 32 in human development (Ment et al., 1991, 1992). Normally, 
the microvessel density is halved during this period of time, with the surviving vessels 
becoming the lenticulostriate vessels. However, it has been well documented that 
premature delivery triggers this involution/stabilization process precipitously during 
the first 5 days following delivery (Ment et al., 1991, 1992). Ouring this period, the 
vessel density of the germinal matrix is halved. The surviving vessels deposit increased 
amounts of basal lamina components, develop a mature, morphologically identifible 
basement membrane and tight junctions, and complete investment by glial end feet, 
while the involuting vessel segments undergo dissolution of their basement membranes 
and endothelial apoptosis. The control of this apoptotic event is as yet undefined. 
Possibilities include specific spatiotemporally distinct signals from surrounding glia 
mediated by direct contact via glial end feet or by soluble factors secreted by particular 
glial cells. Alternatively, the process of selective endothelial apoptosis may be trig
gered by the loss of specific (integrin-mediated) interactions with the underlying base
ment membrane (Meredith et al., 1993; Frisch and Francis, 1994; Bates et al., 1994). 
Possible mechanisms might involve the modulation of proteinases and proteinase in
hibitors (uPA, PAI-l, and PAI-2), matrix metalloproteinases (MMPs), and tissue inhibi
tors of metalloproteinases (TIMPs), since their presence and activity have been docu
mented in the brain and they are likely to be important components in the processes of 
extracellular matrix metabolism in the brain (Romanic and Madri, 1994b). Since there 
are several good animal models of this process and endothelial cells derived from the 
germinal matrix region of these animals have been isolated and cultured as have glial 
cells, the process of controlled endothelial apoptosis and the interaction of endothelial 
cells, glial cells, and the extracellular matrix in this process can be explored systemat
ically in depth in vitro. 
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Figure 4. (a) Low-power micrograph of rat skin and subcutaneous tissue illustrating a gel composed of type I 
collagen (5.0 mg/mI) containing a dense network of anastomosing rat microvessels formed in vüro and 
implanted subcutaneously 2 weeks prior to removal from the host. IMP, gel implant containing vascular 
networks formed in vÜro. Stained with hematoxylin and eosin. Scale bar = 400 IJ-m. Original magnification 
X2. (Based on data from Kennedy er al .• 1994.) (b-d) High-power micrographs of representative micro
vessels formed in vÜro in a collagen gel, now containing circulating blood elements of the host. Stained with 
hematoxylin and eosin. Scale bar = 20 IJ-m. Original magnification x40. 

7. Current and Future Therapeutic Issues 

A major therapeutic issue in the angiogenesis field continues to be the develop
ment and implementation of strategies and agents that will modulate the up-regulation, 
maintenance, and/or regression of new vessel formation specifically. Such reagents 
would enable the medical community to optimize vascularization at cutaneous graft 
sites or eliminate vascularization following corneal injury and during tumor growth and 
metastasis (Madri and Prau, 1988; Langdon et al., 1988; Merwin et al., 1992; Brem et 
al., 1993; Kusaka et al., 1994; Brooks et al., 1994). 

In addition, since the publication of the first edition of this text, there has been a 
tremendous advancement in our ability to genetically engineer cells and to use such 
cells in the treatment of a variety of disease states (Culliton, 1989a-c; Dichek et al., 
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1989; Nabel et al., 1989; Wilson et al., 1989; Zwiebel et al., 1989). One approach 
considered for the treatment of deficiency diseases is the use of genetically engineered 
endothelial cells cultured in collagen-coated Gore-Tex fibers (Culliton, 1989b). Such a 
system would consist of isolating and culturing a patient's endothelial cells from a 
superficial vein segment or adipose tissue, introducing the gene of choice, and stably 
expressing the gene product in the endothelial cells. These cells could then be ex
panded and placed in the Gore-Tex organoid and placed in the patient's circulation. 
Altematively, microvascular endothelial cells dispersed in collagen gels at high density 
have been shown to form branching vascular networks composed of capillarylike 
vessels with lumina and abluminal basal lamina (Madri et al., 1988a; Merwin et al., 
1990). When these gel pellets are placed subcutaneously into animals (rats), the vessels 
in the collagen gels functionally link up with host vessels by the process of inoscula
tion, and blood flow can be demonstrated in the implants (Kennedy et al., 1994) (Fig. 
4). Such "bioreactors" would provide needed proteins directly and continuously to the 
vascular compartment. 

Thus, our increasing knowledge base in the area of angiogenesis should allow 
continued progress in our ability to beneficially modulate this critical aspect of the 
wound-healing process. 
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Chapter 12 

Mechanisms of Parenchymal Cell 
Migration into Wounds 

JAMES B. McCARTHY, Jon IIDA, and LEO T. FURCHT 

1. Motility Is Regulated by Many Aspects of a Changing Wound 
Environment 

Cellular motility is a fundamental consideration in the successful healing of wounds. 
While much effort has appropriately been recently placed on understanding the mo
lecular basis of adhesion and signaling mechanisms involved in cell motility, it is 
important to keep in mind that these processes occur in the context of a complex and 
changing wound environment, which includes soluble and insoluble (i.e., density) 
gradients of cell motility-promoting components. A number of cell types must enter the 
wound in a relatively coordinated fashion, and this is controlled, in part, by modulating 
both the increased random and directed migration of cells. 

Increased random and directed cell migration can be stimulated by certain soluble 
factors such as certain cytokines or bioactive lipids that are produced in the local 
wound environment as a result of tissue damage, cellular activation, or the limited 
action of certain enzymes. Additionally, the deposition of extracellular matrix (ECM) 
components within the wound can have profound influence on cell motility within the 
local environment. In this regard, it is important to take into account the changing 
composition of the ECM within wounds at various stages of healing (Gailit and Clark, 
1994), since the ECM can modulate signal transduction, cytoskeletal organization, and 
transcriptional/translational control of genes. Early wounds are rich in plasma-derived 
substances such as fibrin, fibronectin, and thrombospondin. As the wound heals, the 
composition of the granulation tissue changes until new ECM components are depos
ited, such as hyaluronan, types I and III collagens, ECM-associated proteoglycans, 
SPARC (secreted protein acidic and rich in cysteine), and tenascin, among others. All 
of these individual components have been implicated in modulating cell motility, some 
by virtue of the fact that they can directly promote cell adhesion (e.g., collagens, 

JAMES B. McCARTHY, J01I IIDA, and LEO T. FURCHT • Department of Laboratory Medicine and 
Pathology, Biomedical Engineering Center, University of Minnesota, Minneapolis, Minnesota 55455. 

373 



374 Chapter 12 

fibronectin) and some by virtue of their ability to discourage cell adhesion (e.g., 
tenascin, ECM-associated chondroitin sulfate proteoglycans). In addition to consider
ing the changing composition of the ECM, it is also important to emphasize that the 
structural organization of the ECM has very important influences on cell migration. 
Thus, the motility of cells into wounds can be influenced by many discrete and 
overlapping mechanisms. 

2. Mechanisms of Directing Cell Motility 

Various mechanisms have been advanced to explain the phenomenon of directed 
cell motility, a property of cells that is basic not only to wound healing but to many 
aspects of development and metastatic spread of malignant neoplasms as weIl (Trin
kaus, 1984). Clearly, motility per se is a phenomenon of cell behavior subject to the 
control of highly interrelated and complex biochemical-biophysical processes; obvi
ously, a detailed treatment of this topic is beyond the scope of this chapter. Although 
distinctions may be made in vitro concerning the different mechanisms of directing 
motility, they all share several qualities. Regardless of the mechanism, cells must 
become asymmetric in order to move, forming thrusting protrusions, and must establish 
an active dominant leading edge. The leading edge must in turn establish adherence to 
the substratum, and ultimately, through contractile forces, pull the rear edge of the cell 
forward. Directional influences in vivo must persist long enough to establish a net 
direction for the motility of entire cell populations. The stimulus for directional move
ment can be a soluble attractant (chemotaxis), a substratum-bound gradient of a partic
ular matrix constituent (haptotaxis), or the three-dimensional array of ECM within the 
tissue (contact guidance). The directional movement of epithelial cell sheets presents a 
special biological problem. For cells within the sheet, directionality results from mar
ginal cells extending lamellapodia away from the sheet. This phenomenon has been 
termed the free edge effect. Mechanisms must also exist in vivo acting to open up 
spaces within the ECM as cells migrate into wounds. With these principles in mind, the 
following account highlights the major mechanisms that coordinate the ordered migra
tion of specific cell populations that debride and heal wounds. 

2.1. Chemotaxis 

Chemotaxis (defined as the directed migration of cells in response to a concentra
tion gradient of a soluble attractant) and chemokinesis (accelerated random migration) 
are complex processes, involving several discrete but overlapping steps. These steps 
include modulating cell-cell or cell-ECM adhesion and modulating the integrity of the 
cytoskeleton (Trinkaus, 1976; Zigmond, 1989; Erickson, 1990). Chemotactic and che
mokinetic locomotion require a functional cytoskeletal system, including actin, possi
bly myosin, tubulin, and intermediate filaments (Zigmond, 1989). As might be ex
pected, a complex process such as cell motility must be regulated by several signal 
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transduction pathways. Analysis of the action of several chemotactic factors indicates 
that such factors can modulate calcium fluxes, activation of the Na+ /H+ antiporter 
with subsequent alkalinization of the cytoplasm, activation of phosphoinositide tum
over, and protein phosphorylation (Caterina and Devreotes, 1991). Understanding the 
precise relationships of these signaling pathways in the context of cytoskeletal rear
rangement and the regulation of cell adhesion receptor function is an important topic in 
contemporary cell biology. 

The biological effect of a chemoattractant is regulated in part by diffusion of the 
attractant from its source into an attractant-poor environment. Much of the knowledge 
about chemotaxis in higher organisms sterns from extensive research on the migration 
of neutrophils and monocytes in response to attractants generated during inflammation. 
Leukocyte migration has been studied in vitra using several assay systems, including in 
Boyden chambers (Zigmond and Hirsch, 1973), under agarose (Nelson et al., 1978), 
and in special orientation chambers (Zigmond, 1977). In studies using Boyden cham
bers, stimulated neutrophil migration was demonstrated to be composed of two compo
nents: (1) directional migration, in which cells moved up a positive concentration 
gradient of attractant called chemotaxis, and (2) increased random migration, in which 
cells moved independent of a concentration gradient termed chemokinesis (Zigmond 
and Hirsch, 1973). Later studies by Zigmond (1977) used a special orientation chamber 
in order to visualize cells directly that are put into a concentration gradient of attractant. 

Zigmond observed that cells structurally orient in response to gradients of chemo
tactic substances, with a leading lamellapodium extending toward the source of the 
attractant and with a trailing uropod. Cells could orient in gradients as small as 1 % 
across the cell surface (Zigmond, 1977). Other investigators have shown that this 
cytological polarization can be accompanied by asymmetry in the distribution of recep
tors and membrane activities. Concanavalin A (Con A) and Fe receptors, coated pits, 
and pinocytotic vesicles have been shown to concentrate in the trailing uropod of an 
oriented cell (Davis et al., 1982). These studies, as well as others, suggest that new 
receptors are first inserted anteriorly during migration and are then swept to the trailing 
edge as the cell moves forward. It has been hypothesized that the anterior-posterior 
sweeping of receptor-ligand complexes on the cell surface could serve to amplify even 
relatively shallow attractant gradients across the cell (Zigmond et al., 1981; Davis et 
al., 1982), helping maintain directional motility during chemotaxis. 

2.2. Haptotaxis 

A second mechanism of promoting directional single-cell migration is along an 
adhesion gradient; this is termed haptotaxis. On the basis of time lapse and other 
studies (Trinkaus, 1984), haptotaxis may be distinguished in vitra from chemotaxis. 
The directional information during migration by haptotaxis comes from the substratum 
as opposed to fluids sUITounding the cello Directional haptotactic motility does not 
result from the stimulation of protrusions at the leading edge of the cell, as occurs in 
chemotaxis. By contrast, cells migrating by haptotaxis extend lamellapodia more or 
less randomly, and each of these protruding lamellapodia competes for a finite amount 
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of membrane, such that when one lamellapodium adheres, spreads, and becomes domi
nant, tension on the remainder of the cell inhibits further protrusive activity. Thus, the 
increasing adhesion gradients on the substratum appear to influence directional move
ment by favoring stabilization of a leading edge on one side of a motile cello After the 
cell becomes asymmetric, with a trailing and leading edge, the cell advances and 
the trailing edge is pulled forward, fonning retraction fibers, which are created by the 
residual adherence of mature focal adhesion plaques. As the cell lunges forward and 
breaks old adhesions, the excess membrane at the trailing edge becomes available for 
incorporation at the leading edge; hence motility continues. Chen (1981) observed that 
mechanically lifting the trailing edge of a migrating cell off the substratum accelerated 
the advance of the leading edge of the cell, a phenomenon that he tenned retraction
induced spreading. Again, detachment of the trailing edge probably provides excess 
membrane for the leading lamellapodium, consistent with the observations of Harris 
(1973). There is also evidence that new membrane from the Golgi apparatus may be 
inserted selectively at the leading edge of the cell (Bergmann et al., 1983). 

The concept of haptotaxis for regulating directional cell movement was originally 
suggested by Carter (1967a, b). In these early studies, sub strata of varying adhesiveness 
were used to manipulate directional cell migration in vitro. Briefly, hydrophilic palla
dium was evaporated in a gradient fashion across a hydrophobie cellulose acetate 
substratum. L cells plated onto such substrata accumulated in areas of greater adhe
sivity (i.e., hydrophilic palladium). Similar results could be demonstrated using haptot
actie islands, created by shadowing palladium onto cellulose acetate strips protected by 
electron mieroscope grids (Carter, 1967a). As with gradient shadowing, cells localized 
preferentially to the areas of increasing adhesion (i.e., the squares of palladium). Harris 
(1973) extended these findings by demonstrating that the direction of adhesion
mediated migration was related to the relative hydrophilicity of substrates used. For 
example, chicken fibroblasts would localize on palladium squares when coated onto a 
nonwettable background, such as underivatized polystyrene; however, the same cells 
would localize on the highly hydrophilic polystyrene derivatized for tissue culture 
when it was used as a background for palladium shadowing. Cells can therefore 
discriminate between two substrata of differing hydrophilicity and segregate according 
to this hierarchy toward more hydrophilie substrata. Although such artificial patterns 
have proven useful in understanding general aspects of cell behavior in the context of 
haptotactic migration, applications of these principles in vivo will rely on understand
ing the way in which biologieally relevant adhesive substrata can modulate haptotaxis. 
In this regard, specific patterns of the ECM proteins laminin and fibronectin have been 
used to direct patterns of neurite extension (Hammarback et al., 1988), suggesting that 
knowledge of haptotaxis could prove useful to biomedieal engineers in designing and 
controlling the regeneration of specific tissues. 

2.3. Contact Guidance 

Contact guidance, initially proposed by Weiss (1945, 1985) as a mechanism for 
directing cell movements, is probably closely related to haptotaxis. Briefly, contact 



Parenchymal Cell Migration 377 

guidance simply refers to the tendency of cells to align along discontinuities in sub
strata to which they are attached. As an example, cells migrating on scratched sub strata 
in vitro tend to align with and move along the scratches. In addition, cells implanted at 
two discrete foci in a plasma clot soon begin to orient and migrate toward each other, a 
phenomenon that Weiss termed the two-center effect (Trinkaus, 1984). The mutually 
opposing contractile forces created by the cells exert tension on the clot matrix, reor
ganizing random fibrin strands into collinear fibrils along which the cells then migrate. 
Presumably, the reason for orientation in contact guidance is similar to that proposed 
for haptotaxis. In contact guidance, however, competition of lamellapodia for a finite 
amount of membrane is subject to the added infIuence of the three-dimensional orienta
tion (as weIl as adhesive quality) of the sub stratum , accentuating orientation. This 
mechanism of orientation may in fact account for the highly oriented appearance of 
infiltrating fibroblasts as these cells enter the granulation tissue. The orientation of 
fibrils within resolving granulation tissue can also have dramatic effects on wound 
contraction, hence wound closure. The contractile forces of the myofibroblasts, which 
are enriched in more mature granulation tissue, can effectively operate along the lines 
of stress that contact guidance forces have set up. As the wound heals, lines of stress 
and patterns of orientation develop along axes parallel to the wound surface (Repesh et 
al., 1982). Wound contraction along these stress lines efficiently closes the wound and 
can reduce the diameter ofthe original defect by 75% (Peacock and Van Winkle, 1976). 
Previous work has demonstrated a role for cell motility in organizing the architecture of 
connective tissue not only during wound healing but also in certain phases of develop
ment (Stopak and Harris, 1982; Stopak et al., 1985). 

3. Extracellular Matrices 

The extracellular space in both normal and wounded tissue is occupied by ECM 
and plasma transudate. Certain components of the ECM can serve to promote the 
adhesion and migration of cells directly, while other constituents might actually im
pede cell adhesion. Many ECM components have been extensively characterized for 
the ability to support cell adhesion, motility, invasion, and growth in vitro (Akiyama et 
al., 1990; Damsky and Werb, 1992; Faassen et al., 1992a; Hynes, 1992; Yamada et al., 
1992; Juliano and Haskill, 1993; Sastry and Horwitz, 1993; Gailit and Clark, 1994). 
These studies suggest that complex ECMs, such as exist in vivo, contain informational 
arrays that are recognized by cells in very complex ways. Such molecular recognition 
events have 10calized effects on the plasma membrane of cells, effecting receptor 
distribution and activation of cytoskeletal reorganization. These events are also of 
fundamental importance in regulating gene transcription and translation. The impor
tance of the ECM to wound healing dictates that abrief description of the better
understood constituents that have been studied with regard to cell movement within 
granulation tissue be mentioned. 

Normal human skin is composed of a stratified squamous epithelium and an 
underlying connective tissue that constitute the epidermis and dermis, respectively. As 
with all surface linings, the epithelium is separated from the underlying issue by a basal 
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lamina and reticular lamina, representing the dermal-epidermal junction. The dermis, 
which for the most part constitutes dense irregular connective tissue, is enriched in 
types 1 and III collagen, dermatan-chondroitin, heparan sulfate, and keratan sulfate 
proteoglycans (Pringle et al., 1985). The proteoglycan core proteins present within 
dermis include versican, decorin, and biglycan (Lennon et al., 1991; Willen et al., 
1991; Yeo et al., 1991; Schonherr et al., 1993; Yamagata et al., 1993; Scholzen et al., 
1994; Zimmermann et al., 1994). Fibronectin in the dermis is associated either with 
collagen fibers or it exists as independent fibrils within the ground substance. 

When normal dermis is wounded, the composition of the ECM changes drastically 
(Grinnnell et al., 1981; Repesh et al., 1982; Gailit and Clark, 1994). As a result of the 
vascular response following injury, a transudate of plasma escapes into the extravascu
lar space and coagulates within the lesion, forming a clot. The fibrin within the clot is 
decorated with fibronectin, vitronectin, thrombospondin, and other cell-adhesion
promoting proteins originating from plasma. As the wound matures and granulation 
tissue is formed, the composition of the ECM changes. Fibroblast infiltration into the 
region coincides with an increase in the appearance of reticular (type III) collagen 
fibers and hyaluronan. Hyaluronan is a glycosaminoglycan that is elevated in tissues 
that are undergoing extensive cellular infiltration and remodeling, such as granulation 
tissue, or stroma that are immediately adjacent to invading neoplasms (see Section 6). 
Tenascin, an ECM protein that can bind chondroitin sulfate proteoglycan and facilitate 
cell de-adhesion (Erickson and Bourdon, 1989), is also present within granulation 
tissue. Fibronectin is also a prominent component in granulation tissue, and experi
ments have demonstrated that this fibronectin is also largely derived from the infiltrat
ing fibroblasts. Keratinocytes migrating in from the margins can synthesize fibronectin 
as well (Clark et al., 1983, 1985). As the granulation tissue resolves, fibrillar (type I) 
collagen begins to predominate, and the wound undergoes remodeling. It is against this 
backdrop of achanging environment that the complex regulation of directional cell 
movement must occur into wounds. 

4. Cytoskeletal Rearrangement and Intracellular Signals Are 
Important for Cell Motility 

The ability of the cell to modulate the polymerized state of actin at sites of 
lamellapodial extension is a fundamental consideration in cell motility. It is beyond the 
scope of this chapter to treat this topic in detail; however, the reader is referred to 
several excellent reviews (Devrotes and Zigmond, 1988; Stossel, 1989, 1990; Con
deelis et al., 1992; Divecha and Irvine, 1995). In most cells, actin constitutes almost 
10% of the total protein of the cell, with approximately half of this actin existing in the 
F (polymerized) state. All else being equal, it has been calculated that the amount of 
G-actin within cells is sufficient as to cause a spontaneous polymerization, such that 
almost all of the actin within cells would exist as F-actin. However, various actin
binding proteins, which interact either with sites on growing F-actin polymers or with 
individual G-actin monomers, act to regulate the amount of F- and G-actin at any given 
time or location within cells (Stossel, 1989, 1990). These proteins act to allow the cells 
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to regulate the state of actin polymerization, and among other things are critical for the 
control of cell motility. Proof for this comes in part from several experiments in which 
actin-binding proteins have been genetically manipulated (Cunningham et al., 1991) or 
manipulated by the use of specific toxins (Cooper, 1991), with a concomitant effect on 
cell motility. 

In order for cells to initiate motility, there must be mechanisms in place to allow 
the cell to extend the boundaries of its plasma membrane beyond previously estab
lished locations. One mechanism by which such a process can occur is by regulating 
the local osmotic pressure at specific sites within the cytoplasm (Stossel, 1990). Ac
cording to this model, agonists that stimulate cel! motility would be predicted to cause 
localized depolymerization of actin, creating a localized increase in osmotic pressure. 
This increase in osmotic pressure could cause the formation of a pseudopod, which is 
in turn stabilized by the repolymerization of G-actin into F-actin. Such pulses of actin 
polymerization-depolymerization have indeed been observed in neutrophils that are 
responding to chemotactic stimuli such as f-Met-Leu-Phe (Harvath, 1990). There are 
many cytoskeletal proteins that can interact with actin and modulate cell motility, 
including proteins such as filamin, vinculin, paxillin, and talin (Stossel, 1989; Cooper, 
1991; Kellie et al., 1991). Furthermore, there are proteins that bind to G-actin [profil in 
(Stossel, 1990)] and F-actin [gelsolin (Cunningham et al., 1991)] that collectively act to 
depolymerize actin. Gelsolin will break preformed actin networks (Stossel et al., 1985), 
whereas profilin, by binding to G-actin, acts to inhibit the localized addition of actin 
onto available ends of growing actin filaments (Stossel, 1989). The regulation of these 
two actin-binding proteins, therefore, can have fundamental consequences on cell 
motility. Indeed, cells that overexpress gelsolin exhibit increased rates of cell migration 
(Cunningham et al., 1991). Clearly, there are additional signaling pathways that regu
late cytoskeletal organization, membrane ruffling, and pseudopodal formation, such as 
the rho/rac pathway (Takaishi et al., 1994; Ridley et al., 1995). Abrief focus on 
profilin and gelsolin, however, can offer one example of the way multiple-signaling 
pathways can impact on actin polymerization and cell motility. 

Products of phosphatidylinositol metabolism, specifically PtdIns (4,5)P2, appar
ently play an important role in modulating the activity of actin-binding proteins such as 
gel sol in and profilin (McCarthy and Turley, 1993; Divecha and Irvine, 1995). In 
addition to being an important component of plasma membranes, this phosphoinositide 
also had been shown previously to bind both gelsolin and profilin (Lassing and Lin
dberg, 1985; Jamney and Stossel, 1987). When bound to profilin, PtdIns (4,5)P2 inhib
its the ability of the profilin to bind to actin monomers, thus favoring the formation of 
actin filaments. Enzymatic hydrolysis of PtdIns (4,5)P2 bound to profilin occurs via 
the action of phospholipase C (Goldschmidt-Clermont et al., 1991). This process is 
normally inhibited, unless the phospholipase C is first tyrosine-phosphorylated 
(Goldschmidt -Clermont et al., 1991). Thus, tyrosine phosphorylation of phospholipase 
C could be an important first step in releasing PtdIns (4,5)P2 from profilin, allowing 
profilin to interact with actin monomers and prevent F-actin formation. Furthermore, 
the localized production of Ins (l,4,5)P3 and diacylglycerol could have important 
effects on Ca2 + release and the activation of protein kinase C, respectively (Divecha 
and Irvine, 1995). These events can also regulate the activity of gelsolin, further 
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contributing to a localized breakdown of filamentous actin, creating a transient increase 
in the osmotic pressure in the region of actin depolymerization (McCarthy and Turley, 
1993; Divecha and Irvine, 1995). The cycle could be completed when Ptdlns (4,5)P2 is 
locally regenerated, perhaps as a result of the translocation of Ptdlns(4)P 5-kinase to 
the cytoskeleton (Payrastre et al., 1991). This regeneration of Ptdlns (4,5)P2 would 
then favor the reestablishment of a filamentous actin network, contributing to the 
stability of the newly forming protrusion. 

Such a model, although far from complete, is useful to partially explain how the 
mechanism by agonists that stimulate tyrosine phosphorylation can modulate actin 
polymerization, pseudopod formation, and cell motility. From this type of model, it 
should also be clear that factors that contribute to stabilizing filamentous actin are also 
important for cell motility. The ability of specific adhesion receptors to cause the 
nucleation of actin monomers into F-actin undoubtedly plays an important roIe in 
stabilizing cell adhesion and in the formation of signaling complexes within the context 
ofthe cytoskeleton (see Section 5 and Chapter 9, this volume). Furthermore, disruption 
of the gene for filamin, an actin-binding protein that cross-links F-actin into orthogonal 
networks, also inhibits celliocomotion (Cunningham et al., 1991). Thus, it is important 
that a cell not only be able to disrupt the cytoskeleton, but also that it be able to 
selectively stabilize its polymerized state, in order to effectively control motility. 

5. Integrins Are the Major Adhesion Receptor for ECM 

It is clear that cell adhesion is intimately associated with the process of cell 
motility. As a result, understanding the molecular basis of cell adhesion can contribute 
significantly to our understanding of some of the mechanism(s) involved in cell mo
tility. The primary adhesion receptors for extracellular matrices are members of the 
integrin group of cell surface proteins. These heterodimeric receptors are the best 
understood of the cell surface molecules that participate in recognition of the ECM. 
These receptors recognize the ECM and transmit signals into the interior of the cell that 
cause cytoskeletal reorganization, changes in cell shape, and changes in the transcrip
tion, translation, and secretion of proteins (Akiyama et al., 1990; Damsky and Werb, 
1992; Faassen et al., 1992; Ginsberg et al., 1992; Hynes, 1992; Yamada et al., 1992; 
Juliano and Haskill, 1993; Sastry and Horwitz, 1993; Gailit and Clark, 1994). As might 
be expected, the signals transmitted into cells (so-called outside-in signals) as a result 
of integrin function are complex and involve tyrosine phosphorylation, changes in 
calcium influx, and activation of phospholipid metabolism, to name a few. Importantly, 
integrin function can also be influenced by signals generated inside the cell (so-called 
inside-out signals), and thus cytokines or accessory recognition molecuIes that transmit 
their own signals to the cell interior (Woods and Couchman, 1992; Iida et al., 1994) can 
influence the activity of integrins. While a detailed treatment of integrin structure 
function can be found elsewhere (see reviews cited above and Chapter 9, this volume), 
several aspects of integrin function will be highlighted here. 

There is ample evidence to suggest that the cytoplasmic tails of both 0. and ß 
subunits in a particular integrin heterodimer can influence inside-out or outside-in 
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signaling events characteristic of integrins. Although the cytoplasmic tails of ß inte
grins can directly enter into focal contacts (Sastry and Horwitz, 1993; Chapter 9, this 
volume), integrins containing the same a subunit but different ß subunits williocalize 
to different sites on the plasma membrane. For example, while avß3 integrins can be 
localized to focal adhesions, avß5 integrins are predominantly excluded from such 
structures (Wayner et al., 1991). While a direct role for interacting with cytoskeletal 
components has not been demonstrated for a integrin cytoplasmic domains, it has been 
hypothesized that the a integrin subunit tail may regulate the binding activities of the ß 
integrin tail, and in this way modulate the activity of the integrin heterodimer. Further
more, there is evidence that the a integrin subunit tail can modulate the binding affinity 
of integrins for specific ligands (Kassner and Hemler, 1993; O'Toole et al., 1994) by an 
inside-out mechanism. The cytoplasmic tails of ß 1 integrins have been shown to bind 
numerous cytoplasmic proteins, including talin, a-actinin, and pp125FAK (reviewed in 
Chapter 9, this volume; Schaller and Parsons, 1994). While direct linkages between the 
a integrin cytoplasmic tails and cytoskeletal components have not been shown, there 
have been recent studies to suggest that the a integrin subunit may bind calreticulin, an 
endoplasmic reticulum protein that binds calcium and has been implicated in transcrip
tional control via binding to retinoic acid and androgen receptors (Dedhar et al., 1994). 
This binding is thought to be mediated by the KXGFFKR sequence contained within 
juxtamembrane regions of a integrin subunit cytoplasrnic tails . 

. The discrete distribution of integrins within adherent cells argues that each hetero
dimer can participate in discrete signaling events within the cello One outside-in signal
ing event that has received much attention recently is the ability of integrins to stimu
late the tyrosine phosphorylation of pp125FAK, a cytoplasmic tyrosine kinase that 
localizes to focal adhesions and regulates discrete signaling pathways within the cell, 
such as the activation of ras and MAP kinase (Schlaepfer et al., 1994). While ligand
induced or antibody-induced clustering of many integrins will stimulate the tyrosine 
phosphorylation of ppI25FAK, the mechanisms by which this occurs as well as the 
significance of this event are not yet understood. Importantly, while clustering of ß 
integrin subunits has been implicated in the tyrosine phosphorylation of ppI25FAK, 

certain altematively spliced ß integrin tails (e.g., altematively spliced ß3 integrin) do 
not stimulate tyrosine phosphorylation ofpp125FAK, again emphasizing the importance 
of the cytoplasmic tails in transmitting signals (Akiyama et al., 1994). While tyrosine 
phosphorylation of pp125FAK has not been directly linked to cell motility, it may be 
representative of additional intracellular tyrosine phosphorylation events that are linked 
to outside-in integrin signaling. Such integrin-mediated events could modulate specific 
cytoskeletal rearrangements important for pseudopod formation or stabilization. 

Additionally, ligating certain integrins can stimulate the flux of divalent calcium 
ions from the exterior to the interior of the cello In particular, ligating the av subunit of 
integrins is implicated in activating calcium flux, possibly as a result of the cooperative 
action of integrin-associated protein (Lindberg et al., 1993; Schwartz, 1993). This 
integrin subunit has been associated with the motility of normal and transformed cells, 
and it is possible that localized calcium influxes that occur as a result of the cross
linking of av integrin may be partly responsible for the activity of heterodimers 
containing this subunit. 
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The mechanism by which integrins transmit signals has recently been shown to 
depend not only the engagement of the receptor by the ligand, but also by the ability of 
the ligand to cross-link the receptor in the plane of the plasma membrane. Partial 
engagement of a5ß1 integrin with specific anti-integrin monoclonal antibodies stimu
lates the localization of pp 125FAK and the cytoskeletal protein tensin (Miyamoto et al., 
1995), whereas other antibodies can be used to stimulate the localized accumulation of 
multiple cytoskeletal components, including a-actinin, vinculin, talin, and others. Thus, 
it is important to consider both ligand occupancy of the receptor, as well as the 
clustered status of the integrin within the plasma membrane, when considering mecha
nisms by which integrins can modulate the polymerized state of the cytoskeleton. Such 
interactions are critical in order for cells to control their motile phenotype. 

Although the mechanisms by which integrins modulate motility are far from 
understood, there are some reports that begin to shed light on certain structural proper
ties of integrin subunits that are important in this process. For example, cells expressing 
a ß 1 integrin chimera containing a ß5 integrin cytoplasmic tail were more motile than 
cells that expressed only the ß 1 integrin subunit, implicating the ß integrin subunit tail 
in regulating some aspects of cell motility (Pasqualini and Hemler, 1994). Although a 
less compelling case has been made for the a subunit in terms of directly interacting 
with cytoskeletal components, a chimeric approach has been used to demonstrate the 
importance for the cytoplasmic tail of a4 integrin in modulating cell motility on a4ß 1 
integrin-depeQdent ligands (Chan et al., 1992). 

While these studies are instructive with respect to the importance of integrins in 
modulating cell adhesion and motility, not allligands that bind integrins will stimulate 
motility (Faassen et al., 1992a). Specifically, while melanoma cells expressing a4ß1 
integrin will migrate on fragments of fibronectin that contain both proteoglycan bind
ing and a4ß 1 integrin binding sites, the cells adhere, but do not migrate on several cell 
adhesion prornoting synthetic peptides from within these fragments that bind either 
integrin or cell surface proteoglycan (Iida et al., 1992, 1994). Removal of the cell 
surface proteoglycan from these cells using enzymatic and/or pharmacological ap
proaches tends to inhibit cell motility and cell adhesion on the fragments, suggesting 
that cell motility on such ligands results from the contribution of cell surface proteogly
cans and integrins (S. Meijne, J. B. McCarthy, J. Iida, L. T. Furcht, unpublished 
observations). While the exact explanation for these observations is not yet known, it 
appears that the cell surface proteoglycan core protein can signal a4ß1 integrin by 
modifying intracellular signaling pathways (Iida et al., 1995) as well as by affect the 
affinity state of the integrin by virtue of the influence of the glycosaminoglycan 
(S. Meijne, J. B. McCarthy, J. Iida, L. T. Furcht, unpublished observations). Further
more, the binding of a4ß 1 integrin to this region of fibronectin involves multiple 
interaction sites (reviewed in Iida et al., 1994), reminiscent of previous fmdings dem
onstrating that integrin interaction with ECM ligands can involve multiple sites on the 
ligand (termed synergy sites, as described in chapter 9, this volume). Such multisite 
interactions for integrins, as well as the ligand-(or cell-) induced coordinate engage
ment of integrins with other cell surface receptors for the ECM (such as cell surface 
proteoglycans) ,(Iida et al., 1994; see also chapter 15 this volume; section 6) can 
modulate the signals transmitted to the cello Understanding the complex factors that 
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regulate molecular recognition of the ECM is essential if we are to understand how the 
ECM controls cell motility as weIl as other aspects of cellular phenotype. 

6. ECM Receptors Specitically Associated with Cell Motility 
within Granulation Tissue 

Despite the weIl-recognized importance of integrins with respect to cell adhesion 
and motility, there are additional receptors that have been described that have very 
specific influences on cell motility. These include cell surface lectins (Barondes, 1988) 
and glycosyl transferases (Shur, 1989), the latter of which have been implicated in 
mediating cell motility on laminin. Although these are clearly important in the general 
context of cell motility, space limitations prevent a detailed discussion of these mole
cules. For the purposes of the current discussion, we will focus on CD44 and RHAMM 
(receptor for hyaluronan mediated motility), which are two ECM receptors implicated 
in modulating the motility of normal and transformed cells. Both of these receptors can 
interact with the ECM component hyaluronan, which is enriched in granulation tissue 
and has been implicated in modulating the motility of cells into tissues. Hyaluronan 
(HA) appears to modulate cell invasion into tissues by its ability to interact with 
specific cell surface receptors such as CD44 and RHAMM, as weIl by its ability to 
become hydrated and thus cause the localized swelling/disruption of ECM (Laurent 
and Fraser, 1992; Turley, 1992; Lesley et al., 1993a; McCarthy and Turley, 1993; 
Sherman et al., 1994). CD44 can also interact with other ECM components, such as 
fibronectin and collagen, due to the fact that it can be expressed as apart-time cell 
surface proteoglycan, and thus interact with glycosaminoglycan-binding domains of 
these ECM components. Although the mechanism(s) by which these two molecules 
modulate the motility of normal and transformed cells is not understood, there is clear 
evidence indicating their importance in different model systems. 

While CD44 and RHAMM both contain a common structural motif that binds HA 
(Yang et al., 1994), the products of these two different genes are very distinct in 
primary structure. Both genes are altematively spliced, suggesting that there is some 
transcriptional control over cell type-specific localization or function of the various 
isoforms of these two ECM receptors. Additionally, CD44 can also be rather exten
sively N- and O-glycosylated (Lokeshwar and Borguignon, 1991; Lesley et al., 1993a; 
Iida et al., 1994; Sherman et al., 1994), and when expressed as chondroitin sulfate 
proteoglycan, CD44 has an important influence on the motility and invasion of tumor 
cells (Faassen et al., 1992b, 1993). 

CD44 promotes cell adhesion to HA-coated substrata and it promotes the motility 
of certain cell types on HA (Lesley and Hyman, 1992; Sherman et al., 1994). As is the 
case with integrins (see Chapter 9, this volume), the expression of CD44 on the surface 
of cells does not always correlate with the functional capacity of the CD44 to bind HA. 
In some cases, the ability of CD44 to bind HA can be up-regulated by signal transduc
tion activators such as phorbol esters (Liao et al., 1993). The cytoplasmic tail of CD44 
binds the cytoskeletal protein ankyrin (Lokeshwar et al., 1994) and it is also a substrate 
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for protein kinase C (Wayner and Carter, 1988). Although the cytoplasmic tail is not 
necessary for HA binding (Lesley and Hyman, 1992), it is apparently required to 
support cell adhesion to HA-coated sub strata (Lokeshwar et al., 1994). 

Certain antibodies against CD44 have been identified that have the property of 
activating cell surface CD44 to bind HA, which is similar to what has been observed 
using activating antibodies to stimulate integrin function (see Chapter 9, this volume, 
and other reviews). However, in contrast to what has been observed with integrins, 
such CD44-activating antibodies are thought to act by clustering the CD44 on the 
surface of the plasma membrane (Lesley et al., 1993b), whereas those that activate 
integrins are thought to do so by inducing a conformational change in the integrin 
(reviewed in Chapter 9, this volume). Most, if not all, altematively spliced variants of 
CD44 can bind HA (Lesley et al., 1993a; Sherman et al., 1994). Interestingly, certain 
CD44 altematively spliced isoforms, which arise by insertion of exons into a specific 
point in the ectodomain of the protein, appear to influence tumor progression (Günthert 
et al., 1991; Rudy et al., 1993), consistent with a role for CD44 in cellular inva
sion/motility. Whether such isoforms are up-regulated during cellular invasion of 
granulation tissue remains an open and potentially interesting question in the area of 
wound healing. 

CD44 is also expressed as a cell surface proteoglycan, which can contain either 
heparan sulfate (HS) or chondroitin sulfate (CS) glycosaminoglycans (see Chapter 15, 
this volume). This was originally described in keratinocytes, where CD44/HS was 
identified as a type III collagen receptor, and in lymphocytes, where CD44/CS has 
been shown to bind ECM components such as fibronectin (Jalkanen and Jalkanen, 
1992). Interestingly, while the CD44/HS expressed by keratinocytes binds to type I 
collagen, it is not a primary adhesion receptor for type I collagen (Wayner and Carter, 
1987). Recently, this form of CD44 has been shown to bind fibroblast growth factor, 
suggesting that it might somehow be involved in modulating the activity of this, and 
perhaps other, heparin-binding growth factors (Bennett et al., 1995). This may repre
sent an important mechanism by which CD44/HS can modulate the cyokine-growth
factor-dependent adhesion, migration, or proliferation of normal and transformed cells. 

Other cells (e.g., melanoma cells) express CD44 as a chondroitin sulfate pro
teoglycan (Faassen et al., 1992b, 1993). In the case of melanoma-associated CD44/CS, 
the expression and function of the molecule has been shown to be important in mediat
ing the motility and invasion of cells within type I collagen three-dimensional gels 
(Faassen et al., 1992b, 1993) or through reconstituted basement membranes (Knutson 
and McCarthy, submiUed). Furthermore, isolated CD44/CS binds to type I collagen 
(Faassen et al., 1992b) and type IV collagen (Knutson and McCarthy, submiued) 
affinity columns. This binding is at least in part due to the CS, since alkaline 
borohydride-released CS also binds to the collagen affinity columns, although at a 
slightly reduced affinity compared to the intact proteoglycan (Faassen et al., 1992b). 
Furthermore, treatment of melanoma cells with transforming growth factor-beta 
(TGF-ß) stimulates tumor invasion and motility and increases the production 
of CD44/CS in melanoma cells (Faassen et al., 1993). As has been observed in the case 
ofTGF-ß-mediated increases in syndecan I expression (Rapraeger, 1989), the effect of 
TGF-ß on CD44/CS is at the level of the added glycosaminoglycan chain. CS isolated 



Parenchymal Cell Migration 385 

from TGF-ß-treated melanoma cells is 1.5 to 2 times longer than CS isolated from 
untreated controls, but the relative levels of CD44 core protein remain essentially 
constant in both cell populations (Faassen et al., 1993). Inhibition of CS addition in 
either case inhibits melanoma cell motility and invasion in type I collagen gels, indicat
ing that CD44/CS is required in either case. Again, it may prove instructive to evaluate 
CD44/CS proteoglycan expression by cells as they enter granulation tissue, since 
increases in CS proteoglycan expression have been noted as cells infiltrate granulation 
tissue. If a role for CD44/CS proteoglycan in cell migration into wounds could be 
established, then this might lead to strategies that could be used to control this process. 

As was observed for the keratinocyte CD44/HS, the expression of CD44/CS by 
melanoma cells does not appear to influence adhesion to collagen, as least as assessed 
in relatively short-term adhesion assays (Faassen et al., 1992b, 1993). Time-Iapse 
analysis of melanoma cells migrating on the surface of and into collagen gels has been 
used as one approach for evaluating the mechanism by which CD44/CS might act to 
modulate cell motility. When CD44/CS expression is compromised, the cells still 
attempt to extend leading lamellapodia; however, the structures fail to stabilize and 
they retract back into the cell body. Taking these observations into account with other 
data demonstrating that CD44 can be expressed on microspikes extending from the 
leading lamellapodia of cells (Brown et al., 1991), it would appear that CD44/CS may 
act, in part, at the leading edge of cells to stabilize newly forming protrusions (Faassen 
et al., 1993). It is possible that the ability of CD44 to bind ankyrin may somehow 
impact on the ability of this receptor to facilitate F-actin generation and stabilize newly 
forming pseudopodia. In this way, CD44/CS proteoglycan, by binding to ECM compo
nents at the leading edge of migrating cells, may accentuate the asymmetry between the 
leading and trailing edges of cells as they migrate. It is also possible that CD44/CS 
may alter integrin function as has been previously shown in other experimental systems 
(Iida et al., 1994). 

RHAMM is another weIl studied receptor that interacts with HA (McCarthy and 
Turley, 1993; Sherman et al., 1994). In contrast to CD44, RHAMM has not been 
shown to be expressed as a cell surface proteoglycan, and the only ECM ligand to date 
for RHAMM is HA. The RHAMM receptor was originally identified on H-ras
transfected cells, which exhibited elevated motility in conjunction with elevated HA 
production (Turley et al., 1991). Blocking antibodies against HA-binding proteins from 
these cells inhibited motility and were used to identify and clone RHAMM (Hardwick 
et al., 1992). The protein is altematively spliced and has an unusual primary structure 
in that it contains neither aleader sequence nor a putative transmembrane domain. 
Although a direct association of RHAMM with plasma membrane of cells has not been 
shown, it has been proposed that at least certain isoforms of RHAMM can interact with 
the cell surface via a docking protein (Turley, 1992). RHAMM is expressed on a 
number of cell types, including fibroblasts, macrophages, and lymphocytes, and it has 
been shown to regulate the motility of these cell types. 

As has been observed for CD44/CS, the level of RHAMM increases on cell 
surfaces following TGF-ß stimulation, and blocking this stimulation can inhibit the 
increased motility induced by TGF-ß (Samuel et al., 1993). While the mechanism by 
which RHAMM transmits signals is not weil understood, several observations have 
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been made that suggest that it has a complex mechanism of action. Recently it has been 
reported that stimulation of RHAMM by HA causes a transient increase in the tyrosine 
phosphorylation of several cytoplasmic proteins, including pp125FAK, which is then 
followed by a decrease in the tyrosine phosphorylation pattern and a subsequent disso
lution of focal contacts or adhesions as the cells begin to migrate (Hall et al., 1994). 
This leads to the intriguing possibility that the dephosphorylation of pp125FAK (and 
perhaps other signaling molecules as weIl) might be important for RHAMM stimula
tion of cell motility. 

7. Concluding Remarks 

Understanding the complex mechanisms by which cells can regulate their motility 
will have important consequences, not only for understanding the process of wound 
repair/closure, but also for understanding pathologies associated with cell motility, 
including chronic inflammation and tumor invasion and metastasis. Identification of 
the receptors involved and their associated signal transduction mechanism will contrib
ute significantly toward understanding this complex process. A better understanding of 
the pathways associated with the activation of individual receptors, in conjunction with 
the interplay that must occur between different groups of receptors, will be required to 
understand the molecular basis of cell motility. Ultimately, the ability of these receptor
initiated pathways to modulate transcription, protein synthesis, and secretion will have 
to be fully understood in order to rationally design strategies and approaches to control 
some of the pathologies associated with cell motility. 
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Chapter 13 

The Role of the Myofibroblast in Wound 
Healing and Fibrocontractive Diseases 

ALEXIS DESMOULIERE and GIULIO GABBIANI 

1. Historical Remarks and Definition of the Myofibroblast 

Following tissue injury, tissue repair takes place in well-characterized steps. After clot 
formation, inflammatory cells, essentially mononuclear cells and granulocytes, invade 
the injured tissue; then, fibroblasts migrate, proliferate, and synthesize extracellular 
matrix components, participating in the formation of granulation tissue. Finally, fol
lowing reepithelialization and wound closure, tissue remodeling implicates extracellu
lar matrix degradation, decrease of cellularity, and constitution of the scar. 

This sequence of histological changes has been well known for many years, but 
the factors regulating the modulation of various cellular activities still remain poorly 
known. Moreover, the process of wound contraction, which was defined in modem 
terms by Carrel in 1922, is not well understood. In 1971, a peculiar phenotype of 
granulation tissue fibroblastic cells was described (Gabbiani et al., 1971). While nor
mal fibroblasts contain a well-developed rough endoplasmic reticulum with dilated 
cisternae and an oval nucleus, these modified granulation tissue fibroblasts (Fig. 1) still 
show an abundant rough endoplasmic reticulum but in addition express bundles of 
microfilaments with dense bodies similar to those found in smooth muscle (SM) cells; 
this feature suggested that these cells, called myofibroblasts, are responsible for the 
production of the force determining wound contraction. Furthermore, the nucleus of 
myofibroblasts shows indentations, an ultrastructural feature that has been correlated 
with cellular contraction in several systems (Franke and Schinko, 1969; Majno et al., 
1969). Myofibroblasts are interconnected by gap junctions and are connected to the 
extracellular matrix by structures called fibronexus (plural fibronexi), which are trans
membrane complexes of intracellular microfilaments in apparent continuity with extra-

ALEXIS DESMOULIERE • Department of Pathology, University of Geneva, 1211 Geneva 4, Switzer
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Figure 1. Transmission electron micrograph showing the classical organization of a granulation tissue 12 
days after experimental wounding in rats. A small vessel is surrounded by some inflammatory cells (a 
granulocyte is visible), several typical myofibroblasts with microfilament bundles (one of which is illustrated 
in the inset), and abundant extracellular matrix. Bar = I .... m; inset = 0.25 .... m. 

cellular fibronectin fibres (Singer, 1979; Singer et al. , 1984). In this chapter, we shall 
discuss the mechanisms of myofibroblast appearance and regression and the factors 
influencing their phenotype. 

2. The Myofibroblast in Vivo 

To characterize myofibroblast phenotypic features, cytoskeletal proteins are of 
particular interest since they display multiple variants, which are encoded by multigene 
families or are the result of differential mRNA splicing, that represent reliable differen
tiation markers. Furthermore, it is weil accepted that cytoskeletal proteins playa key 
role du ring the process of cell contraction. Using cytoskeletal markers, the presence of 
four main myofibroblastic phenotypes has been described (for review, see Sappino et 
al., 1990b; Schürch et al., 1992). In addition to cytoplasmic actin isoforms, they 
coexpress: (1) vimentin (V-type), (2) vimentin and desmin (VD-type), (3) vimentin and 
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Figure 2. Schematic representation of myofibroblast evolution. The fibroblast (F) generally contains 
vimentin ß- and y-cytoplasmic actin isoforms that are organized in a network and never in bundles. In 
several normal conditions (Table I) and during pathologie al situations (Table II), eytoplasmic actins 
organize into microfilament bundles; this modified fibroblast is now called myofibroblast (MF-V). 
MF-V may then acquire the expression of other cytoskeIetal proteins, representing further steps toward 
smooth muscle differentiation. These proteins are: desmin (MF-VD), a-muscle actin (MF-VA), and 
smooth muscle myosin heavy chains (MF-VADM). Brackets in MF-VA(D)M indicate that desmin 
may be absent in myofibroblasts expressing smooth muscle myosin heavy ehains. Myofibroblast phe
notypes below the dotted line are observed only in pathological conditions. 
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Figure 2. Schematic representation of myofibroblast evolution. The fibroblast (F) generally contains vimen
tin and ß- and -y-cytoplasmic actin isoforms that are organized in a network and never in bundles. In several 
normal conditions (Table I) and du ring pathological situations (Table 11), cytoplasmic actins organize into 
microfilament bundles; this modified fibroblast is now called myofibroblast (MF-V). MF-V may then 
acquire the expression of other cytoskeletal proteins, representing further steps toward smooth muscle 
differentiation. These proteins are: desmin (MF-VD), a-smooth muscle actin (MF-VA), and smooth muscle
myosin heavy chains (MF-VADM). BrackeIS in MF-VA(D)M indicate that desmin may be absent in myo
fibroblasts expressing smooth-muscle myosin heavy chains. Myofibroblast phenotypes below the dotted line 
are observed only in pathological situations. (Color version of this figure folio ws page 392.) 

a-SM actin (VA-type), and (4) vimentin, desmin, and a-SM actin (VAD-type). a-SM 
actin is the actin isofonn typical of contractile vascular SM cells (Gabbiani et al., 1981) 
and is also expressed by practically ali myofibroblastic populations in vivo. 

Other new and important markers of myofibroblastic differentiation are the SM 
myosin heavy chains (MHC). Recent studies suggest that MHC isofonns are useful in 
precisely defining different well-differentiated myofibroblastic phenotypes (Buoro et 
al. , 1993; Chiavegato et al., 1995). Figure 2 summarizes the different myofibroblastic 
phenotypes that can be characterized in vivo and in vitro. It is noteworthy that the 
spectrum of myofibroblastic differentiation inciudes cells with phenotypic features 
similar to those of ciassical fibroblasts and of ciassical SM cells, suggesting that, at 
least under certain conditions, fibroblasts can evolve into bona fide SM cells. 
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2.1. Distribution 

It has been suggested that different organs contain fibroblasts with specific fea
tures (for review, see Sappino et al., 1990b; Shimizu and Yoshizato, 1992). Komuro 
(1990) has proposed classifying fibroblasts into subtypes depending on their main 
functions: (1) fibrogenesis, (2) tissue skeleton or barrier, (3) intercellular communica
tion system, (4) gende contractile machinery, (5) endocrine activity, and (6) vitamin A 
storing. Other specific functions or features such as growth factor or cytokine produc
tion (Aggarwal and Pocsik, 1992; Bennett and Schultz, 1993), interaction with the 
immune system (Phipps et al., 1990), and determination of epithelial differentiation 
(Cunha et al., 1991; Hayashi et al., 1993) could be added to this list, indicating the 
complexity of fibroblast biology. 

2.1.1. Normal Tissues 

Typical myofibroblasts have been found in a variety of organs (for review, see 
Sappino et al., 1990b; Schmitt-Gräff et al., 1994) (Table I). Immunohistochemical 
studies have shown that they may express proteins typical of contractile cells such as 
desmin, SM-MHC, and <x-SM actin, suggesting that these cells participate in visceral 
contraction and/or organ remodeling. This view is supported by the observation that 
generally myofibroblasts are present in organs in which the capacities of remodeling 
are important (Schmitt-Gräff et al., 1994). We do not know whether the proportion of 
SM cell markers (Le., <x-SM actin, desmin, and SM-MHC) in different fibroblast 
populations reflects precise functional activities or whether specific properties related 
to the expression of different cytoskeletal proteins remains to be defined. 

2.1.2. Wound Healing and Fibrotic Conditions 

During wound repair, fibroblasts participate in the formation of granulation tissue 
and modulate into myofibroblasts (Gabbiani et al., 1971; Darby et al., 1990). Myo
fibroblasts are poody developed in early granulation tissue and are most numerous in 
the phase of wound contraction. At wound contraction, they are weIl organized in the 
architecture of the tissue in the form of several almost continuous layers parallel to the 
tissue surface, whereas small vessels are disposed perpendicularly to the fibroblastic 
layers and the wound surface (MacSween and Whaley, 1992); myofibroblasts and 
small vessels progressively disappear in the scar (Darby et al., 1990). It is conceivable 
that either the myofibroblastic phenotype reverts to a quiescent form when the wound 
is closed or myofibroblasts disappear selectively through apoptosis (Darby et al., 1990; 
Clark, 1993) (Fig. 2; see also Section 8). This last possibility has recendy been demon
strated (Desmouliere et al., 1995). 

A heterogeneity of cytoskeletal protein expression has been observed in myo
fibroblasts during experimental and human wound healing as weIl as in fibrocontrac
tive diseases. During wound healing, the V-type is present in early granulation tissue 
and is replaced by the VA-type during the period of active retraction (Darby et al., 
1990). In general, granulation tissue myofibroblasts are devoid of desmin and SM-
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MHC, while these proteins are expressed more permanently in hypertrophic scar, 
fibromatosis, and stroma reaction to tumors (Skalli et al., 1989; Schürch et al., 1992; 
Chiavegato et al., 1995) (Table 11). 

Pathologieal settings in whieh myofibroblasts represent the main cellular compo
nent may be classified into three groups (Table 11): response to injury and repair 
phenomena (hypertrophic scars and bum contracture, organ fibrosis), quasineoplastic 
proliferative conditions (fibromatosis), and stromal response to neoplasia (for review, 
see Schürch et al., 1992; Schmitt-Gräff et al., 1994). 

Recently, we investigated collagen organization and the possible presence of 
a-SM-actin-expressing myofibroblasts in two types of excessive scarring: keloid and 
hypertrophie scar (Ehrlich et al., 1994). Contrary to hypertrophie scars, keloids do not 
regress with time, are difficult to revise surgieally, and do not provoke scar contrac
tures. Keloids contained large, thick collagen fibers. In contrast, in nodular structures 
of hypertrophic scars, fine, randomly organized collagen fibers were present. Further
more, only nodules of hypertrophic scars contained a-SM-actin-expressing myo
fibroblasts (Table 11). The presence in hypertrophie scar myofibroblasts of a-SM actin 
may represent an important element in the pathogenesis of contraction. When placed in 
culture, fibroblasts from hypertrophic scars and keloids express similar amounts of 
a-SM actin, suggesting that microenvironmental factors influence in vivo the expres
sion of this protein. These results illustrate the complex mechanisms by which growth 
factors and extracellular matrix components regulate cell activities and myofibroblastie 
differentiation (see Section 5). 

2.2. Cellular Origin of the Myofibroblast 

It is dear now that, as suggested by earlier observations (MacDonald, 1959; 
Grillo, 1963; Ross et al., 1970), granulation tissue fibroblasts arise from quiescent 
connective tissue cells. Theoretically, however, myofibroblasts can derive from at least 
three different mesenchymal cell types: fibroblasts, pericytes, and SM cells. Shum and 
McFarlane (1988) have proposed on the basis of morphologie al observations that 
myofibroblasts derive from vascular SM cells. An intimate relationship between myo
fibroblasts and blood vessel wall has been described at the electron mieroscopic level, 
particularly during the initial steps of granulation tissue formation (Janssen, 1902; 
Larsen and Posch, 1958; Kisher et al., 1982). It seems likely that in a majority of 
situations, myofibroblasts derive from preexisting fibroblasts, but there are cases in 
whieh they may derive from pericytes and/or SM cells (Grimaud and Borojevie, 1977). 

The analysis of cytoskeletal proteins does not allow a perfect definition of the 
origin of a mesenchymal cello Fibroblasts, SM cells, and pericytes can express a-SM 
actin, SM myosin, and desmin. In experimental granulation tissue, myofibroblasts 
derived from local fibroblasts temporarily acquire markers of SM differentiation, such 
as a-SM actin, whieh disappear when the wound is closed (Darby et al., 1990). In this 
case, it seems dear that some local stimuli, probably distinct from those producing 
proliferation, induce SM differentiation markers in resident fibroblasts. The factors 
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eliciting a-SM actin expression can be produced by neighboring epithelial or mes
enchymal cells, underlying the role of mesenchymal-epithelial interactions in these 
phenomena. Whether the distinct heterogeneity in the cytoskeletal phenotype of myo
fibroblasts is attributable to differentiation from a common cell type or from different 
cell types remains uncertain. It is conceivable that a common ancestor cell gives rise to 
myofibroblasts, pericytes, and SM cells, which would then represent examples of 
cellular isoforms (Caplan et al., 1983). Moreover, myofibroblasts during pathological 
situations mayaiso originate from more specialized cells such as interstitial cells in the 
lung septa (Mitchell et al., 1989; Kapanci et al., 1990; Kuhn and McDonald, 1991; 
Vyalov et al., 1993), mesangial cells in the glomerulus (Johnson et al., 1991), and 
perisinusoidal cells in the liver (Ballardini et al., 1988; Ramadori, 1991; Schmitt-Gräff 
et al., 1991; Friedman, 1993). 

Recent work (Pascolini et al., 1992) has reported the presence of an a-SM actin
like protein in planaria (Dugesia lugubris s.l.). When a planaria was induced to regen
erate by head amputation, immunostaining for the a-SM actinlike molecule labeled the 
basal portion of the epidermal cells, the undifferentiated mesenchymelike cells, and the 
myoblasts. These results show that a-SM actin can be acquired under pathological 
conditions by poorly differentiated cells that playa specific role during regeneration or 
tissue repair. In higher vertebrates, myofibroblasts could derive from fibroblasts that 
have conserved the properties of these undifferentiated mesenchymal cells (common 
ancestor cell) present in planaria. 

3. Fetal Wound Healing 

The presence of myofibroblasts in normal healing and in the pathological sequelae 
of healing, such as scarring and contracture, is well established. However, it is unclear 
what contributions this cell makes to tissue repair in utero, which appears to evolve 
differently compared to postnatal tissue repair. In many species, the fetus possesses the 
unique ability to heal skin wounds without scar formation (Burrington, 1971; Goss, 
1977; Adzick et al. , 1985; Rowsell, 1986; Krummel et al., 1987; Adzick and Longaker, 
1992). Longaker et al. (1991) have previously shown that fetal excisional wounds in 
lambs at 100 days' gestation contract and contain myofibroblasts, based on 
morphological and immunohistochemical criteria. Recently, we have examined the 
development and ultrastructural features of myofibroblasts in fetallamb wounds made 
at 75 through 120 days' gestation (term = 145 days) (Estes et al., 1994). Our purpose 
was to investigate possible differences between a wound that heals without scar forma
tion (e.g., at 75 days' gestation) and one that heals with scarring (e.g., at 100 and 120 
days' gestation). a-SM actin was practically absent in wounds made at 75 days' 
gestation, but it was present in progressively greater amounts in wounds made at 100 
and 120 days' gestation (Estes et al., 1994). These experiments show for the first time 
that in the fetus the transition from scarless tissue repair to healing with scar formation 
coincides with the expression of a-SM actin by myofibroblasts, and thus supports the 
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possibility that a-SM actin is not only a marker of granulation tissue contraction but 
participates actively in this phenomenon. 

It is noteworthy that the lamellipodia generally observed in migrating epithelial 
cells of adult wounds are absent in embryonic wounds. In embryonic wounds, contrac
tion of an actin cable present in basal cells at the free edge of the epidermis allows 
wound closure (Martin and Lewis, 1992). Recently, Martin et al. (1994) suggested that 
c-fos and transforming growth factor-ß1 (TGF-ß1), which are rapidly induced at the 
fetal wound margin, participate in the activation of mesenchymal contraction mecha
nisms. 

4. Cultured Fibroblasts 

When grown in vitro, fibroblasts derived from normal tissues acquire several 
phenotypic features of myofibroblasts such as a system of microfilaments, called stress 
fibers. Microfilaments are mainly composed of actin, as shown by immunofluores
cence or immunoelectron microscopy with specific antibodies (Goldman et al., 1975; 
Willingham et al., 1981). Several studies have shown that stress fibers contain actin
associated proteins such as myosin, tropomyosin, a-actinin, and filamin (for review, 
see Skalli and Gabbiani, 1988). In addition to stress fibers, cultured fibroblasts develop 
gap junctions (Bellows et al., 1981), similar to what was observed in myofibroblasts in 
vivo (Gabbiani et al., 1978). 

The presence of a-SM actin in primary and passaged fibroblastic populations has 
been reported by severallaboratories (Vandekerckhove and Weber, 1981; Leavitt et al., 
1985; Skalli et al., 1986); it has also been shown that the expression of this protein is 
decreased after viral transformation (Leavitt et al., 1985; Okomoto-Inoue et al. , 1990). 
However, it has always been controversial whether these a-SM-actin-expressing cells 
derive from SM cells and/or pericytes present in the tissue from which cultures have 
been produced or whether they represent a true feature of fibroblastic cultures. We have 
observed that a-SM actin is always present in a variable proportion of cells in rat, 
mouse, and human fibroblastic cultures (Desmouliere et al., 1992a). Furthermore, to 
evaluate if a subpopulation of bona fide fibroblasts has the potential to express a-SM 
actin, we have cloned and subcloned fibroblastic populations. Even after cloning and 
subcloning, a certain percentage of cells were positive for a-SM actin. It is noteworthy 
that a-SM actin can be expressed by a proportion of cells in a population cu1tured from 
a single a-SM-actin-positive or a-SM-actin-negative cel!. We believe that a-SM actin 
expression in cultured fibroblastic populations is a feature of fibroblastic cultures 
themselves, which may be related to functions exerted by fibroblasts under particular 
environmental conditions in vivo. This assumption is corroborated by the finding that 
a-SM actin is expressed by fibroblasts cultured from organs where in situ such cells 
have been verified not to contain this protein. This has been described in lens cells 
(Schmitt-Gräff et al., 1990), mammary gland stroma (Ronnov-Jessen et al., 1990), 
perisinusoidal cells of the liver (Rockey and Friedman, 1992), and mesangial cells 
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(Elger et al., 1993), and has been correlated with the observation that under patholog
ical conditions in vivo lens cells, mammary gland fibroblasts, and perisinusoidal and 
mesangial cells express a-SM actin (for review, see Schmitt-Gräff et al., 1994). Pres
ently, however, the genetic and environmental factors regulating a-SM actin expres
sion in fibroblasts are poorly known. The microenvironmental factors described in 
Sections 5.1 and 5.2 may be important in producing the selection of a-SM-actin
positive fibroblasts in a given population. Using different markers (prostaglandin E2, 
glycosaminoglycan, collagen or collagenase synthesis, proliferative rate, response to 
mononuclear cell-derived mediators, etc.) clonal heterogeneity has been reported in 
morphologically homogeneous fibroblastic populations (for representative references 
in this field, see Desmouliere et al., 1992a). Cultured fibroblasts may also express 
different phenotypic features (for review, see Macieira-Coelho, 1988). A whole spec
trum of differentiation steps has been described for fibroblastic cells in vitro 
(Bayreuther et al., 1988, 1991). In vivo, the concept of fibroblast heterogeneity is now 
weIl accepted (for review, see Schmitt-Gräff et al., 1994). 

Cytoskeletal proteins such as desmin and SM-MHC are also differentially ex
pressed by cultured fibroblast derived from different organs or pathological situations. 
However, the expression of desmin and SM-MHC is generally low; in several popula
tions, no desmin or SM-MHC positive cells are found (Desmouliere et al., 1992a). 
During subculture, contrary to the expression of a-SM actin, which increases, desmin 
and SM-MHC expression generally decreases. 

5. Factors Influencing Fibroblast Phenotype 

Little is known concerning the mechanisms leading to the development of cyto
skeletal features similar to those of SM cells in fibroblastic cells and producing the 
persistence of these features in pathological situations. Factors influencing myo
fibroblast differentiation have been previously reviewed (Schmitt-Gräff et al., 1994). 
As with SM cells, cytokines and extracellular matrix components are good candidates 
for modulating fibroblast phenotype and cytoskeletal protein expression. Furthermore, 
it is necessary to keep in mind that complex interactions between cytokines and 
extracellular matrix components modify their reciprocal activities (for review, see 
Mauviel and Uitto, 1993). Table III shows the effect of some cytokines and extracellu
lar matrix components on granulation tissue formation and myofibroblast differentia
tion. 

5.1. Crtokines 

It is now clear that these mediators are produced by a large range of cells not 
normally considered part of the immune system, such as epithelial and endothelial 
cells, SM cells, and fibroblasts. Cytokines now include interferons, cytotoxic factors, 
interleukins, hematopoietic colony-stimulating factors, inflammatory cytokines, and 
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Table IH. Action of Cytokines and Extracellular Matrix Components 
on Cytoskeletal Features of Fibroblasts 

Local Stress 
application of fibers Desmin n-SM actin SM-MHC References 

NaCI 
PDGF /' Desmouliere et al. (1992b) 
Interleukin-ln /' Not known Rubbia-Brandt et al. (1991) 
Interleukin-2 /' Not known Rubbia-Brandt et al. (1991) 
'Y-IFN \, \, Not known Desmouliere et al. (1992a) 
GM-CSF /' /' Vyalov et al. (1993) 
TNF-n /' Desmouliere et al. (1992b) 
Heparin Desmouliere et al. (l992b) 
TNF-n + heparin /' /' /' Desmouliere et al. (l992b) 
TGF-ßl /' /' Desmouliere et al. (1993) 

growth factors (Aggarwal and Pocsik, 1992). During the last few years, the role of 
cytokines in cell differentiation during development and in cell-cell interactions in 
adult animals has been well documented (Blau and Baltimore, 1991). Furthermore, 
these mediators are implicated in pathological phenomena, particularly in the cascade 
of events observed during tissue repair (Kovacs, 1991; Robson, 1991; Martin et al., 
1992; Bennett and Schultz, 1993). A piethora of cytokines is released by platelets and 
other cells during the initial events after injury and later during granulation tissue 
development and scar formation. Each cytokine may play different roles and cytokines 
generally act in a coordinated sequence. In this section, we will focus on the main 
biological effect of each cytokine and discuss cytokines known to interfere with prolif
eration, migration, and phenotypic modulation of fibroblastic cells in vitro and/or in 
vivo. 

5.1.1. Proliferation 

After injury, platelet degranulation induces the release within and around the 
wound clot of abundant amounts (for review, see Bennett and Schultz, 1993) of 
platelet-derived growth factor (PDGF), TGF-ß, epidermal growth factor (EGF), and 
insulinlike growth factor-I (IGF-I). Tumor necrosis factor-a (TNF-a) secreted mainly 
by inflammatory cells (Aggarwal and Pocsik, 1992), connective tissue growth factor 
(CTGF) secreted by endothelial cells (Bradham et al., 1991), and fibroblast growth 
factor (FGF) produced by macrophages and endothelial cells (Baird et al., 1985; 
Muthukrishnan et al., 1991) are also present. All these cytokines are potent mitogens 
for fibroblastic cells. However, contradictory results conceming the role of TGF-ß in 
the control ofthe cell cycle have been published (Thomton et al. , 1990; Kovacs, 1991). 
This discrepancy may be explained by the differences in doses and in target cells used. 
In any event, TGF-ß effects on cell proliferation may be less important than its 
chemotactic capacity, as well as its activity in increasing extracellular matrix deposi-
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tion. As shown by Antoniades et al. (1991), injury induces in vivo an expression of 
PDGF and PDGF receptor mRNAs in epidermal cells and of PDGF mRNA in fi
broblasts. It seems that application of pharmacological doses of PDGF does not modify 
significantly the healing of an experimental wound, although contradictory observa
tions have been described in different models or situations (Lynch et al., 1987; Pierce et 
al., 1991). As we shall discuss and as suggested by Lynch et al., (1987), PDGF may 
have synergistic effects with other growth factors. 

Basic FGF increases the accumulation of granulation tissue in subcutaneously 
implanted sponges by inducing fibroblast proliferation and collagen accumulation 
(Davidson et al., 1985), but, as we have said for PDGF, the results conceming the 
exogenous application of FGFs on wounds depend on the model (Fredj-Reygrobellet et 
al., 1986; Greenhalgh et al., 1990; Fina et al., 1991), and further studies are needed to 
evaluate the role of PDGF and FGF in combination with other growth factors or 
extracellular matrix components. The influence of TNF-a and FGF on connective 
tissue repair process appears prominent, particularly through their potent angiogenic 
activity. It has been shown that various components of the blood-clotting system, 
including thrombin and fibrin, increase growth of fibroblasts and wound healing; 
fibrinogen, however, had no effect (Pohl et al., 1979; Camey et al., 1992). 

5.1.2. Migration 

In response to injury, resident fibroblasts proliferate and migrate into the wounded 
site (Clark, 1993). The specific factors inducing fibroblast migration are poorly known. 
However, it is well accepted that PDGF (Seppa et al., 1982) and basic FGF (Robson, 
1991) are potent chemotactic agents for fibroblastic cells. CTGF is both mitogenic and 
chemotactic for SM cells and fibroblasts. TGF-ß is able to induce selectively CTGF 
production and secretion, while PDOF, EOF, and FOF do not modify levels of the 
peptide (Soma and Grotendorst, 1989). Recently, Igarashi et al. (1993) have studied the 
regulation of CTGF gene expression in human skin fibroblasts and during wound 
healing. They confirm in vitro and in vivo the role of TGF-ß in the production of 
CTGF, and their results illustrate the cascade process during tissue repair. Pierce et al. 
(1989) have observed that TGF-ßl is chemotactic for both monocytes and fibroblasts. 
IGF-I has been shown to promote migration of endothelial cells into the wound area, 
resulting in increased neovascularization (Bennett and Schultz, 1993). 

5.1.3. Fibroblast Phenotypic Modulation 

In this seetion, we shall discuss the cytokines that are known to modify the 
cytoskeletal features of fibroblastic cells. The modifications of extracellular matrix 
induced by fibroblast activation will be examined in Part 4 of this volume. 

5.1.3a. PDGF, FGF, and TNF -n. PDGF appears to decrease the expression of 
a-SM actin mRNA and protein in cultured SM cells (Corjay et al., 1990) and fi
broblasts (A. Desmouliere and G. Gabbiani, unpublished observations). Subcutaneous 
delivery of the heterodimeric form of PDGF induced the formation of an important 
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granulation tissue, albeit devoid of a-SM-actin-positive myofibroblats (Rubbia-Brandt 
et al., 1991). Further investigations are needed to evaluate the role of PGDF in combi
nation with others factors on myofibroblast phenotypic modulation and tissue repair. 
Preliminary results have shown that basic FGF decreases the expression of a-SM actin 
in cultured fibroblasts (A. Desmouliere and G. Gabbiani, unpublished observations). 
TNF-a treatment does not induce a-SM actin in granulation tissue fibroblasts and does 
not modify significantly the expression of a-SM actin in cultured fibroblastic cells 
(Rubbia-Brandt et al., 1991; Desmouliere et al., 1992b). 

5.1.3b. Granulocyte-Macrophage-Colony Stimulating Factor (GM-CSF). 
GM-CSF has been shown to induce the proliferation of hematopoietic progenitor cells 
in the myeloid and erythroid lineages and the stimulation of mature monocytes
macrophages and neutrophils (Gasson, 1991). This effect on monocyte-macrophage 
activities is responsible for recently developed clinical applications (Jones, 1993). 
Furthermore, some extrahematopoietic activities of GM-CSF have been described 
(Dedhar et al., 1988; Bussolino et al., 1989). We have observed that the application of 
GM-CSF to the rat subcutaneous tissue induces the formation of an important granula
tion tissue rich in a-SM-actin-positive myofibroblasts (Rubbia-Brandt et al., 1991). In 
vitra experiments have shown that GM-CSF does not directly stimulate a-SM actin 
expression when added to the culture medium of rat or human fibroblasts. We will 
discuss (see Section 6.1) the mechanisms ofthis in vivo action of GM-CSF. In a chronic 
granulating wound model, GM-CSF was shown to reestablish normal wound closure 
rates (Hayward et al., 1990). 

5.1.3c. TGF -ßl. Among factors secreted by activated macrophages and able to 
modulate the expression of a-SM actin, TGF-ß1 is probably the most efficient. In 
human arterial SM ceIls, TGF-ß1 induced a growth inhibition and increased the ex
pression of a-SM actin (Björkerud, 1991). Recently, we have shown that TGF-ß1 
stimulates the expression of a-SM actin in granulation tissue myofibroblasts (De
smouliere et al., 1993). As discussed above, other cytokines and growth factors, such 
as PDGF, FGF, and TNF-a, despite their profibrotic activity, do not induce a-SM 
actin expression in myofibroblasts. Furthermore, the expression of a-SM actin protein 
and mRNA by TGF-ßl is induced in both growing and quiescent cultured fibroblastic 
populations. The expression of a-SM actin observed in fibroblasts cu1tured in the 
presence of fetal calf serum is partly inhibited by the addition of antibodies against 
TGF-ßl. Thus TGF-ß1 could represent one of the main regulators of a-SM actin 
expression in fibroblasts. It has been shown that a-SM actin expression is induced by 
TGF-ß1 in quiescent human breast fibrob1asts (Ronnov-Jessen and Petersen, 1993). 
This result illustrates the key role that TGF-ß1 may p1ay in the context of tumor cell
fibroblast interactions (see Section 6.3) during breast neop1asia. The action of 
TGF-ß 1 on a-SM actin expression confirms and extends the notion that TGF-ß plays 
an important role in both fibroblast differentiation and fibrosis formation. It is weIl 
known that TGF-ß increases the accumulation of extracellular matrix compounds 
leading to the development of fibrosis (Border and Ruoslahti, 1992). Recently, Beck 
et al. (1993) have shown that systemic administration of TGF-ß1 is effective in 
enhancing healing in age- or glucocorticoid-impaired wound healing when it is given 
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at the time of wounding, 4 hr after wounding, or, most surprisingly, even 24 hr before 
wounding. 

S.l.3d. Endothelin. In a croton oil-induced granulation tissue model in rats, 
endothelin-l induced a reversible concentration-dependent contraction of the granula
tion tissue (Appleton et al., 1992). The contractile activity is correlated with the 
development of myofibroblastie features. Endothelin-l has mitogenic activity on cul
tured rat fibroblasts (MacNulty et al., 1990) and acts synergistically with polypeptide 
growth factors such as TGF-ß. Endothelin-l is able to induce the expression of a-SM 
actin in cultured vascular SM cells (Hahn et al., 1992). It would be interesting to know 
whether endothelin-l is able to act directly on myofibroblastic differentiation by induc
ing a-SM actin expression. Recent reports conceming the action of a vasopressor 
substance on myofibroblast differentiation support the role of this cytokine in the 
processes leading to wound contraction (Thiemermann and eorder, 1992). 

S.l.3e. 'Y-Interferon ('Y-1FN). We have observed that in cultured fibroblasts, 
'Y-IFN, a cytokine produced by T-helper lymphocytes, decreases a-SM actin protein 
and mRNA expression as weIl as cell proliferation (Desmouliere et al., 1992a). 'Y-IFN 
has been shown with some exceptions to decrease proliferative activity and collagen 
production in fibroblastie cells (Duncan and Berman, 1985). The properties of this 
cytokine make it a good candidate to exert antifibrotic activity in vivo, as already 
suggested by Grandstein et al. (1990) and Larrabee et al. (1990). Preliminary results 
(Pittet et al., 1994) have shown that 'Y-IFN treatment decreases the clinieal manifesta
tions and the size ofhypertrophic scars and Dupuytren's nodules. In hypertrophie scars, 
immunofluorescence examination showed that a-SM actin expression was decreased in 
myofibroblasts of treated lesions. These results suggest that 'Y-IFN could represent a 
useful adjunct to the nonsurgieal therapy of hypertrophic scars and Dupuytren's dis
ease. 

5.2. Extracellular Matrix Components 

It is weIl accepted that the extracellular matrix represents a structural support for 
cellular constituents, but evidence exists showing that the matrix plays a central role 
as a source of signals influencing growth and differentiation of different cell types, 
including fibroblasts (for review, see Juliano and Haskill, 1993). Furthermore, the 
fibroblast is the main cell type implicated in the production of extracellular matrix 
components during the repair process. Recently, with a combined immunohistochemi
cal and in situ hybridization study, it has been shown that a-SM-actin-expressing 
myofibroblasts are the main producer of collagen during pulmonary fibrosis (Zhang 
et al., 1994). 

Among extracellular matrix components, different types of collagen, glycopro
teins, and proteoglycans are involved in fibroblastie differentiation. In vitro, adhesion, 
proliferation, and migration of fibroblasts are modulated by extracellular matrix com
ponents. Recently, Streuli et al. (1993) have shown that extracellular matrix regulates 
the expression of the TGF-ß 1 gene. The authors propose that there is a feedback loop 
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whereby TGF-ß l-induced synthesis of basement membrane is repressed once a func
tional basement membrane is present. This result illustrates the complex mechanisms 
by which growth factors and extracellular matrix components regulate cell activities. 
The components of the basal lamina, i.e., collagen type IV, laminin, and heparan 
sulfate, are known to maintain SM cells in a differentiated state. These components 
mayaiso induce differentiation in undifferentiated cells (i.e., fetal cells) or partially 
differentiated cells such as quiescent fibroblasts. 

It is well known that heparin decreases the proliferation of SM cells in vivo 
(Clowes and Kamovsky, 1977) and in vitro (Hoover et al., 1980). Furthermore, heparin 
has also been shown to inhibit SM cell modulation from a contractile to a synthetic 
phenotype (Chamley-Campbell and Campbell, 1981; Majack and Bornstein, 1984), as 
well as the switch in actin isoform expression observed in SM cells after a balloon 
catheter-induced endothelial injury (Clowes et al., 1988). Heparin is able to induce 
a-SM actin expression in cultured SM cells (Desmouliere et al., 1991). In cultured 
fibroblasts, heparin increases the expression of both a-SM actin protein and mRNA 
(Desmouliere et al., 1992b). This induction is observed in many different fibroblastic 
populations. We assume (see Section 5.2) that heparin facilitates the presentation to cell 
receptors of differentiation or maturation factors present in serum. The analysis of 
[3H]thymidine incorporation in synchronized cells suggests that heparin produces a 
selection of a-SM-actin-expressing fibroblasts, since after heparin treatment the pro
portion of cells entering into the cell cycle is higher among the a-SM-actin-positive 
cells and lower among the a-SM-actin-negative cells compared to controls. For in vivo 
studies, osmotic minipumps filled with saline solution, nonanticoagulant heparin deriv
atives, or recombinant murine TNF-a without or with nonanticoagulant heparin deriva
tives were implanted subcutaneously in rats (Desmouliere et al., 1992b). After 14 days, 
the newly formed connective tissue around the perfusion pumps was collected. In 
control animals and in animals treated with heparin derivatives, the capsule was thin 
and a-SM actin staining was never detected. TNF-a produced a significant fibroblast 
accumulation, but the fibroblastic cells were positive for a-SM actin only when TNF-a 
was combined with heparin derivatives. Thus proliferation and a-SM actin synthesis 
by fibroblasts appear to be distinct phenomena during the fonnation and progression of 
granulation tissue. Furthermore, heparin and heparan sulfate proteoglycans are known 
to bind many growth factors (Flaumenhaft and Rifkin, 1991; Ruoslahti and Yamaguchi, 
1991) such as basic FGF (Ornitz et al., 1992), TNF-a (Lantz et al., 1991), and TGF-ß 
(McCaffrey et al., 1989, 1992), and these interactions may be essential to their activity. 
In conclusion, heparin is likely to participate in the complex modulation mechanisms 
during different connective tissue reactions. 

6. Interactions between Fibroblasts and Other Granulation 
Tissue Components 

As we have seen, different cells can produce cytokines and extracellular matrix 
components capable of modifying the myofibroblastic phenotype. During all steps of 
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the wound-healing process, i.e., inflammation, angiogenesis, and reepithelialization, 
fibroblasts interact with different cell types and the extracellular matrix environment is 
modified (Fig. 1). We will focus our discussion on inflammatory cells, vascular cells, 
and epithelial cells. We will also discuss the modifications of cell adhesion moleeule 
pattern during fibroblast phenotypic changes. 

6.1. Macrophages and Inflammatory Cells 

In vitro experiments have shown that GM-CSF does not directly stimulate a-SM 
actin expression when added to the culture medium of rat or human fibroblasts. To 
clarify this point, we have studied chronologically the formation of granulation tissue 
induced by GM-CSF treatment. After GM-CSF local treatment, the appearance of 
a-SM-actin-rich myofibroblasts (Rubbia-Brandt et al., 1991) is preceded by a charac
teristic clusterlike accumulation of macrophages (Vyalov et al., 1993), suggesting that 
such macrophages are important in the stimulation of a-SM actin synthesis by myo
fibroblasts; macrophages may produce one or more a-SM actin expression-inducing 
factors. Among factors secreted by activated macrophages and capable of modulating 
the expression of a-SM actin, TGF-ßl appears to be the most efficient (Desmouliere et 
al., 1993). Moreover, in transgenie mice expressing GM-CSF, fibrotic nodules devel
oped in areas where macrophages accumulate (Lang et al., 1987). In lung fibrosis, 
factors secreted by macrophages are implicated in the genesis and the maintenance of 
the disease. In human pulmonary fibrosis, Broekelmann et al. (1991) have observed 
that macrophage and TGF-ß localization coincide with extracellular matrix deposition. 
Khalil et al. (1989) have shown that in pulmonary fibrosis induced by intratracheal 
instillation of bleomycin, an accumulation of a-SM-actin-expressing myofibroblasts is 
observed around clustered macrophages exhibiting a high expression of TGF-ß. 

It is an old clinical observation that mast cell proliferation is accompanied by 
fibrotic changes (Claman, 1985). Functional features of mast cells are regulated by 
fibroblasts (Levi-Schaffer et al., 1985). Our results (Desmouliere et al., 1992b) suggest 
that mast cells in turn exert a regulatory influence on fibroblast activities through their 
products, such as heparin. 

6.2. Vascular Cells (Endothelial Cells and Pericytes) 

Many studies have examined in vitro the relationships between endothelial cells 
and SM cells or pericytes. In normal conditions, endothelial cells participate in the 
homeostasis of the arterial wall by secreting substances such as heparan sulfate pro
teoglycans or nitric oxide. It seems probable that endothelial cells and pericytes influ
ence the development of the myofibroblastic phenotype. In turn, fibroblastic cells play 
an important role during angiogenesis. Capillary morphogenesis by microvascular 
endothelial cells cultured in collagen or fibrin gels is modulated by cytokines such as 
vascular endothelial growth factor, a potent mitogen acting selectively on endothelial 
celIs, basic FGF, or TGF-ß (Pepper et al., 1993). Swiss 3T3 fibroblasts are able to 
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stimulate fonnation of capillarylike tubules by cloned bovine microvascular endo
thelial cells (Montesano et al., 1993). 

Angiogenesis plays an important role in many pathological processes (Arnold and 
West, 1991). Ouring the transfonnation of a granulation tissue in an irreversibly fibro
tic tissue, some important factors presumably reach the lesion via newly fonned micro
vessels. The presence of rounded endothelial cells reducing the lumen of new vessels 
of hypertrophie scar and keloid has been reported (Kischer et al., 1982). Fibroblast 
proliferation may be induced by local hypoxia with associated release of oxygen free 
radicals (Murrel et al., 1987, 1989). Furthennore, it has been shown that hypoxia is a 
stimulus for fibroblasts in culture (Hunt et al., 1985). Rounded endothelial cells pro
jecting into the lumen of vessels may have a critical role in the development and 
maintenance of hypertrophie scar and keloid and may represent a common pathway in 
the development of fibrotic lesions. 

6.3. Epithelial Cells 

Interactions between epithelium and mesenchyme play an important role during 
nonnal development and for the maintenance of differentiation in the adult. It has been 
demonstrated that the growth and differentiation of nonnal epithelium is regulated 
inductively or pennissively by neighboring mesenchymal components. 

TGF-ß suppresses the appearance of the transfonned phenotype in cocultures of 
ras-transfonned keratinocytes and nonnal dennal fibroblasts (Missero et al., 1991). 
Loreal et al. (1993) have shown that a high level of matrix protein synthesis by liver 
cells in vitro is not sufficient to induce extracellular matrix deposition; cooperation 
between hepatocyte and perisinusoidal cells (Ito cells) is necessary for this process. 

In an in vitro system in which Madin-Oarby canine kidney (MOCK) epithelial 
cells are cocultured in collagen gels with fibroblasts, Montesano et al. (1991) have 
observed that hepatocyte growth factor, a fibroblast-derived molecule, plays a crucial 
role in the control of epithelial morphogenesis. Among stromal mediators of epithelial 
cell proliferation, keratinocyte groWth factor, unlike other molecules in the FGF family, 
does not appear to cause mesenchymal stromal cell proliferation (Finch et al., 1989; 
Ulich et al., 1994). 

Ouring wound healing, keratinocytes change from a sedentary to a migratory 
phenotype (Grinnell, 1992). It is conceivable that fibroblasts and myofibroblasts pre
sent in granulation tissue contribute to keratinocyte phenotypic modulation by secret
ing specific extracellular matrix components. In turn, we can assurne that keratinocytes 
are able to act on myofibroblast differentiation. Coculture results in stimulation of cell 
growth and total protein synthesis in both keratinocytes and dennal fibroblasts when 
compared to monocultured controls. Coculture with fibroblasts also facilitates ker
atinocyte tenninal differentiation, while both cell types secrete paracrine factors affect
ing cell growth, motility, and protein expression (for review, see Birchmeier and 
Birchmeier, 1993). The observation that in human cervix intraepithelial neoplasia 
a-SM actin develops in stromal fibroblasts prior to invasive phenomena (Cintorino et 
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al. , 1991) supports the possibility that epithelial changes influence the fibroblastic 
phenotype through an apparently intact basement membrane. 

Stromal influences on epithelial neoplasia have also been documented using dif
ferent models in vivo. For example, transformed fibroblasts coinoculated with epithe
lial cells accelerated the growth and shortened the latency period of human epithelial 
tumors in athymic mice (Camps et al., 1990). Fabra et al. (1992) have shown that 
specific fibroblasts influence the invasive potential of highly metastatic human colon 
carcinoma cells. By using low- and high-metastatic murine lung carcinoma celllines, 
Nakanishi et al. (1994) have demonstrated that the ability of tumor cells to induce a 
stromal response of the host tissue was inversely correlated with their metastatic 
potential. However, the relationship between the stromal response of the host tissue and 
tumor invasion and metastasis remains to be defined. Recent work showing that the 
steroid analogue tamoxifen induces the formation of TGF-ß in the stroma of human 
breast tumors (Butta et al., 1992) furnishes an intriguing new interpretation of the 
action of this substance and may allow the study of the role of cytokines as mediators in 
cell-cell interaction mechanisms. 

6.4. Cell Adhesion Moleeules 

Adhesive interactions between cells and collagen are required for contraction and 
are mediated by a2ßl integrins (Klein et al., 1991; Schiro et al., 1991). Fibronectin 
a5ßl receptors appear on granulation tissue fibroblasts on day 7 after injury, when 
fibroblasts become resident within the wound (Clark, 1993); at this time they produce 
important amounts of type I collagen and fibronectin (Welch et al., 1990). Further
more, fibronectin receptors playa key role for fibronectin and collagen matrix assem
bly (McDonald et al., 1987). As we have emphasized, myofibroblasts form specific 
junctions (fibronexi) with the surrounding fibronectin-rich granulation tissue (Singer et 
al., 1984). Interestingly, the presence of numerous fibronexi has been observed in 
Dupuytren 's disease, alesion characterized by a high contraction activity (Tomasek and 
Haaksma, 1991). Recently, the close relationship between a-SM actin expression in 
fibroblasts and collagen remodeling has been underlined by Arora and McCulloch 
(1994); their results indicate that gel contraction is dependent on a-SM actin expres
sion, and that a-SM actin is a functional marker for a fibroblast subtype involved in 
extracellular matrix remodeling. Fibroblasts, SM cells, and endothelial cells develop 
interactions with elastic fibers (Perdomo et al., 1994). This type of interaction can play 
an important role during wound healing and fibrotic process, since some tissues such as 
skin and lung are very rich in elastin. 

7. Mechanisms of Granulation Tissue Contraction and in Vitro 
Wound Contraction Models 

While the relationship between myofibroblast and granulation tissue contraction 
appears well established, the mechanisms regulating this process remain at present 
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mysterious. Numerous physiological and phannacological agents known to act on SM 
cell have been reported to influence the contraction of granulation tissue strips in vitro 
(Majno et al., 1971; Ryan et al., 1974; for review, see Skalli and Gabbiani, 1988). It is 
weIl accepted that (X-SM actin is a marker for cells with contractile features. Epidermal 
cells of the planaria that express (X-SM actin may help to contract the wound edges to 
create the first protective epidermal covering (Pascolini et al., 1992). These planarian 
epidermal cells may exert functions similar to those of myoepithelial cells. Human lens 
cells of anterior capsular cataract and cultured bovine lens-forming cells (Greenburg 
and Hay, 1986; Schmitt-Gräff et al., 1990), despite their embryonic ectodermal origin, 
express (X-SM actin under some pathological or experimental conditions and may be 
modulated into mesenchymal-like cells. In this context, they can playa contractile role 
in which (X-SM actin is implicated. Furthermore, the presence of fibronexus (Singer et 
al., 1984) illustrates the tight connections that develop between myofibroblasts and the 
surrounding extracellular matrix, allowing granulation tissue contraction. 

The force generated by cultured fibroblasts can distort a sheet of silicon on which 
they are grown (Harris et al. , 1981; Boswell et al., 1992). Stress fibers are thought to be 
the force-generating element involved in wound contraction. Moreover, as suggested 
by Boswell et al. (1992) and Streuli et al. (1993), normal fibroblasts develop in vitro 
"differentiated" properties that resemble those exhibited in a "wounded" environment, 
presumably because cell culture conditions resemble basically those of an open wound. 
However, good models to evaluate fibroblast contraction in culture are not presently 
available. 

To study wound contraction in vitro, different models using fibroblasts cultured in 
collagen or fibrin matrices have been developed. In a floating collagen matrix, contrac
tion occurs in a mechanically relaxed tissue, while in an anchored collagen matrix, 
contraction occurs in a stressed tissue. As suggested by Grinnell (1994), free matrices 
resemble dermis and anchored matrices resemble granulation tissue. Fibroblasts in 
anchored matrices develop myofibroblastic features (Bell et al., 1979) in contrast to 
fibroblasts in floating collagen matrices (Tomasek et al., 1992). Fibroblasts in floating 
versus anchored matrices show important differences in cell proliferation (Nishiyama 
et al., 1989) and in collagen biosynthesis (Nusgens et al., 1984). Furthermore, the 
tension forces developed in a restrained collagen lattice by myofibroblasts obtained 
from human skin granulation tissue explants are more intense than those exerted by 
human dermis fibroblasts (Delvoye et al., 1991). These results suggest that mechanical 
forces within the tissue can regulate cell proliferation, cell differentiation, and extra
cellular matrix organization. 

8. Senescence and Apoptosis 

Fibroblasts grown in vitro can be stimulated to divide as weIl as to leave the cell 
cycle and "differentiate" (Le., express (X-SM actin) as fibroblasts do in vivo in granula
tion tissue. Fibroblastic cells repeatedly pressed to divide in vitro attain astate in which 
they are refractory to further mitotic stimulation and to subculturing. Cultured human 
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fibroblasts have a finite in vitro life span that correlates with the age of the donor, and it 
has been proposed that this loss of proliferative capacity serves as a model of cellular 
aging (Hayflick, 1965). However, we can assurne, as suggested by previous works 
(Martin et al., 1974; Bell et al., 1978; Macieira-Coelho and Taboury, 1982), that loss of 
division potential in vitro represents differentiation instead of aging. It seems clear that 
the loss of proliferation capacity observed in vivo during aging and in vitro after several 
passages represent different features induced by mechanisms that cannot be always 
correlated (Bruce, 1991). The accelerated growth rate of human fetal cells results 
primarily from developmental events intrinsic to the cells and is associated with high 
responsiveness to the mitogenic action of peptide growth factors (Fant, 1991). Human 
newbom skin fibroblasts senesce in vitro without acquiring growth factor requirements 
typieal of fibroblasts cultured from adults (Wharton, 1984). Furthermore, cloning and 
subcloning experiments show that features of the cultured parental population are 
representative of a subpopulation present in vivo and fumish evidence for selection 
events in mass culture (Zavala et al., 1978). 

It is weH established that the evolution of granulation tissue into scar tissue 
implies a massive decrease in cellularity, with the most involved cells being fibroblasts, 
endothelial cells, and pericytes. When granulation tissue cells are not eliminated, there 
is development of hypertrophie scar or keloid, both characterized by a high degree of 
cellularity. By means of in situ end-labeling (ISEL) of fragmented DNA (Table IV) and 
of morphometry at the electron microscopie level, we have shown that the proportion 

Table IV. Evaluation of Cells Showing ISEL 
of Fragmented DNAa.b 

Days after 
wounding 

7 
8 

10 
12 
16 
20 
25 
30 
60 

Granulation tissue 

Fibroblasts 

+/
++ 

+++ 
++ 
+/-

Vascular cells 

+/
+/-
+ 

++ 
++ 
++ 
+ 

aThe staining with ISEL method was observed blindly and inde
pendently by two researchers and c1assified as: -, no staining; 
+ 1-, staining in less than 3% of cells; +, staining in 3-6% of 
cells; + +, staining in 6-9% of cells; and + + +, staining in 9-
12% of cells. 

bFrom Desmouliere et al. (1995), with permission. 
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Figure 3. Transmission electron micrographs showing early apoptotic features in granulation tissue 20 days 
after wounding. (a) The nucleus of an apoptotic fibroblast shows chromatin condensation and appears in 
part extruded from the cytoplasm. (b) A macrophage with phagolysosomes (right) and an endothelial cell 
with initial apoptotic changes are observed. Bar = 1 J.Lm. 
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of myofibroblastic and vascular cells undergoing apoptosis dramatically increases as 
the wound closes (Desmouliere et al., 1995). Apoptotic fibroblasts showed condensa
tion and margination of chromatin, cytoplasmic vacuoles, and convoluted cell surface 
(Fig. 3a). In addition, capillaries with endothelial cells undergoing apoptosis were 
observed (Fig. 3b). Macrophages containing phagolysosomes were seen near fi
broblastic apoptotic cells, suggesting that this is the major route of removal of apopto
tic bodies (Fig. 3b). 

Our data indicate that apoptosis of granulation tissue cells takes place essentially 
after wound closure and affects target cells consecutively rather than producing a single 
wave of cell disappearance. These observations are in line with the gradual resorption 
of granulation tissue after wound closure. 

The question that remains to be answered is what is the stimulus leading to 
apoptosis during wound healing. In the last years, gene products regulating cell death 
have been identified (for review, see Evans, 1993). In fibroblasts, the c-myc protein 
(Evan et al., 1992) and interleukin-lß-converting enzyme, the mammalian homologue 
of the Caenorhabditis elegans cell death gene ced-3 (Miura et al., 1993), has been 
shown to induce apoptosis. A possible mechanism for apoptosis induction could be via 
direct action and/or withdrawal of cytokines or growth factors (Robaye et al., 1991; 
JÜfgensmeier et al., 1994; Moulton et al., 1994). Several cytokines have been shown to 
be present in the normally healing wound, released mainly by platelets and inflamma
tory cells. It is probable that as the wound resolves, there is a decrease in the level of 
these factors. A possible explanation for the death of at least a subpopulation of 
myofibroblasts and vascular cells would be that they are growth factor-dependent. 
Altematively, factors selectively causing the death of fibroblastic and vascular cells 
could be liberated after epithelialization has been completed. Recently, Jürgensmeier et 
al. (1994) have shown that TGF-ß-treated fibroblasts eliminate transformed fibroblasts 
by induction of apoptosis. This mechanism could be potentially acting during wound 
healing. Myofibroblasts could be induced to die by a subpopulation of fibroblasts that 
is not implicated in myofibroblastic differentiation but participates in the control of 
cellularity. Studies along these lines will be useful for the understanding of normal and 
pathological wound healing and possibly for modifying the evolution of keloid and 
hypertrophic scar. 

Interactions between cells and extracellular matrix components have been sug
gested to playa key role in fibroblast apoptosis (Ruoslahti and Reed, 1994). When their 
anchorage is modified, cells can undergo apoptosis, and this process implicates 
integrin-mediated signaling as the controlling factor. Up to now this type of apoptotic 
response appears to be limited to epithelial and endothelial cells (Meredith et al., 1993; 
Frisch and Francis, 1994), but we can suppose that a similar mechanism could be 
implicated in fibroblastic cell apoptosis. 

Our in vivo and in vitro results suggest that under normal conditions, the process 
of myofibroblast differentiation ends with the death of these cells. Thus, myo
fibroblasts could be considered to be terminally differentiated cells. As suggested by 
McCulloch and Bordin (1991), we can assume that the development of fibroblast 
subpopulations is organized similarly to that of the hematopoietic system. 
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9. Conclusions and Perspectives 

Although many biologieal features of myofibroblasts remain a mystery, it is now 
accepted that these cells arise from preexisting fibroblasts during cutaneous wound 
healing (Darby et al., 1990). In organs other than the skin, myofibroblasts can develop 
from specialized cells such as SM cells, glomerular mesangial cells, and hepatic peri
sinusoidal cells (for review, see Schmitt-Gräff et al., 1994). During their development, 
myofibroblasts express to various extents proteins normally present in SM cells, sug
gesting that they assume contractile features (Skalli and Gabbiani, 1988). Moreover, 
they organize architecturally in a well-defined pattern that is typically observed in the 
granulation tissue of a cutaneous open wound and consists of arrays of cells aligned in 
layers parallel to the wound surface, with small vessels disposed perpendieularly. It has 
been shown that cultured fibroblasts, which have a cytoskeletal organization similar to 
that of in vivo myofibroblasts, exert an important tension on their substratum (Harris et 
al., 1981). It is conceivable that myofibroblasts exert a similar tension or isometric 
contraction on the surrounding tissues. It has been proposed that tissue shape in general 
is regulated by a cytoskeleton-dependent tensionally integrated structure (tensegrity); 
this view implies that architecture is more important than individual molecules or even 
simple mechanics (Ingber, 1993). In this context, the well-established architectural 
organization of granulation tissue during wound healing correlates weIl with the ap
pearance of wound contraction. Loss of myofibroblasts by apoptosis (Desmouliere et 
al., 1995) would explain the decreased tension after wound epithelialization. 

The factors regulating myofibroblast differentiation and modulation are becoming 
better known (for review, see Desmouliere and Gabbiani, 1994). In this context, the 
observation that 'Y-IFN can reduce the size of hypertrophie scars and Dupuytren's 
nodules (Pittet et al. , 1994) awaits further clinieal confirmation. Similarly, recent 
reports that experimental scarring as weIl as fibrotic lesions (Border et al., 1990; Shah 
et al., 1992; Beck et al. , 1993) are reduced by pretreatment or treatment with antibodies 
against TGF-ß 1 appear promising. 

The acquisition of SM cell cytoskeletal features, especially of a-SM actin expres
sion, by myofibroblasts not only represents a good marker of the contractile and/or 
tensile activity of these cells, but probably also plays a role in the actual production of 
contractile or tensile forces. The recent observation that a-SM actin expression can be 
selectively inhibited in cultured SM cells microinjected with the acetylated N-terminal 
tetrapeptide of a-SM actin (Chaponnier et al., 1995) will probably furnish a tool to 
study the role of this actin isoform in myofibroblast differentiation and activity. 

In conclusion, during the last years, many biologieal features of the myofibroblast 
have been clarified. In the future we should leam more about the role of these cells in 
normal and pathological wound healing and we shall probably become able to interfere 
efficiently with their activity during pathologieal situations. 
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Proteinases and Tissue Remodeling 

PAOLO MIGNATTI, DANIEL B. RIFKIN, HOWARD G. WELGUS, 
and WILLIAM C. PARKS 

1. Introduction 

The tenn tissue remodeling describes transient or pennanent changes in tissue architec
ture that involve breaching of histological barriers such as basement membranes, basal 
laminae, and interstitial stroma [extracellular matrix (ECM)]. Tissue remodeling is 
important to several stages of wound repair, such as inflammation and granulation 
tissue fonnation, and in a variety of other physiological or pathological states. These 
include ovulation, spennatogenesis, trophoblast implantation, mammary involution 
following lactation, uterine involution, nerve regeneration, rheumatoid arthritis, tumor 
invasion, and metastasis fonnation. A common feature of tissue remodeling involves 
the production of high levels of extracellular proteolytic activities by parenchymal 
and/or connective tissue cells. The ECM is organized into highly complex structures, 
each of which consists of different components including various collagen types, 
glycoproteins such as fibronectin and laminin, elastin, glycosaminoglycans (GAGs), 
and proteoglycans. Because these ECM components have distinct hydrolytic require
ments for their degradation, remodeling of the ECM involves the action of an array of 
degradative enzymes. 

The ECM-degrading proteinases produced by most cells can be subdivided into 
three main classes: (l) serine proteinases, (2) metalloproteinases, and (3) cysteine 
proteinases (cathepsins) (Mignatti and Rifkin, 1993). In addition, a number of endo
and exoglycosidases selectively degrade GAGs and the amino sugar moieties of 
proteoglycans. A consistent body of experimental evidence has shown that serine 
proteinases and metalloproteinases play major roles in most physiological and patho
logical states involving tissue remodeling. These enzymes will be discussed in this 
section. 
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2. Serine Proteinases: The Plasminogen Activators 

The major members of the family of the serine proteinases include the plas
minogen activators (PAs), leukocyte elastase, and cathepsin G. Of these, the former are 
the best characterized, and a considerable body of experimental evidence indicates 
their involvement in many conditions involving tissue remodeling (for reviews, see 
Mullins and Rohrlich, 1983; Danp et al., 1985; Moscatelli and Rifkin, 1988; Saksela 
and Rifkin, 1988; Mignatti and Rifkin, 1993). PAs convert the zymogen plasminogen, a 
plasma protein ubiquitous in the body, to plasmin. Originally known as fibrinolysin 
because of its ability to degrade the fibrin clot, plasmin has a broad, trypsinlike 
substrate specificity and can degrade several ECM components including fibronectins, 
laminin, and the protein core of proteoglycans (Werb et al., 1980). It does not degrade 
elastin and native collagens, but it can degrade gelatins, the partially degraded or 
denatured forms of the collagens. In addition, plasmin also activates certain prom
etalloproteinases (see Section 4.3) (Werb et al., 1977; Matrisian, 1990; Murphy et al., 
1992b), as well as latent elastase (Chapman and Stone, 1984). 

A number of vertebrate proteins, including plasma kallikrein, the blood coagula
tion factors XI and XII, and the bacterial protein streptokinase can activate plas
minogen (Coiman, 1969; Mandie and Kaplan, 1977; Bouma and Griffin, 1978; Sum
maria et al., 1982). However, the term PA is currently restricted to two enzymes-the 
urokinase-type PA (uPA) and the tissue-type PA (tPA)-which are kinetically very 
efficient activators of plasminogen. 

2.1. Domain Structure of PAs 

Urokinase (55 kDa) and tPA (70 kDa) are the products of two distinct genes that 
have evolved from a common ancestor gene by duplication and subsequent mutations 
(Edlund et al., 1983; Pennica et al., 1983; Verde et al., 1984). The amino acid and 
nucleotide sequences of uPA and tPA reveal interesting features. Both PAs are typical 
"mosaic" proteins consisting of distinct domains that have structural and/or functional 
homology to functional units of ECM structural proteins or growth factors. These 
modular structures result from "exon shuffling" or "exon insertion," a process by which 
structural or functional domains are exchanged between proteins during evolution. tPA 
was the first mosaic protein to be described. Three functional "modules" are present 
both in tPA and uPA (Fig. 1): (1) aC-terminal proteinase domain homologous to the 
proteinase domain of trypsin and other trypsinlike proteinases, and containing the His, 
Asp, and Ser residues typical of the charge relay active site of all serine proteinases; (2) 
the "kringle" module, a cysteine-rich sequence folded by three internal disulfide 
bridges to form a structure that resembles the Danish cake bearing this name; and (3) 
the N-terminal "growth factor" domain, a cysteine-rich sequence with high homology 
to epidermal growth factor (EGF) (Li and Graur, 1991). Whereas uPA has one kringle, 
tPA has two. In addition, the 43 N-terminal residues oftPA have no counterpart in uPA. 
This sequence forms a fingerlike structure homologous to the "finger" domains of 
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result in loss of catalytic activity. 

fibronectin that confer fibrin affinity on this ECM protein. tPA, unlike uPA, has a 
strong affinity for fibrin. Because plasminogen also binds to fibrin, the positioning of 
plasminogen and tPA on the common ligand results in a 60-fold decrease of the KM 
(increase in the affinity) for plasminogen activation. Whereas tPA is poorly active in 
the absence of fibrin, its activity is strongly enhanced by fibrin. On the basis of these 
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features, it has been proposed that the two PAs may have different physiological roles, 
tPA being primarily involved in clot lysis and uPA mediating tissue-remodeling pro
cesses. 

Kringle domains are also present in other serine proteinases: plasminogen has five 
kringles and prothrombin has two (Li and Graur, 1991). In addition, apolipoprotein "a" 
possesses a number of kringles with high homology to plasminogen but is devoid of an 
active proteinase domain (lchinose, 1992). Interestingly, the recently identified hepato
cyte growth factor/scatter factor (HGF/SF) also has structural and sequence homology 
to plasminogen (Ponting et al., 1992). HGF/SF has four kringles and a proteinase 
domain that lacks catalytic activity because of a mutation in the active site (Tashiro et 
al. , 1990; Nakamura, 1991; Gherardi et al., 1993; Mizuno and Nakamura, 1993). It is 
noteworthy that, like plasminogen, HGF/SF is also efficiently activated by uPA or 
other serine proteinases (Naldini et al., 1992). In addition, HGF/SF stimulates uPA 
expression in epithelial and endothelial cells (Bussolino et al., 1992; Pepper et al., 
1992a,b). "Growth factor" domains are also present in the blood coagulation factors IX 
and X, and in protein C (Li and Graur, 1991) (Fig. 1). 

In their catalytically active forms, uPA and tPA consist of two polypeptide chains 
(A and B). The B chains of both enzymes, which include the C-terminal portion of the 
proteins, are similar and contain the active site. The Achains also show a high degree 
of homology but differ considerably in size, the difference being accounted for by the 
second kringle and the finger domain of tPA. The amino acid sequence encompassing 
residues 13-30 ofthe N-terminal, EGF-like domain ofthe noncatalytic A chain ofuPA 
mediates binding to a specific cell membrane receptor (uPA receptor) (see Section 
2.2.1) (Appella et al., 1987). 

2.2. Regulation of PA Activity 

The expression of PA activity is regulated by complex control mechanisms that act 
both transcriptionally and posttranscriptionally. Similar mechanisms also control ma
trix metalloproteinase (MMP) activities (Fig. 2) .. In a variety of cells, PA gene tran
scription is modulated by a number of agents, including tumor promoters, oncogenes, 
growth factors, cyclic AMP, retinoids, prostaglandins, and UV light (Table I) (Dan0 et 
al., 1985). Posttranscriptional control of enzyme activity occurs at different levels. 
These include: (1) proenzyme activation, (2) enzyme focalization on the cell mem
brane, and (3) interaction with specific tissue inhibitors (Fig. 2). 

As is the case for all extracellular serine proteinases and MMPs (see Section 4), 
PAs are secreted in the form of inactive, single-chain zymogens (pro-uPA or sc-uPA, 
pro-tPA or sc-tPA) that are converted to the active, two-chain form by limited pro
teolysis (Fig. 3) (Dan0 et al., 1985; Petersen et al., 1988). One of the more important 
features of the PA-plasmin modulatory system is the amplification loop resulting from 
plasminogen and pro-uPA activation. Trace amounts of plasmin activate pro-uPA (Cu
bellis et al., 1986; Petersen et al., 1988), thus generating a self-maintained feedback 
mechanism of pro-uPA and plasminogen activation. The concentration of circulating 
plasminogen is relatively high (approx. 2 f.LM, or 200 f.Lg/ml) and in humans approx-
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Table I. Transcriptional Modulators of uPA and MMPs 

uPA 

Steroid hormones 
Peptide hormones (gonadotropins) 
Prostaglandins 
UV light 
cAMP 
Cholera toxin 
Retinoic acid 
Growth factors 
Tumor promoters 
Oncogenes 
Neoplastic transformation 

MMPs 

Steroid hormones 
Extracellular matrix 
Prostaglandins 
UV light 
Lipopolysaccaride 
Retinoic acid 
Growth factors 
Tumor promoters 
Oncogenes 
Neoplastic transformation 
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Chapter 14 

imately 40% of the plasminogen is loeated in extravaseular sites, including the basal 
layer of epidermis (Robbins and Summaria, 1970; Isseroff and Rifkin, 1983). Thus, the 
produetion of small amounts of PA ean result in high loeal eoneentrations of plasmin. 

Plasmin-mediated aetivation is probably not the only way by whieh se-uPA ean be 
eonverted to aetive te-uPA in vivo. In ehicken fibroblasts, se-uPA aetivation is associ
ated with a membrane-bound arginine-speeifie serine proteinase. However, the expres
sion of this enzyme appears to be restrieted to Rous sareoma virus (RSV)-transformed 
ehicken fibroblasts (Berkenpas and Quigley, 1991). Cathepsin B can activate both the 
soluble and receptor-bound fonns of pro-uPA in vitra (Kobayashi et al., 1991). How
ever, the presenee of relatively high eoneentrations of plasminogen in virtually all 
vertebrate tissues implieate plasmin as the most important aetivator of pro-uPA. 

2.2.1. The uPA Receptor 

The amplification loop aehieved by plasmin aetivation of pro-uPA is further 
modulated by the high-affinity interaction (Kd = 50-150 pM) of uPA with a specific 
plasma membrane binding protein. The uPA reeeptor (uPAR) is a highly glycosylated, 
55- to 60-kDa protein linked to the plasma membrane by a glyeosyl-phosphatidyl 
inositol (GPI) anchor (Nielsen et al., 1988; Estreicher et al., 1989; Behrendt et al., 
1990, 1991; Roldan et al., 1990; Ploug et al., 1991). The nonglycosylated polypeptide 
has a molecular weight of 35 kDa, as predieted by its deduced amino acid sequenee 
(Roldan et al., 1990). The high degree of glycosylation probably has an important role 
in determining uPAR affinity for its ligand (M011er et al., 1993). The protein eonsists of 
three internal repeats (domains 1 to 3), eaeh of which contains approximately 90 amino 
acid residues. The N-terminal 87 amino acid residues eonstitute the ligand-binding 
domain (domain 1) (Behrendt et al., 1990; R0nne et al., 1991; Pöllanen, 1993). On the 
surface of human U937 monocytelike eells, uPAR is present in two forms. One form 
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has ligand-binding properties and consists of three domains; the second is a two
domain fonn that lacks domain 1 [uPAR(2 + 3)] and is devoid of uPA-binding activity. 
The two-domain fonn results from uPA or plasmin c1eavage of the three-domain 
molecule (HlIlyer-Hansen et al., 1992). The c1eavage of uPAR by uPA or plasmin may 
represent a control mechanism by which these proteinases modulate their own activity 
on the cell surface. 

uPAR has been found on the membranes of a variety of cells, inc1uding fi
broblasts, endothelial cells, macrophages, and keratinocytes (Ellis et al., 1993; Be
hrendt et al., 1993). As is the case for uPA, uPAR expression is also modulated by 
several agents, inc1uding cytokines, honnones, and tumor promoters (Stoppelli et al., 
1986; Kirchheimer et al., 1988; Lu et al., 1988; Estreicher et al., 1989; Picone et al., 
1989; Lund et al., 1991a,b; Mignatti et al., 1991). In the human monocytelike U937 
cells, the tumor promoter phorbol 12-myristate 13-acetate (PMA), which induces mac
rophage differentiation, strongly increases uPAR gene transcription, as well as the 
cells' uPA-binding capacity (Picone et al., 1989; Lund et al., 1991b). Interestingly, 
monocytes induced to migrate in a chemotactic gradient rapidly polarize their uPAR to 
the leading front of the cell (Estreicher et al., 1990). This effect provides an additional 
mechanism for the modulation of uPA activity and imparts versatility to the role of uPA 
and uPAR in cell migration and tissue remodeling. 

Following secretion, uPA binds to uPAR in its inactive pro-uPA fonn through a 
specific N-tenninal sequence of its noncatalytic A chain (Appella et al., 1987). The 
bound zymogen is then activated by proteolytic c1eavage (Cubellis et al., 1986; Pe
tersen et al., 1988). Unlike most plasma membrane receptors, uPAR is not phosphory
lated after binding the ligand, and fonnation of uPA-uPAR complexes does not result 
in intemalization or receptor down-regulation. The interaction of uPA with uPAR on 
the plasma membrane has three important consequences: (1) the localization of enzyme 
activity at focal contact sites (Hebert and Baker, 1988; Pöllanen et al., 1988); (2) a 
dramatic lowering (40-fold) of the KM for plasminogen activation (Ellis et al., 1991; 
Lee et al., 1994); and (3) the intemalization and rapid degradation of uPAR-bound uPA 
after complex fonnation with the type 1 plasminogen activator inhibitor (PAI-l) (Cu
bellis et al., 1990). 

2.2.2. Binding Sites for tPA and Plasminogen 

Binding sites for tPA and/or tPA-inhibitor (PAI-l) complexes (see Section 2.2.3) 
have also been described on the membrane of certain cells inc1uding fibrob1asts, 
endothelia1 cells, monocytes-macrophages, and melanoma cells (Hajjar and Harnei, 
1990; Morton et al., 1990; Bizik et al., 1993; Carroll et al., 1993; Fe1ez et al., 1993). A 
high-affinity binding site for tPA on the membrane of human vascu1ar endothelia1 cells 
is associated with a 40-kDa protein that also binds plasminogen (Hajjar and Hamel, 
1990; Fe1ez et al., 1993; Hajjar, 1991, 1993). However, PAI-l associated with the 
surface of endothelial cells also appears to be a major binding site for tPA (Wittwer and 
Sanzo, 1990; Ramakrishnan et al., 1990; Russell et al., 1990). Unlike uPA-uPAR 
interactions, binding of tPA-PAI-l complexes requires elements of the PAI-1 moiety 
and/or regions of the protease domain of tPA (Morton et al., 1990). 
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Although high-affinity plasma membrane binding sites for plasminogen have not 
yet been characterized, an alpha-enolase-related molecule and the Hyman nephritis 
autoantigen (gp330) have been implicated as candidate receptors (Kanalas and Makker, 
1991; Miles et al., 1991). In general, cell surface proteins with C-terminallysyl resi
dues appear to function as plasminogen binding sites; alpha-enolase is a prominent 
representative of this class of receptors (Miles et al., 1991). This molecule, as weIl as 
the putative endothelial cell tPA receptor, also interacts with tPA (Miles et al., 1991; 
Felez et al., 1993). These findings suggest that several high-affinity binding sites for 
tPA may be shared with plasminogen. In addition, low-affinity, high-capacity binding 
sites for plasminogen appear to be present in the chondroitin sulfate proteoglycans of 
the ECM and ofthe cell surface (Hajjar et al., 1986; Miles and Plow, 1985; Plow et al., 
1986; Plow and Miles, 1990). Interestingly, uPA has a significant affinity for heparin 
and heparan sulfate proteoglycans (Andrade-Gordon and Strickland, 1986). Binding 
sites for plasminogen and tPA are also present on fibronectin and laminin (Moser et al., 
1993). Fibronectin binds both plasminogen and tPA via a 55-kDa N-terminal fragment 
(Moser et al., 1993). Unlike fibrin, intact fibronectin does not enhance the rate of tPA
catalyzed plasminogen activation; however, a mixture of proteolytically degraded fi
bronectin fragments stimulates the activation reaction, resulting in an 11-fold increase 
in the kcatlKM (Stack and Pizzo, 1993). Therefore, both plasminogen and PAs are 
colocalized either on the cell surface and/or in the ECM (Plow et al., 1986). The 
activation of the PA-plasmin system and the resulting plasmin activity appear not to 
occur in the soluble phase but on insoluble substrates, a feature that presents interesting 
similarities with reactions of the coagulation cascade (Moscatelli and Rifkin, 1988). 

2.2.3. The PA Inhibitors 

The third mechanism for the extracellular control of PA activity is mediated by 
specific protein inhibitors present in most tissues. PA-producing cells often also ex
press PA inhibitors. The expression of these inhibitors, like PA and uPAR synthesis, can 
be modulated by a number of biological agents, including tumor promoters and growth 
factors. Although PAs can form complexes with several members of the serine pro
teinase inhibitor (serpin) superfamily (Carrel and Travis, 1985), only three inhibitors 
have a sufficiently high affinity to be effective in vivo. The first of these, the type 1 PA 
inhibitor (PAI-l), is a 45-kDa protein produced by a variety of cell types and present in 
platelets and plasma (Loskutoff and Edgington, 1977; Hekman and Loskutoff, 1985). 
The second inhibitor, the type 2 PA inhibitor (PAI-2), is a 46.6-kDa protein expressed 
most notably by cells of the monocyte-macrophage lineage (Kawano et al., 1970; 
Astedt et al., 1985; Kruithof et al., 1986). The third inhibitor, protease nexin I (PN-I), is 
a 45-kDa protein originally purified from cultured fibroblasts, but also produced by 
several other cell types (Baker et al., 1980; Eaton et al., 1984). A fourth, less
characterized inhibitor, called PAI-3, has been isolated from human urine and is identi
cal to the protein C inactivator, but it is considerably less efficient than the other 
inhibitors (Heeb et al., 1987). Both PAI-1 and PAI-2 bind the active two-chain forms of 
uPA and tPA, rapidly forming 1: 1 molar complexes, but they have a poor affinity for 
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the one-chain zymogen forms of both PAs. The association rate constant of PAI-l for 
tc-uPA and tc-tPA (Ka = 107-108 M-1s-l) is higher than that ofPAI-2 (Ka = 105-106 

M-1s-l). PN-I is less specific for PA than PAI-l and PAI-2. It inhibits tc-uPA effec
tively (Ka = 105 M-1s-l) but has virtually no effect on sc-uPA and sc- and tc-tPA. In 
contrast, PN-I is an extremely rapid inhibitor of thrombin and also inactivates trypsin 
and plasmin (Saksela and Rifkin, 1988). 

PA inhibitors appear to participate in the tumover of PAs. Urokinase-PN-I com
plexes bind to the membrane of fibroblasts and are intemalized and degraded (Baker et 
al., 1980; Low etal., 1981). When uPA bound to uPAR reacts with PAI-l, uPAR-uPA
PAI-l complexes are rapidly intemalized and degraded (Cubellis et al., 1990). Thus, 
the interaction of PA inhibitors with uPA results in a rapid blockade of the pro-uPA
uPA-plasmin loop and causes inactivated enzyme molecules to be cleared from the cell 
surface. Recent findings have elucidated the mechanism for clearance from the extra
cellular space of uPA, tPA, and PAI-l. PA-PAI-l complexes and uncomplexed tPA 
bind to urmacroglobulin receptor/low-density lipoprotein receptor-related protein. 
(LRP or u 2-MR), a multifunctional receptor shared by a variety of ligands including 
u 2-macroglobulin, apoprotein E-enriched beta-very-low-density lipoprotein, tPA, and 
Pseudomonas exotoxin A. This receptor mediates endocytosis and degradation of the 
uPAR-uPA-PAI-l complex on cell surfaces, and participates, in cooperation with 
other receptors, in the hepatic clearance of PA-PAI-l complexes and uncomplexed tPA 
from blood plasma (Herz et al., 1992; Bu et al., 1993; Kounnas et al., 1993; Grobmyer 
et al., 1993; Iadonato et al., 1993; Andreasen et al., 1994). This mechanism represents 
a novel type of molecular recognition of serine proteinases and serpins by their cellular 
binding sites. 

2.3. General Features of the PA-Plasmin System 

The most relevant feature of the PA-plasmin system is the amplification achieved 
by the conversion of plasminogen to plasmin. Because of the high concentration of 
plasminogen in virtually all tissues, the production of small amounts of PA can result in 
high local concentrations of plasmin. Plasmin degrades several ECM components and 
at the same time activates interstitial procollagenase and prostromelysins (see Section 
4.3), as well as the latent form of elastase. AIthough the physiological mechanisms of 
activation of the type IV procollagenases are not yet understood, some MMPs can 
activate these enzymes in vitro (see Section 4.3). Thus, the production of even small 
amounts of PA results in the generation of high local concentrations of activated serine 
proteinases and MMPs. This cascade can be blocked at different levels by specific 
inhibitors. The blockade of plasminogen activation by PAIs will inhibit all subsequent 
events; the blockade of plasmin formation will result in the repression of MMP and 
elastase activation. In contrast, inhibition of MMPs by their specific tissue inhibitors 
(TIMPs) (see Section 4.5) will block these enzymes but leave plasmin unaffected. 

Several important features of PAs have become apparent in recent years. First, 
extracellular enzyme activation and proteolysis occur not in the soluble phase but on 
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insoluble substrates, such as the plasma membrane or the ECM. This feature and the 
cascade of proteolytic activation reactions involving PAs and MMPs show interesting 
similarities with the activation of the proteinases involved in the blood coagulation 
cascade. As is the case for blood clotting, most activation reactions involved in ECM 
remodeling are believed to occur on cell surfaces with high-affinity binding sites 
serving to localize zymogens. The localization of zymogens at privileged sites results 
in enhanced rates of activation, as well as in the protection of active species from 
inactivation by inhibitors. This concept has received considerable support from the 
characterization of uPAR and the findings of its involvement in tissue remodeling. 
Recently, high-affinity binding sites have also been described for the 72-kDa form of 
type IV collagenase (MMP-2 or gelatinase A) (Emonard et al., 1992; Monsky et al., 
1993). These binding sites are associated with specific regions of the cell membrane 
(invadopodia or podosomes) involved in cell migration and invasion (Monsky et al., 
1993). An integral plasma membrane component also appears to be required for pro
MMP-2 activation (Brown et al., 1993). However, these molecules have not yet been 
purified and characterized. Second, tissue remodeling results not only from increased 
proteinase production but also from a decrease in proteinase inhibitors. This observa
tion raises an interesting point as to the optimal level of proteolytic activity for ECM 
tumover and tissue remodeling. Finally, besides being invo1ved in ECM degradation, 
PAs also participate in controlling tissue remodeling through two parallel mechanisms: 
(1) the mobilization of growth factors, such as the fibroblast growth factors (FGFs) that 
are associated with ECM components, and (2) the activation of cytokines such as 
HGF/SF and transforming growth factor-ß (TGF-ß). These growth factors are potent 
angiogenesis inducers and can also modulate proteinase expression in a number of cell 
types. 

2.4. PA-Cytokine Interactions 

Basic FGF has a high affinity for the heparan sulfate proteog1ycans of the ECM 
(Saksela et al., 1988; Bashkin et al., 1989; Saksela and Rifkin, 1990). The growth 
factor is found associated with the ECM in vitro and with basement membranes in vivo 
(Bashkin el al., 1989; DiMario el al. , 1989) where it retains its biological activity and is 
protected from proteolytic degradation (Rogelj el al., 1989; Saksela el al., 1988). Also, 
uPA and plasminogen have significant affinities for heparan sulfate and chondroitin 
sulfate (Miles and Plow, 1985; Andrade-Gordon and Strickland, 1986; Hajjar el al., 
1986; Plow et al., 1986). Thus, both growth factors and components ofthe PA-plasmin 
system are located in the ECM in an insoluble phase. 

Severallines of experimental evidence have indicated that basic fibroblast growth 
factor (bFGF) release from the cell surface and ECM can be mediated by plasmin. 
When plasmin activity is increased, the release of bFGF-proteoglycan complexes is 
heightened. On the contrary, when plasmin formation is inhibited, the release ofbFGF
proteoglycan complexes is suppressed (Saksela and Rifkin, 1990). This process of 
growth factor mobilization is of particular importance for the biological activity of 
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bFGF because it permits bFGF to partition into the aqueous phase, rather than into the 
insoluble matrix, and to diffuse in the tissue and interact with its plasma membrane 
receptors (Flaumenhaft et al., 1990). The mobilization of bFGF from the ECM can be 
achieved not only through the action of plasmin but also by other degradative enzymes, 
including heparitinases (Vlodavski et al., 1983). However, the relative abundance of 
plasminogen in virtually all tissues and the efficient amplification mechanism achieved 
by PA-mediated plasminogen activation implicate plasmin as the most important pro
teinase in this process. 

The mobilization of bFGF from the ECM contributes to the control of the extra
cellular proteolysis mediated by vascular endothelial cells during angiogenesis. The 
bFGF released from the ECM stimulates PA, uPAR, and collagenase expression by 
microvascular endothelial cells (Moscatelli et al., 1986; Mignatti et al., 1991). These 
proteinases are required to degrade the vascular basement membrane and permit vascu
lar endothelial cell invasion during blood vessel formation (Mignatti et al., 1986, 1989; 
Montesano et al., 1986). This highly controlled invasive process is also modulated by 
PAs through the activation of latent TGF-ß 1 in the ECM. TGF-ß 1, a potent inhibitor of 
cell proliferation, migration, and proteinase production in vascular endothelial cells 
(Heimark et al., 1986; Muller et al., 1987; Saksela et al., 1987), is secreted constitu
tively by a variety of cell types, inc1uding endothelial cells, as part of a high-molecular
weight complex. The growth factor (25 kDa) is noncovalently linked to a 75-kDa 
latency-associated peptide (LAP) that is disulfide-linked to a 125- to 190-kDa binding 
protein (Miyazono et al., 1988). Mature TGF-ß 1 must be released from this complex to 
interact with its plasma membrane receptor and elicit a biological response. Plasmin is 
an efficient activator of latent TGF-ß 1 both in vitro and in cell cultures (Lyons et al., 
1988, 1990; Sato and Rifkin, 1989; Sato et al. , 1990). The active TGF-ß 1 formed in the 
ECM by the action of plasmin counteracts the stimulatory effects of bFGF on vascular 
endothelial cells by down-regulating uPA and collagenase gene expression and by 
stimulating PAI-l and TIMP synthesis (Saksela et al., 1987; Pepper et al., 1990). As a 
consequence, plasmin formation is blocked, active MMPs are inhibited, and pro-MMPs 
are no longer activated. However, this blockade of extracellular proteolysis also turns 
off the plasmin-mediated activation of TGF-ßl. When no more active TGF-ßl is 
present, the effects of bFGF on endothelial cells again become prevalent and proteinase 
production increases again (Flaumenhaft et al., 1992). 

This self-regulatory mechanism has profound implications in angiogenesis. Elec
tron microscopic analysis of capillary formation has shown that the proteolytic degra
dation of the vessels' basal lamina and endothelial cell migration are temporally fol
lowed by a stage in which the newly forming capillaries synthesize and organize a new 
lamina propria. During this process, extracellular proteolysis must be locally inhibited 
to permit the deposition and assembly of ECM components. After a capillary loop is 
formed, degradation of the newly formed basement membrane occurs at the tip of the 
loop. Endothelial cells invade from this location, and a new capillary sprout is formed 
(Ausprunk and Folkman, 1977). Thus, from a biochemical point of view the process of 
capillary formation during angiogenesis can be thought of as resulting from alternate 
cyc1es of activation and inhibition of extracellular proteolysis. 
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3. Role of PAs in Wound Healing 

Severallines of evidence implicate PAs in inflammation, granulation tissue forma
tion, matrix formation, and reepithelialization, the different stages of wound healing. 
PAs are produced by different cell types in the skin. These can be classified as follows: 
(1) epidermal ceIls: keratinocytes; (2) dermal ceIls: fibroblasts and capillary endothelial 
ceIls; and (3) cells that have migrated into the skin and are active during the different 
stages of wound repair: granulocytes and macrophages. The PAs secreted by these cells 
have concerted roles in tissue remodeling. These include dissolution of the fibrin clot, 
ECM degradation, growth factor mobilization and activation, cell migration into the 
wound area, angiogenesis, and reepithelialization. 

3.1. Inflammation 

During the early and late inflammatory stages of wound repair, the damaged area 
is supplied with high levels of proteolytic activity. From the onset of tissue injury, 
blood vessel disruption results in the extravasation of plasma constituents. Plas
minogen and PAs are released into the open tissue. Some of the same factors that take 
part in the coagulation cascade and support the initial inflammatory process can also 
directly activate plasminogen or convert proactivators into active PAs. The blood 
coagulation factors XI and XII, as weIl as serum kallikrein, activate plasminogen, 
although with low efficiency (Coiman, 1969; Mandie and Kaplan, 1977; Bouma and 
Griffin, 1978). Tissue kallikrein and factor Xa activate tPA (Andreasen et al., 1984; 
Ichinose et al., 1984). Trace amounts of plasmin activate the pro-uPA also brought into 
the wound region with blood plasma extravasation (Skriver et al., 1982; Eaton et al., 
1984; Cubellis et al., 1986; Petersen et al. , 1988), and thus trigger the efficient ampli
fication loop of pro-uPA-plasminogen activation. 

The formation of the fibrin clot provides an early, primitive form of ECM, which 
potentiates the migration of inflammatory cells into the lesion. Granulocytes and mac
rophages, the first cells that infiltrate into an area of injury and inflammation, secrete 
high amounts of uPA (Gordon et al., 1974; Unkeless et al., 1974; Granelli-Piperno et 
al., 1977; Vassalli et al., 1984). The high level of plasmin formed by the action of the 
PAs produced by these ceIls, together with the tPA derived from blood vessel disruption 
and plasma extravasation, lead to the ultimate dissolution of the fibrin clot. Because of 
its affinity for fibrin, the PA form mainly responsible for clot lysis is believed to be tPA 
(Dan0 et al., 1985). 

However, there is emerging evidence in PA-deficient transgenic mice (Carmeliet 
et al., 1994) that nonplasmin pathways mayaiso be important in fibrinolysis. Given the 
proximity of fibrin and monocytes at sites of vascular injury, it has been proposed that 
these cells may use an alternative mechanism for fibrin degradation and clearance. 
Monocytes have recently been shown to possess a plasmin-independent fibrinolytic 
pathway that uses the integrin Mac-I. Binding by this adhesion molecule results in 
fibrinogen-fibrin internalization and lysosomal degradation (Sirnon et al., 1993). 

The role played by PAs is not li mi ted to fibrin clot degradation. The high level of 
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proteolytic activity produced by monocytes has been associated with macrophage 
activation (Gordon et al., 1974; Unkeless et al., 1974). During their differentiation into 
macrophages, monocytes also express high levels of uPAR (Stoppelli et al., 1985; 
Picone et al., 1989). Interestingly, migrating monocytes polarize their uPAR to the 
leading front of the cell (Estreicher et al., 1990), indicating an important role for uPA
uPAR interactions in cell migration and tissue invasion. Monocytes also produce PAI-l 
and PAI-2 (Kruithof et al., 1986; Antalis and Dickinson, 1992; Hamilton et al., 
1993a,b). The expression of these inhibitors is up-regulated by several cytokines, 
including macrophage colony-stimulating factor (M-CSF), granulocyte-macrophage 
CSF (GM-CSF), and TGF-ß. However, the synthesis of each PAI appears to be inde
pendently regulated. PAI-l expression is up-regulated by TGF-ß and down-regulated 
by lipopolysaccharide, particularly in the presence of TGF-ß. In contrast, LPS up
regulates PAI-2 levels, whereas TGF-ß reduces both the basal levels and LPS-induced 
levels of PAI-2. The glucocorticoid dexamethasone up-modulates PAI-l; interleukin-4 
(IL-4) is ineffective (Hamilton et al., 1993a,b). These findings indicate that both PAI-l 
and PAI-2 are involved in the control of PA activity in monocyte-macrophages at sites 
of inflammation and tissue remodeling. 

The high level of local proteolytic activity produced by macrophages is an essen
tial component of the process of phagocytosis that leads to the debridement of the 
injured region. In addition, the plasmin produced by macrophages degrades glycopro
tein components of the ECM and activates the pro-MMPs and latent elastase produced 
by the same cells (Werb et al., 1977, 1980; Edlund et al., 1983; Chapman and Stone, 
1984; Matrisian, 1990). Whereas this process constitutes a first step in tissue remodel
ing, the degradation of fibrin and ECM components triggers the recruitment of other 
inflammatory cells through the generation of fibrin, collagen, elastin, fibronectin, and 
laminin degradation products, all of which are chemotactic for granulocytes and mac
rophages, as weIl as for endothelial cells (Stecher and Sorkin, 1972; Postlethwaite and 
Kang, 1976; Femandez et al., 1978; Senior et al., 1980; Bowersox and Sorgente, 1982; 
Norris et al., 1982). 

3.2. Granulation Tissue Formation 

In the stage of granulation tissue formation, fibroblasts and endothelial cells move 
into the wound space. This phenomenon has been studied in simplified in vitra models 
in which a monolayer of cultured cells is wounded with a razor blade or a rubber 
policeman, and cell migration into the denuded area is measured. Early experiments 
clearly associated PA activity with the migration of fibroblasts (Lipton et al., 1971; 
Bürk, 1973; Ossowski et al., 1973). Recent studies have shown the involvement of 
several components of the plasminogen-plasmin system in endothelial cell migration 
and angiogenesis. Vascular endothelial cells produce PAs both in vitro and in vivo. 
Immunohistochemical surveys of tissue sections have shown that human endothelial 
cells produce tPA but no detectable uPA (Kristensen et al., 1984). Primary cultures of 
human endothelial cells secrete tPA and at later passages both tPA and uPA (Philips et 
al. , 1984). Long-term or immortalized cultures of endothelial cells primarily express 
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only uPA (Tsuboi et GI., 1990; Peverali et GI., 1994). Although the PA produced by 
vascular endothelia1 cells in vivo is tPA, fonning capillaries appear to express uPA 
(Bacharach et GI., 1992). In wound-healing experiments in vitro, endothe1ial cells have 
been shown to up-regulate uPA, uPAR, and PAI-1 expression (Pepper et GI., 1992c, 
1993). The synthesis of these proteins is modulated in vascular endothelial cells by a 
number of cytokines that induce angiogenesis both in vitro and in vivo (angiogenic 
factors). These inc1ude bFGF, TGF-ß, HGF/SF, and vascular endothelial growth factor 
(VEGF) (Basilico and Moscatelli, 1992; Grant et GI., 1993; Roberts et GI., 1986; Yang 
and Moses, 1990; Ferrara et GI., 1991; K. J. Kim et GI., 1992; Pepper et GI., 1991). Basic 
FGF and TGF-ß have opposing effects on the PA activity of endothelial cells. The 
fonner is a potent inducer of uPA expression and has a relatively modest effect on 
PAI-1 synthesis, whereas the latter strong1y down-regu1ates uPA and up-regulates 
PAI-l expression (Saksela et GI., 1987; Pepper et GI., 1990). In contrast, bFGF and 
VEGF have a potent synergistic effect on endothelial cell PA production and an
giogenesis (Pepper et GI., 1992a). HGF/SF, which has structural homology to plas
minogen and is activated by uPA (Naldini et GI., 1992; Mizuno and Nakamura, 1993), 
also up-regulates uPA expression in epithelial and endothelial cells (Bussolino et GI., 
1992; Pepper et GI., 1992a), indicating the existence of an amplification mechanism of 
uPA production and HGF/SF activation. Interestingly, bFGF applied locally to open 
wounds of healing-impaired, diabetic (db/db) mice restores nonnal wound repair 
(Tsuboi and Rifkin, 1990). 

The concerted action of several angiogenic factors on endothelial cell PA activity 
indicates that plasmin fonnation must be finely modulated during angiogenesis. This 
view is also supported by the abnonnal behavior of endothelial cells that express high 
levels of uPA. Endothelioma cells expressing the polyoma virus middle T (mT) on
cogene (End cells) produce high amounts of uPA and low levels of PA inhibitors. When 
End cells are grown within fibrin gels, they invade the substrate and fonn large 
hemangiomalike cystic structures. Neutralization of excess proteolytic activity by ex
ogenous serine proteinase inhibitors corrects the aberrant behavior of the cells and 
results in the fonnation of capillarylike tubular structures (Montesano et GI., 1990). 

Whereas these findings implicate PAs and PAIs in cell migration and an
giogenesis, the mechanism(s) of action of PA in cell movement is not yet understood. 
Plasmin has been shown to disrupt actin cables in rat embryo cells (Pollack and Rifkin, 
1975), suggesting that PA or plasmin may be involved in the continuous rearrangement 
of cytoskeletal components that occurs during cell migration. However, more recent 
evidence has shown that the uPA-mediated stimulation of cell motility requires interac
tion of the N-tenninal peptide with uPAR and is independent of the enzyme's catalytic 
activity (Fibbi et GI., 1988; Odekon et GI., 1992). Because uPAR is a GPI-anchored 
protein and has no cytoplasmic domain, the mechanism by which intracellular signal
ing for movement can be generated remains unc1ear. 

The importance of PAs in angiogenesis is also supported by other findings in vitro 
and in vivo. It has long been known that plasma-derived fibrinolytic agents interact 
with ECM components and play important roles in maintaining vascular integrity. 
Treatment of ECM with plasmin or trypsin stimulates in vitro endothelial cell or
ganization into capillarylike structures (Maciag, 1984). This finding has generated the 
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pothesis that ECM degradation Imtlates a cascade of events that modulate an
giogenesis. It must be considered that in vivo PAs and other ECM-degrading pro
teinases originate from a variety of cell types, including granulocytes, macrophages, 
and fibroblasts present in the wound area well before angiogenesis actually begins. A 
scenario of cell cooperation may be established that is mediated by proteolytic en
zymes. Fibrin, fibronectin, and collagens and their respective degradation products are 
chemotactic for endothelial cells and potent angiogenesis inducers in vivo (Bowersox 
and Sorgente, 1982; Alessandri et al., 1983). ECM degradation products are produced 
very early after tissue injury. As soon as clot lysis is initiated by the PAs in the wound 
area, fibrin and fibronectin peptides are released in the lesion and may promote an
giogenesis by attracting endothelial cells from adjacent capillaries and/or venules and 
by favoring their organization into new capillaries. 

3.3. Matrix Formation and Reepithelialization 

In the remodeling process that follows granulation tissue formation, the elimina
tion of fibronectin from the early ECM is accomplished by the secretion of proteinases 
into the wound area. The involvement of the PA-plasmin system at this stage is 
suggested by its similarity with other physiological processes in which PA production 
has been associated with tissue remodeling. Examples are mammary involution follow
ing lactation, ovulation, and spermatogenesis, trophoblast implantation, and uterine 
involution postpartum (for a review, see Dan!ll et al., 1985). In these processes, as weIl 
as in wound healing, the ability of plasmin to activate certain pro-MMPs (see Section 
4) may represent a key feature in the control of connective tissue turnover. 

Severallines of evidence also suggest a role for uPA in the process of reepithelial
ization. uPA is produced by cultured human epidermal cells (Hashimoto et al., 1983). 
In cultures of differentiating mouse keratinocytes, the amount of ceIl-associated uPA 
increases with advanced differentiation. The enzyme levels decrease shortly after squa
me production, and the highest PA levels are found in squames that have detached from 
the culture surface. Because plasminogen is present in the basal layers of epidermis 
(Isseroff and Rifkin, 1983), these findings have suggested that the plasmin generated 
by endogenous keratinocyte PA may facilitate the terminal differentiative events of 
nuclear dissolution that characterize keratinocyte differentiation and be responsible for 
squame detachment (Risch et al., 1980; Isseroff et al., 1983). Interestingly, uPA and 
uPAR expression is up-regulated by several cytokines that also modulate migration and 
invasion of epithelial cells. These include EGF, HGF/SF, and keratinocyte growth 
factor (KGF), a member of the fibroblast growth factor family (FGF-7) (Estreicher et 
al., 1989; Pepper et al., 1992b; Tsuboi et al., 1993). Interestingly, as is the case for 
macrophages, the localization pattern of uPAR in keratinocytes suggests that this 
moleeule may be coupled to cell migration during cutaneous wounding (McNeill and 
Jensen, 1990). 

Recent findings also implicate components of the PA-plasmin system in periph
eral nerve and liver regeneration. Thc regenerative ability of the peripheral nervous 
system is dependent, at least in part, on Schwann cell properties. Rat dorsal root 
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ganglion neurons, after a wounding stimulus in vivo or when they are cultured in vitro, 
synthesize TGF-ß. This growth factor elicits multiple Schwann cell responses, includ
ing proliferation and morphological changes, decreased tPA, and augmented PAI-l 
secretion (Rogister et al., 1993). This generates conditions that are thought to favor 
successful neuritic regrowth. During partial hepatectomy, a transient increase in PAI-l 
mRNA is apparent within 1 to 2 hr after surgery. PAI-l expression is much higher in the 
region adjacent to the tissue injury than in more distal regions, and is induced primarily 
in hepatocytes in the transition zone between viable and necrotic tissue. Capsular 
mesothelial cells, subcapsular hepatocytes, and venous endothelial cells bordering the 
area also express PAI-l mRNA, whereas a much weaker synthesis is evident in hepato
cytes dispersed throughout the remaining intact lobes. These findings suggest that 
PAI-l may be of importance in the local tissue remodeling that accompanies liver 
regeneration (Schneiderman et al., 1993). 

4. Matrix Metalloproteinases 

The MMPs comprise a gene family of enzymes that share important common 
properties. Their catalytic mechanism requires an active site Zn2+; they are secreted as 
inactive zymogens; they can degrade various components of the extracellular matrix; 
and their proteolytic activity is inhibited by tissue-derived inhibitors (TIMPs). In 
addition, the various metalloproteinases share a high degree of structural similarity 
reflected by about a 40% amino acid homology among all members of the family. To 
date, 11 different MMPs representing 11 distinct gene products have been charac
terized, and it is likely that additional members of this gene family will be identified in 
the future. Additional information can be found in other reviews (Birkedal-Hansen et 
al., 1993; Matrisian, 1992; Woessner, 1991). 

4.1. Classitication of MMPs 

MMPs are categorized by their capacity to degrade various extracellular matrix 
substrates (Table 11), properties that are conferred by constituent structural domains. 
The best-characterized, and historically oldest, subgroup of MMPs are the interstitial 
collagenases, which possess the unique ability to cleave the tripie helix of native types 
I, 11, and III collagens. Three interstitial collagenases have thus far been identified 
(Freije et al., 1994; Hasty et al., 1990; Stricklin et al. , 1977), all of which cleave native 
type I collagen at a single locus (Gly775-Ile776 in the al chain; Gly775-Leu776 in (2), 
which is located about three fourths the distance from the N-terminus of the collagen 
molecule. At physiological temperature (37°C), the three-fourth- and one-fourth
length fragments of collagenase digestion denature spontaneously into randomly coiled 
gelatin peptides and can be further attacked by a variety of enzymes, including the 
gelatinases. However, the single cleavage of the collagen tripie helix catalyzed by 
interstitial collagenases is the rate-limiting step of collagen degradation (Welgus et al., 
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Table 11. Substrate Specificity of Matrix Metalloproteinases 

Collagenases Gelatinases Stromelysins Matrilysin Metalloelastase 

Laminin +. + 
Entactin + + 
Type IV + + + + 
Type VII + + 
Fi bronectin + + 
Proteoglycans + 
Collagens I, 11, III + 
Gelatin + + + 
Type V + + 
Elastin + + + 

1981), and these enzymes are believed to be uniquely capable of initiating type I 
collagen degradation in vivo at neutral pH. Collagenase-l is produced in the human by 
a variety of epithelial and mesenchymal cell types including keratinocytes, fibroblasts, 
macrophages, chondrocytes, and smooth muscle cells. Collagenase-2 (Hasty et al., 
1990) is a product only of the polymorphonuclear leukocyte and is contained within 
neutrophil granules, in distinction to all other MMPs, which are rapidly secreted 
without significant intracellular stores. Collagenase-3 (Freije et al., 1994) is a newly 
described enzyme found in breast cancer, but may represent the predominant interstitial 
collagenase in certain rodent species, such as the rat and mouse (Quinn et al., 1990). 

The stromelysins are so designated because of their broad substrate specificity. 
Three stromelysins have been characterized, and two of these (stromelysin-l and 
stromelysin-2) possess very similar catalytic activity, but exhibit quite different gene 
regulation. Stromelysins-l and -2 are strong proteoglycanases and can also degrade 
basement membranes, laminin, fibronectin, and the nonhelical telopeptides of some 
collagens (e.g., types IV and IX) (Murphy et al., 1991). Stromelysin-3 appears to 
exhibit only weak proteolytic activity (Murphy et al., 1993). 

There are two metallogelatinases, of molecular weight 72,000 and 92,000 kDa, 
which possess virtually identical substrate specificity, but are expressed in different 
tissues and are subject to distinct regulation. The 72-kDa gelatinase (gelatinase A) is 
produced constitutively in vitro by most cell types, including fibroblasts, osteoblasts, 
and smooth muscle cells; but, unlike other metalloproteinases, its expression is not 
regulated by cytokines, growth factors, or hormones, with the exception of TGF-ß 
(Overall et al., 1991). This paucity of regulatory modification most likely reflects the 
lack of an AP-l sequence in its promoter, a unique property of 72-kDa gelatinase as 
compared to all other MMPs. The 92-kDa gelatinase (gelatinase B) is actively ex
pressed by eosinophils (Stähle-Bäckdahl et al., 1994; Stähle-Bäckdahl and Parks, 
1993), monocytes-macrophages, and epithelial-derived cells (e.g., keratinocytes) and 
is stored by neutrophils (Hasty et al., 1990; Stähle-Bäckdahl and Parks, 1993). The 92-
kDa gelatinase promoter contains two AP-l sites and its expression is subject to 
modification by a variety of physiological signals (Huhtala et al., 1991). Both the 92-
kDa and 72-kDa metallogelatinases efficiently degrade denatured collagens (Le., gel-
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atins) of all genetic types, and these enzymes also attack basement membranes, fi
bronectin, and insoluble elastin (Murphy et al., 1991). 

Matrilysin is the smallest MMP (molecular weight 28,000 kDa) but possesses 
broad and potent catalytic activity against ECM substrates. Matrilysin is a stronger 
proteoglycanase than stromelysin and also degrades basement membranes, insoluble 
elastin, laminin, fibronectin, gelatin, and entactin (Murphy et al., 1991; Sires et al., 
1993). Matrilysin appears to be produced only by a select population of cell types, most 
prominent of which are the glandular epithelia of a variety of tissues, including the 
endometrium, breast, prostate, pancreas, and parotid, and sweat glands of the skin 
(Rodgers et al., 1993; Saarialho-Kere et al., 1995). 

Two MMPs have been recently characterized that do not belong to any of the 
subgroups described above: macrophage meta110elastase (Shapiro et al., 1992, 1993b) 
and a transmembrane metalloproteinase (Sato et al., 1994). Macrophage metal
loelastase pos ses ses high specific activity against insoluble elastin and can also degrade 
type IV collagen. The remainder of its potential substrates and whether nonmacrophage 
cell types can express this protease have not been determined. Fina11y, Sato et al. 
(1994) have recently identified a novel MMP with a transmembrane domain that 
directs a cell surface localization and can activate secreted 72-kDa progelatinase. 

4.2. Domain Structure of MMPs 

The MMPs are organized into structural domains (Fig. 4) that impart their specific 
biological functions. All MMPs have a catalytic domain of 21 kDa that binds the active 
site Zn2+. The Zn-coordinating region is highly conserved, containing the sequence 
HEXGHXXGLXH, in which the three His residues represent three of four Zn
interactive ligands (Goldberg et al., 1986). Single amino acid mutations introduced into 
this sequence render the enzyme catalytically inactive (Woessner, 1991). This catalytic 
domain is also the site of TIMP interaction with active metalloenzyme and contributes 
to determining the substrate specificity of MMPs (Murphy et al., 1992a,b). 

All MMPs also contain an N-terminal prodomain of 8 kDa that is responsible for 
maintaining the enzymes is an inactive, or zymogen, state. This propeptide is charac
terized by the invariant sequence PRCGVPD, with the Cys residue representing the 
fourth interactive ligand of the active site Zn2 +. Enzyme latency is conferred by this 
Cys-Zn interaction (Van Wart and Birkedal-Hansen, 1990). MMP zymogens can be 
activated by exposure to proteases, chaotropes, or sulfhydryl chelators, all of which 
disrupt the Cys-Zn association, causing the enzymes to cleave themselves by an 
intramolecular process at the start of their catalytic domain (see Section 4.3). Ma
trilysin, the smallest, and perhaps primordial MMP, contains only the "pro" and cata
lytic domains. 

Other than matrilysin, a11 MMPs contain a 22-kDa C-terminal domain that has 
structural homology to the heme-binding protein, hemopexin. This domain has been 
implicated, at least partially, in two major MMP functions: determining their substrate 
specificity and modulating their interactions with TIMPs. The contribution of the 
hemopexinlike domain to substrate specificity is variable, but is most clearly illustrated 
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Figure 4. Domain structure of human MMPs. Each MMP is secreted as a proenzyme whose state is 
maintained by the interaction of a conserved cysteine residue in the prodomain with sequences in the Zn2+ -
binding domain (see Fig. 5). The prodomain is c1eaved in the extracellular space, producing an active 
proteinase, and catalytic activity is conferred by the Zn2 + -binding domain. Substrate specificity is thought to 
be conferred by sequences within the hemopexinlike, collagenlike, and gelatin-binding domains. TIMPs 
interact with both the catalytic and hemopexinlike domains. 

in the case of interstitial collagenase. Here, truncation of the hemopexinlike domain 
yields an enzyme that can nonspecifically attack casein, but is incapable of degrading 
type I collagen (Murphy et al., 1992a). Furthermore, substitution of stromelysin's 
hemopexinlike domain onto the collagenase catalytic domain fails to restore col
lagenolytic activity. Yet, for other enzymes, such as stromelysin (Murphy et al., 1992a) 
and the metallogelatinases (Murphy et al., 1992c; O'Connell et al., 1994), C-tenninal 
truncation does not appear to alter substrate specificity. The metallogelatinases are 
unique among the MMPs in the capacity of their zymogen forms to bind TIMPs. This 
TIMP-binding capacity of the metallogelatinase zymogens is conferred entirely by 
their hemopexinlike domains (Murphy et al., 1992c; O'Connell et al., 1994). Further
more, this domain also participates, in addition to the catalytic domain, in the binding 
of TIMP to all active MMPs (Baragi et al., 1994). The collagenases, stromelysins, and 
macrophage metalloelastase are comprised of catalytic, "pro," and hemopexinlike do
mains. 

The metallogelatinases (72 kDa and 92 kDa) both contain three head-to-tail re
peats of the Fn-2 domain of the cell adhesion protein, fibronectin. These Fn-2 repeats 
divide the catalytic domain of both gelatinases and are specifically responsible for 
these enzymes' strong gelatin-binding affinity (Collier et al., 1992; Murphy et ul., 
1994). The 92-kDa gelatinase, in addition, contains a unique collagenlike domain 
whose function is unknown. The most recently characterized MMP, a cell surface-
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-associated enzyme capable of activating 72-kDa progelatinase, contains a 24-amino
acid insert in its hemopexinlike domain that is highly hydrophobic and likely serves a 
transmembrane-integrating function (Sato et al., 1994). This transmembrane domain is 
essential for the enzyme's capacity to activate 72-kDa progelatinase at the cell surface. 

4.3. Proenzyme Activation 

As discussed earlier, all MMPs are secreted from cells in a catalytically inactive, 
or zymogen, form. Retention of latency depends on the interaction of a Cys residue in 
the proenzyme domain with the active site Zn2+ (Van Wart and Birkedal-Hansen, 
1990). Dissociation of this Cys-Zn interaction by molecular perturbations, including 
exposure to chaotropic agents (e.g., thiocyanates), Cys chelators (e.g., organomer
curials), or protease cleavage of the "pro" -domain near the Cys residue, all destabilize 
this association, resulting in autocatalytic cleavage of the enzyme and removal of the 
8 kDa "pro" -domain (Fig. 5). Several serine proteinases, including plasmin, trypsin, 
neutrophil elastase, and mast cell chymase, can activate a variety, but not all, of the 
MMPs (Matrisian, 1992; Saarinen et al., 1994; Woessner, 1991). Furthermore, some of 
the active MMPs can activate other MMP zymogens, although the biological signifi
cance of this is unknown. Plasmin activation of MMPs (He et al., 1989) and cell 
surface activation of 72-kDa progelatinase (Sato et al., 1994) appear to be particularly 
relevant physiologically. Nevertheless, precisely how MMPs are activated in vivo, 
during normal tissue homeostasis, inflammation, or tumor invasion, remains unknown. 

4.4. Regulation of MMP Expression 

In general, MMPs are not expressed constitutively in vivo, but rather are induced 
in response to cytokines, growth factors, hormones, oncogenes, and cell contact with 
extracellular matrix or other cell types (Table I). Regulation of MMPs is cell type
specific, and certain agents, such as TGF-ß, can even have opposite effects on different 
cell types. This cytokine stimulates MMP production in keratinocytes (Salo et al. , 
1991) but inhibits expression by fibroblasts (Edwards et al., 1987). The major inducers 
of fibroblast MMP expression seem to be proinflammatory mediators, particularly IL-l 
and tumor necrosis factor-alpha (TNF-a) (Mauviel, 1993). Keratinocytes are stimu
lated to express MMPs in response to EGF, TGF-a, and cell contact with type I 
collagen (Saarialho-Kere et al., 1993a; Woodley etai., 1986). Macrophage production 
of MMPs is induced by lipopolysaccharide and the ingestion of particulate matter 
(Welgus et al., 1990). The glucocorticoid and retinoid hormones are potent suppressors 
of MMP production in a variety of cell types (Shapiro et al., 1991). The lymphokines 
gamma interferon (IFN--y), IL-4, and IL-lO all inhibit MMP expression in macro
phages, but have little or no effect on enzyme production in other cell types (Lacraz et 
al., 1992, 1994; Shapiro et al., 1990). Interestingly, a novel mechanism for the induc
tion of metalloproteinase expression in fibroblasts and monocytes has recently been 
reported to be mediated by cell surface glycoproteins via direct cell-cell contact of 
these target cells with activated T lymphocytes (Lacraz et al., 1994). 
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Figure 5. Molecular mechanisms of MMP activation. 
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The induction of MMPs in several cell types by phorbol esters, IL-l , and TNF-a is 
dependent on the binding of transcription factors to activator protein-l (AP-l) and 
polyomavirus enhancer A-binding protein (PEA-3) elements located in the MMP pro
moters (Angel and Karin, 1992; Buttice and Kurkinen, 1994; Buttice et al., 1991; Gaire 
et al., 1994; Vincenti et al., 1994). Both protein kinase C and tyrosine kinase signal 
transduction pathways have been implicated in metalloproteinase induction (Sudbeck 
et al., 1994). Prostaglandins, in particular PGE2, control metalloproteinase expression 
in macrophages, but not in other cell types (Corcoran et al., 1992; Mauviel et al., 1994; 
Shapiro et al. , 1993a; Sudbeck et al. , 1994). 

4.5. Tissue Inhibitors of Metalloproteinases 

The catalytic activity of MMPs is controIled, at least in part, by a gene family of 
tissue-derived metalloproteinase inhibitors called TIMPs. To date, three such TIMPs 
have been characterized, receiving the designations TIMP (or TIMP-I), TIMP-2, and 
TIMP-3. TIMPs block the catalytic activity of MMPs but have no efficacy against 
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serine, sulfbydryl, or acid proteases. In addition to their metalloproteinase inhibitory 
effects, the TIMPs have been reported to possess growth-promoting activities for a 
wide range of cells (Hayakawa et al., 1992). 

TIMP is a 28-kDa glycoprotein with a protein core of 21 kDa. It inhibits all MMPs 
of mammalian origin, but will not block the activity of other classes of metal
loenzymes, for example, thermolysin or bacterial-derived collagenase. TIMP inhibits 
the activity of MMPs by forming a high-affinity (Kj ~ 10-10 M), yet noncovalent, 
enzyme-inhibitor complex. TIMP inhibition of active MMPs requires interactions pri
marily with their catalytic domain but secondarily with their hemopexinlike domain, 
which does contribute to the high affinity of binding (Baragi et al., 1994; Murphy et al., 
1992c). TIMP is conformationally restrained by six disulfide bonds, which provide the 
molecule with high resistance to extremes of pH and temperature (Carmichael et al., 
1986). However, this tight secondary structure is required for enzyme inhibition; reduc
tion and alkylation renders the molecule inactive. The three largest of the six disulfide 
loops are required to bring essential amino acids into spatial proximity to interact with 
MMPs (O'Shea et al., 1992). In agreement with this, various peptide regions within 
these loops inhibit collagenase activity (Bodden et al., 1994), and these could be 
potentially used as therapeutic agents. TIMP binds only active metalloproteinases and 
not the MMP zymogens, with the exception of 92-kDa progelatinase. Here, the C-ter
minal, hemopexinlike domain by itself binds TIMP in the zymogen state, and 92-kDa 
progelatinase is secreted from cells already in complex with TIMP (O'Connell et al., 
1994). Upon activation, the formation of an active 92-kDa gelatinase-TIMP complex 
is dependent on interactions with both the catalytic and hemopexinlike domains. In 
addition to inhibiting the matrix-degrading activity of MMPs, TIMP also inhibits their 
intramolecular activation from a zymogen to an activated state. 

TIMP-2 appears designed specifically to interact with the 72-kDa gelatinase 
(Boone et al., 1990; Howard et al., 1991). A protein of 21 kDa, TIMP-2 contains 12 
Cys residues precisely conserved in location to those of TIMP, and which fold the 
molecule into the same six disulfide loops. Unlike TIMP, TIMP-2 is not glycosylated. 
In addition, TIMP-2 contains nine C-terminal amino acids that appear to be important 
in directing this enzyme's specificity toward 72-kDa gelatinase. TIMP-2 binds to the 
hemopexinlike domain of 72-kDa progelatinase, and this enzyme is secreted from cells 
as a 72-kDa progelatinase-TIMP-2 complex (Murphy et al., 1992b,c). TIMP-3 is a 
newly described MMP inhibitor of 24 kDa, containing the six disulfide loop structure 
of the other TIMPs, but which exhibits a predominantly extracellular matrix-associated 
localization (Leco et al., 1994). 

5. Role of MMPs in Wound Repair 

5.1. Interstitial Collagenase Production by Basal Keratinocytes 

Wound healing is an orderly process that involves inflammation, reepithelializa
tion, matrix deposition, and tissue remodeling. In most injuries, especially chronic 
wounds, healing is accompanied by infIammation, angiogenesis, and the formation of 
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granulation tissue. Degradation of extracellular matrix is required to remove damaged 
tissue and provisional matrices and to permit vessel formation and cell migration, and 
these remodeling processes involve various proteinases. Clearly, numerous cell types 
contribute proteinases of various classes and types that affect tissue restructuring 
during healing, and metalloproteinases, in particular interstitial collagenase, seemingly 
play a critical role in various stages of cutaneous repair. 

Many studies have shown that collagenase is present in the wound environment· 
(Ägren et al., 1992; Buckley-Sturrock et al., 1989), and it has often been thought that 
the enzyme is produced by fibroblasts, macrophages, and other cells within the granu
lation tissue (Porras-Reyez et al., 1991). By in situ hybridization and immu
nohistochemistry, active collagenase expression is indeed detected in fibroblasts and 
macrophages in sampies ofhuman bums (Stricklin et al., 1993) and in some sampies of 
wounded skin and necrobiotic disorders (Saarialho-Kere et al., 1992, 1993a,b; Stricklin 
et al., 1993). However, in a thorough examination of the role of metalloproteinases in 
cutaneous wounds, expression of collagenase in the dermis was present in less than 
50% of the greater than 100 sampies representing chronic wounds, including pyogenic 
granuloma, decubitus ulcers, sepsis ulcers, and nonspecific ulcers. When detected in 
these sampies, the expression was typically low and confined to a few cells (Saarialho
Kere et al., 1992, 1993a). Furthermore, collagenase mRNA is not detected in dermal 
cells in sampies of acute human wounds or in healthy skin. In contrast, basal kera
tinocytes at the migrating front of reepithelialization are the predominant source of 
collagenase during active wound repair (Fig. 6). Furthermore, collagenase expression 
by migrating keratinocytes is an invariable feature of a disrupted epidermis, as a 
consequence of normal wound healing by secondary intention, in ulceration resulting 
from a variety of disease processes, and in full-thickness bum wounds. Collectively, 
these observations implicate the keratinocyte as a major participant in the degradation 
of extracellular matrix during wound healing and suggest that fibroblasts, macro
phages, and other cells within the dermis release collagenase only at certain stages of 
repair or in only some types of wounds. 

5.2. Alterations in Cell-Matrix Interactions and Collagenase 
Production by Basal Keratinocytes 

An interesting aspect of the epithelial expression of interstitial collagenase in 
wound skin is that the enzyme is not produced in nonulcerated sampies. Also, in situ 
hybridization studies clearly show that only basal keratinocytes express collagenase 
mRNA and not the more differentiated cells of the stratum spinosum and stratum 
granulosum. The confinement of collagenase expression to the basal epidermal cells 
suggests that disruption of the basement membrane and subsequent exposure of kera
tinocytes to the underlying dermal stroma is apparently a critical determinant for the 
induction of epidermal collagenolytic activity. Basal keratinocytes normally rest on a 
basement membrane composed of various forms of laminin, entactin, proteoglycans, 
and type IV collagen (Stenn and Malhotra, 1992). In response to wounding, kera
tinocytes migrate from the edge of the wound under a provisional matrix of fibrin and 
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c 

Figure 6. Collagenase is expressed by basal keratinocytes at the leading edge of reepithelialization in ulcers. 
(A and A') Paired bright- and dark-field views of a sampie of pyogenic granuloma hybridized with an 35S_ 

labeled anlisense RNA probe specific for collagenase mRNA. An ulcerated area (U) is indicated, and 
collagenase-positive keratinocytes are seen on both sides of the uJcer (arrows). The intensity ofthe signal for 
collagenase mRNA diminishes with increasing distance from the ulcer. (B and B') High magnification views 
of the area indicated by the box in panel A . Prominent collagenase expression is localized only to basal 
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keratinocytes (arrows). (C and C') Bright- and dark-field views of a section of a nonspecific ulcer hybridized 
for collagenase mRNA. Note the intense collagenase expression by basal keratinocytes (arrows) forming the 
leading edge of reepithelialization adjacent to the ulcer. In this specimen, collagenase is also expressed by 
underlying dermal fibroblasts. No specific signal was detected on any sampie hybridized with a sense RNA 
probe (not shown). 



452 Chapter 14 

Type IV 

Figure 7. Keratinocytes expressing collagenase are not in contact with basement membrane. Serial sections 
from a specimen of a nonspecific chronic ulcer (U) were hybridized for collagenase (C 'ase) or were 
immunostained for type IV collagen. The extent of basal lamina is marked by the large arrows. Most 
collagenase-positive keratinocytes (small arrows) are not in contact with basement membrane, but rather are 
migrating over the dermal matrix. Signal for collagenase mRNA diminishes rapidly in areas with intact basal 
lamina. 

fibronectin (Clark et al. , 1982) and over or through the dermis, which includes struc
tural macromolecules, such as type I collagen, microfibrils, and elastin, distinct from 
those in the basement membrane. Loss of contact with the basement membrane and 
establishment of new cell-matrix interaction with components of the dermal and 
provisional matrices may be a critical determinant that alters keratinocyte phenotype 
and induces collagenase production. Indeed, recent in vivo observations (Saarialho
Kere et al., 1993b) show that collagenase-positive keratinocytes are not in contact with 
an intact basement membrane, as demonstrated by immunostaining for type IV col-
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lagen and laminin, and are migrating over the dermal wound matrix (Fig. 7). Reflecting 
this in vivo relationship between metalloproteinase expression and contact with the 
dermis, collagenase production is induced in primary keratinocytes grown on plates 
coated with native type I collagen, the most abundant component of dermal matrix. In 
contrast, components of the basement membrane and other proteins of the interstitial 
matrix do not affect collagenase expression (Saarialho-Kere et al., 1993). In other 
studies, keratinocytes were shown to recognize and migrate on a type I collagen 
substratum, and that this interaction results in enhanced collagenase production (Pe
tersen et al., 1990). Collectively, these studies demonstrate a key role for type I 
collagen in initiating keratinocyte collagenase synthesis in the epithelial response to 
wounding. 

The border between basement membrane and collagenase-positive basal ker
atinocytes is not always precise; however, the signal for collagenase mRNA decreases 
progressively within a few cells overlying the newly formed basement membrane (Fig. 
8). This observation is consistent with the idea that cell-matrix interactions maintain 
the phenotype of basal keratinocytes in intact skin and indicates that collagenase 
expression ceases once the cell reestablishes contact with the basement membrane. 
Interestingly, laminin inhibits keratinocyte migration in culture (Woodley et al. , 1988), 
suggesting that this basement membrane protein may repress the phenotype of the 
activated keratinocyte once it reestablishes contact with basal lamina. In essentially all 
cell model studies, collagenase production is regulated at the level of transcription 
(Angel and Karin, 1992; Auble and Brinkerhoff, 1991; Mauviel et al., 1992; Saarialho
Kere et al., 1993b; S. Shapiro et al., 1993), and collagenase mRNA has a half-life of 
about 6 hr (Saarialho-Kere et al., 1993b). Thus, the weaker signal for collagenase 
mRNA in basal keratinocytes within the basement membrane border may represent 
transcripts that remain and are being degraded after gene expression has shut off. 

In addition to encountering different ECM proteins, migrating keratinocytes also 
express a distinct pattern of matrix-binding integrins, and these mayaiso be involved in 
regulation of collagenase production. Various groups have shown that integrins, such as 
a2ß 1, a3ß 1, and a6ß4, which are expressed on basal keratinocytes in intact skin, are 
also present in epidermal cells at the wound edge (Cavani et al., 1993; Hertle et al., 
1992; Juhasz et al., 1993; Larjava et al., 1993). Migrating keratinocytes, however, 
selectively express additional integrins, such as a5ßl and avß3, and these receptors 
are present on the same keratinocytes that express interstitial collagenase (Saarialho
Kere et al., 1993b). The a5ßl integrin is expressed in keratinocytes migrating out of 
skin explants (Guo et al., 1991), and blocking this integrin receptor inhibits kera
tinocyte migration on fibronectin matrices (1. P. Kim et al., 1992). Although the 
stimulus that induces integrin expression by keratinocytes is not known, TGFß 1, which 
would be released from degranulated platelets at the initiation of wound repair and 
from migratory and resident cells during other stages of healing, does up-regulate 
production of a5ßl (Guo et al., 1991). 

Although the a5ßl integrin recognizes fibronectin, which is present in both the 
provisional and dermal matrices but absent from the epidermal basement membrane, it 
is doubtful that this receptor mediates induction of collagenase expression by kera
tinocytes cultured on collagen. Most likely other integrins, such as the type I collagen-
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binding receptor, n2ß1, which is constitutively expressed on keratinocytes (Hertle et 
al., 1992; Pellegrini et al., 1992; Symington et al., 1993), participates in mediating 
induction of collagenase gene expression. Interesting1y, basal keratinocytes constitu
tively express collagen-binding integrins, such as n1ß1 and n2ß1 (Hertle et al., 1992; 
Juhasz et al., 1993; Pellegrini et al., 1992). The interaction of keratinocytes with the 
dermal matrix, and in particular type I collagen, may provide an early and critical 
signal to initiate· the epithelial response to wounding. Binding of integrins with their 
matrix ligands activates intrinsic or nonreceptor tyrosine kinases (Burridge et al., 1992; 
Shattil and Brugge, 1991; Zachary and Rozengurt, 1992), and recent findings demon
strated that collagen-mediated induction of collagenase by keratinocytes is dependent 
on tyrosine kinase activity (Sudbeck et al., 1994). Since the epidermis is not normally 
in contact with type I collagen, it is tempting to speculate that the basal production of 
collagen-binding integrins, besides being involved in cell-cell and basement mem
brane interactions in the intact skin, keeps keratinocytes primed and ready to respond to 
injury. Furthermore, a mechanistic connection between collagenase expression and the 
recognition of type I collagen by the producing cell seems intuitive. After all , cells 
most likely do not release proteinases indiscriminately, especially an enzyme like 
interstitial collagenase that has such a defined substrate specificity, but rather rely on 
precise cell-matrix interactions to accurately remodel adjacent connective tissue. 

5.3. Cytokines May Also Intluence Collagenase Production 
by Keratinocytes 

As stated above, collagenase expression is modulated by numerous proinflamma
tory mediators, such as IL-1 and TGF-n. Since many cytokines are present in the 
wound environment (Mauviel and Vitto, 1993) and because the epidermis is a source of 
many soluble mediators (Kupper, 1990; McKay and Leigh, 1991), expression of col
lagenase in migrating basal keratinocytes may be influenced by the presence of some or 
many of these factors. Indeed, TGF-n induces collagenolytic activity in epidermal rafts 
(Turksen et al., 1991). In addition, contact with type I collagen is required but not 
sufficient for induction of collagenase by primary human keratinocytes (Sudbeck et al., 
1994). Serum must also be present, indicating that soluble factors are needed for 
collagenase production. It is possible that contact with dermal collagen is necessary to 
induce gene expression, whereas the pattern and quantity of cytokines regulate the net 
output of collagenase by keratinocytes. The overexpression of cytokines in chronic 
ulcers may lead to excess tissue remodeling and hindered repair (see Section 5.4). 

5.4. Regulation of Collagenase Production in the Dermis 

As stated, some expression of collagenase is detected in stromal cells in the 
vicinity of chronic ulcers (Saarialho-Kere et al., 1992, 1993a). Typically, however, 
only a few scattered positive cells are present, and the signal per cell is much less than 
that detected in keratinocytes. Thus, collagenase expression in wound healing is pri-
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marily a response of the migrating epidermis. Dermal expression of collagenase, on the 
other hand, may play an important role at certain stages of wound repair, such as 
resolution of granulation and scar tissue, processes that may not be occurring in the 
chronic ulcers we have studied. In contrast to the idea that cell-matrix interactions are 
required for collagenase induction in keratinocytes, enzyme expression in stromal cells 
may be regulated by cytokines released by advancing granulation tissue (Mauviel, 
1993; Porras-Reyez et al., 1991). As mentioned above, up-regulation of collagenase 
gene expression by fibroblasts is mediated by various inflarnmatory agents including 
IL-1, TNF-a, and platelet-derived growth factor (PDGF) (Edwards et al., 1987; 
Heckmann et al., 1993; Unemori et al., 1991b), and macrophage stimulation of col
lagenase biosynthesis is induced and stimulated by bacterial endotoxin (Saarialho-Kere 
et al., 1993c) and by various cytokines. In human fibroblasts, EGF also induces 
expression of collagenase (Edwards et al., 1987), and this cytokine may be released 
from platelets during wound healing (McKay and Leigh, 1991). Supportive of the 
requirement of inflammatory mediators for expression of collagenase by stromal cells, 
no expression of collagenase is seen in acute wounds or in sampies with fibrotic ulcers 
but lacking any inflammation (Saarialho-Kere et al., 1993a). 

Cell-matrix interactions mayaiso influence metalloproteinase production in der
mal fibroblasts. Collagenase expression is markedly increased in dermal fibroblasts 
grown within collagen lattices (Mauch et al., 1989). Werb et al. (1989) found that 
collagenase expression by synovial fibroblasts depends on the capacity to cross-link 
and cluster a5ßl receptors on the cell surface, and this effect is enhanced by exposure 
to tenascin (Tremble et al., 1994). The fact that the invariable production of col
lagenase by migrating basal keratinocytes is usually not associated with expression by 
dermal cells (Saarialho-Kere et al., 1992, 1993b) indicates that distinct mechanisms 
control this metalloproteinase in different compartments of the wound environment. 
Furthermore, the degradative activity of collagenase may be involved in distinct heal
ing processes that are accomplished by the different cellular eompartments. Ker
atinocytes may degrade dermal collagen to aid migration and promote reepithelializa
tion, whereas stromal collagenase activity may affeet tissue remodeling associated with 
granulation and sear formation. 

5.5. Collagenase and TIMP-l in Wound Healing 

Collagenolytic activity is regulated in part by natural inhibitors, particularly 
TIMP-l. Although keratinocytes are capable of secreting TIMP-l in vitro (Welgus and 
Stricklin, 1983), TIMP-l mRNA does not colocalize with collagenase mRNA in mi
grating keratinocytes in chronic wounds (Saarialho-Kere et al., 1992) and is detected 
only transiently at the edges of healing human burn wounds (Stricklin et al., 1993). 
Typically, TIMP-l is expressed by stromal or perivascular cells, usually away from 
sites of collagenase expression (Fig. 8) (Saarialho-Kere et al., 1992). However, this 
feature was more consistent in the pyogenie granulomas we studied than in nonspeeifie 
ulcers, the former of which are characterized by extensive, proliferating blood vessels 
and where TIMP-l mRNA was frequently observed in a perivaseular distribution. This 
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suggests that keratinocyte-derived collagenase is allowed to act without impedance 
from TIMP-l. 

5.6. Stromelysins in Cutaneous Wound Healing 

In addition to interstitial collagenase, we (H. G. W. and W. C. P.) have completed a 
thorough examination of the pattern of metalloproteinase expression in chronic 
wounds. Only a few matrix molecules are cleaved by collagenase, and in the setting of 
dermal wound healing, these are probably restricted to native types land III collagen. 
Therefore, other MMPs capable of degrading fibronectin, laminin, type IV collagen, 
and glycosaminoglycans would be required for effective wound repair and tissue 
remodeling. Recent in situ hybridization findings suggest that stromelysins-l and -2 are 
the major metalloproteinases responsible for performing these catalytic functions dur
ing wound repair (Saarialho-Kere et al., 1994). 

Interestingly, stromelysin-2 is expressed by the same population of migrating 
keratinocytes that expresses collagenase (Fig. 9). This enzyme is a distinct gene 
product that is closely related, both structurally and by substrate specificity, to 
stromelysin-l; but until now, its expression has been limited to a few cancer cells, and 
it has not been found in normal tissue (Murphy et al., 1991; Sirum and Brinckerhoff, 
1989). Unlike collagenase, however, stromelysin-2 expression is strictly confined to 
the epidermis and is not produced by any dermal or inflammatory cell in the wound 
environment. Stromelysin-l, as weIl, is expressed by the basal epidermis in chronic 
wounds, but the keratinocytes expressing this metalloproteinase are removed from the 
migrating front and are in contact with an intact basement membrane (Fig. 9). In further 
contrast to stromelysin-2, stromelysin-l is abundantly expressed by dermal fibroblasts 
in the granulation tissue associated with wounds (Fig. 9). Because of its broad substrate 
specificity, stromelysin-l may be an important enzyme in remodeling the dermal 
matrix during wound repair. 

Since stromelysin-2 and interstitial collagenase are expressed by the same cells 
(Fig. 10), contact of actively migrating keratinocytes with the dermal matrix may 
influence production of both these enzymes; indeed, stromelysin-2 is expressed in 
keratinocytes cultured on a type I collagen substratum (Saarialho-Kere et al., 1994). 
Furthermore, stromelysin-2-positive keratinocytes do not reside on an intact basement 
membrane, indicating that altered cell-matrix contacts mayaiso be an important deter
minant in regulating expression of this metalloproteinase. Similar to collagenase (Fig. 
10), the border between immunoreactive basement membrane and stromelysin-2-
positive basal keratinocytes is not precise; however, the signal for stromelysin-2 
mRNA decreases progressively within a few cells overlying the newly formed base
ment membrane (Saarialho-Kere et al., 1994). This observation is consistent with the 
idea that cell-matrix interactions maintain the phenotype of basal keratinocytes in 
intact skin and indicates that stromelysin-2 expression ceases once the cell establishes 
contact with the basement membrane. Whatever does control stromelysin-2 production 
in keratinocytes, it is likely to be different from what regulates stromelysin-l expres
sion, especially in light of the distinct localization of these enzymes in the wound 
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Figure 9. ColIagenase and stromelysin-I are expressed by distinct populations of basal keratinocytes. 
Serial sections of a nonspecific ulcer were processed for in situ hybridization for collagenase (C'ase) and 
stromelysin-I (Str-I) mRNAs. The migrating front of the epidermis that is positive for colIagenase mRNA 
is indicated by large arrows and is seen adjacent to an ulceration in the upper left corner. Stromelysin-I 
mRNA was seen in the epidermis away from the migrating front of epithelium and in many dermal 
fibroblasts. 
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Figure 10. Spatial pattern of metalloproteinase expression in wounded epidermis. Collagenase (C'ase) is 
prominently and invariably expressed by migrating basal keratinocytes in all wounds, whether acute or 
chronic, characterized by disruption of the basement membrane (BM). Noticeably more collagenase is 
expressed by keratinocytes in chronic ulcers. Strornelysins I and 2 (Strom-I, Strom-2) are also expressed in 
the epidermis but by functionally distinct subpopulations of basal keratinocytes. In addition, the stromelysins 
are not expressed in all wounds, and thus, their proteolytic activity actually may be a detriment to proper 
wound healing in chronie ulcers. 

environment. Although both enzymes share a high degree of amino acid sequence 
homology and similar proteolytic properties, the promoter regions of these two genes 
are quite disparate (Sirum and Brinckerhoff, 1989). Thus, whereas stromelysin-l 
is synthesized by many cell types and is stimulated by a variety of cytokines, 
stromelysin-2 production is seemingly more limited and may be confined to epithelial 
cells (Windsor et al., 1993). Furthermore, although the expression of both enzymes is 
induced by phorbol ester, TNF-a, and EGF, stromelysin-2 production is not influenced 
by IL-l, IL-6, or PDGF (Brinckerhoff et al., 1992; Windsor et al., 1993). 

In contrast to collagenase and stromelysin-2, stromelysin-l-producing ker
atinocytes were in contact with an underlying basement membrane (Figs. 9 and 10). 
Since both resting keratinocytes in normal skin, which do not produce stromelysin-l, 
and stromelysin-l-positive keratinocytes in chronic ulcers reside on a basement mem
brane, the primary stimulus for stromelysin-l expression in wound healing is probably 



460 Chapter 14 

not cellular interaction with a matrix molecule but rather exposure to a soluble factor. 
Although the identity of this inducing factor is not known, cytokines such as TNF-a 
(Grondahl-Hansen et al., 1988), IL-l (Golsen and Bauer, 1986), EGF (Gosline, 1978; 
Grant et al., 1987), and PDGF (Corcoran et al., 1992) stimulate stromelysin-l expres
sion in cultured fibroblasts and mayaiso be active on keratinocytes. Alternatively, 
TGF-ßl may be involved. Interestingly, this cytokine down-regulates metallopro
teinase expression in interstitial cells, such as fibroblasts and chondrocytes (Edwards et 
al., 1987), but augments enzyme production by keratinocytes (Windsor et al., 1993). 
However, since stromelysin-l is expressed in both keratinocytes and dermal fibroblasts 
in the same sampies, the production of TGF-ßl would have to be precisely localized 
and controlled to induce biosynthesis of stromelysin-l by keratinocytes without inhibi
ting its production in the dermis. 

5.7. Other Metalloproteinases 

Other MMPs with broad catalytic activity, such as the 92-kDa and 72-kDa gel
atinases and matrilysin, may be important in releasing keratinocytes from the basement 
membrane prior to lateral movement at the beginning of epithelial wound healing (Salo 
et al., 1991), and both the 72-kDa and 92-kDa gelatinases are transiently seen in 
epidermal cells shortly after wounding (Salo et al., 1994). In chronic wounds, however, 
these gelatinases are not actively synthesized by epidermal cells and are only occasion
ally expressed by either resident dermal or inflammatory cells (Saarialho-Kere et al., 
1993a). The metallogelatinases, especially 92-kDa gelatinase, may be secreted by 
certain inflammatory cells that migrate to wound sites, notably neutrophils (Hasty et 
al. , 1990), eosinophils (Stähle-Bäckdahl et al., 1994; Stähle-Bäckdahl and Parks, 
1993), and macrophages. Up-regulation of 92-kDa gelatinase is seen in the epithelial 
layer of healing rabbit corneal wounds (Fini et al., 1992), and hence, the healing 
response in the cornea may be distinct from that in the skin. 

5.8. Role of Metalloproteinases in Wound Repair 

The invariant and prominent production of interstitial collagenase by basal ker
atinocytes in both acute and chronic wounds indicates that this metalloproteinase 
serves a critical and required role in reepithelialization rather than in dermal remodel
ing. As stated above, collagenase catalyzes the rate-limiting step in collagen degrada
tion by making a single site-specific cleavage in the tripie helical region of this 
abundant matrix molecule. At physiological temperature, these fragments are thermally 
unstable and denature into their constitutive polypeptide chains, forming gelatin pep
tides. Types I and III collagen are the major structural components of the dermal matrix 
and may serve as a substratum for keratinocyte migration. Since the a2ß 1 integrin 
receptor for type I collagen binds native collagen with a higher affinity than it does for 
gelatin (Staatz et al., 1989), the activity of interstitial collagenase by migrating ker-
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atinocytes may aid in dissociating the cell from the dennal matrix and thereby promote 
efficient locomotion over the dennal and provisional matrices. Thus, in the cutaneous 
wound-healing response, collagenase may serve a beneficial function, unlike its poten
tially destructive role in arthritis and vascular disease (Firestein et al., 1991; Vine and 
Powell, 1991). 

Similar to collagenase, stromelysin-2 may facilitate keratinocyte migration by 
degrading noncollagenous matrix molecules or by removing damaged basement mem
brane. It is also tempting to speculate that stromelysin-2 may be involved in the 
activation of cosecreted procollagenase (He et al., 1989; Murphy et al., 1987; Unemori 
et al., 1991a). Since it is produced by proliferating cells (Fig. 10), stromelysin-l is 
probably not involved in reepithelialization per se, but rather is needed for restructuring 
the newly fonned basement membrane. In the dennis, collagenase and stromelysin-l 
probably affect tissue repair at multiple stages, including remodeling during the fonna
tion and removal of granulation tissue and during the resolution of scar tissue. Further
more, these two metalloproteinases may be needed for associated processes, such as 
angiogenesis and extravasation and migration of inflammatory cells. 

Since epidennal expression of the two stromelysins was seen only in chronic 
wounds (Saarialho-Kere et al., 1994), the production of these metalloproteinases may 
represent unregulated proteinase production that actually contributes to the inability of 
certain ulcers to heal. Appropriate and efficient reepithelialization may require the 
proper balance of proteinases and inhibitors (Fig. 10). In a chronic wound, however, 
overexpression of collagenase and the additional production of stromelysins may im
pair healing by destroying newly deposited matrix and cytokines and by disrupting 
cell-cell interactions. Further studies will be needed to accurately detennine the role of 
the various metalloproteinases that are expressed in temporal and site-specific patterns 
during wound repair. 
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Chapter 15 

Proteoglycans and Their Role 
in Wound Repair 

RICHARD L. GALLO and MERTON BERNFIELD 

1. Introduction 

Proteoglycans are a heterogeneous group of protein-carbohydrate complexes that are 
distinguished from all other macromolecules by bearing glycosaminoglycan (GAG) 
chains. These linear polysaccharide chains are highly polyanionic (due to sulfate and 
carboxylate residues), bear the highest charge density of any vertebrate macro
molecule, and usually occupy a high proportion of the mass of the proteoglycans. The 
distinction is important because these properties differ from all other molecules in 
vertebrate tissues. Because of their chemical stability, the GAG chains have been 
known and well characterized for many years. Only relatively recently, with the identi
fication of a large number of proteoglycan core proteins, have their roles in cellular 
behavior become apparent. The GAG chains playa primordial role in metazoans; they 
are produced by the simplest organisms and are synthesized very early during verte
brate development and by virtually every nucleated cell. While they have multiple 
potential functions, the explicit role of each GAG type depends both on its nature and 
on the core protein moiety to which the GAG chain is linked in a proteoglycan. 

The core proteins of proteoglycans are diverse and heterogeneous, appear to share 
only their capacity to bear GAG chains, and represent the wide variety of the proteins 
found within secretory vesicles, at cell surfaces, and in the extracellular matrix. How
ever, several proteoglycan gene families have evolved. These proteins, whose major 
function appears to be to carry GAG chains, also may have a variety of other domains. 
In general, the protein moiety of a proteoglycan is responsible for placing its GAG 
chain(s) in discrete locations at specific times. Thus, the regulation of expression of 
these proteins and their trafficking serves to regulate the availability of the GAG 
chains. 

RICHARD L. GALLO • Department of Dennatology, Harvard Medical School, Boston Childrens' Hos
pital, Boston, Massachusetts 02115. MERTON BERNFIELD • Joint Program in Neonatology, Har
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Proteoglycans are increasingly recognized as regulators of cell behavior. For 
exarnple, proteoglycan GAG chains can organize macromolecular assemblies (e.g., the 
dermatan sulfate chains on decorin or on type IX collagen that organize collagens into 
fibrils), can enable various cellular effectors to act on cells (e.g., cell surface heparan 
sulfate that causes growth factors to interact with their signal-transducing receptors), or 
can enable cells to store secretory components (e.g., the binding of mast cell metal
loproteases by intracellular heparin). These functions are in addition to the most preva
lent use of GAGs in clinical practice, which is the regulation of blood coagulation. 

Proteoglycans have been classified in several ways, with each classification mode 
emphasizing a particular aspect of proteoglycan biology or structure. The molecules 
have been classified according to GAG type, by their location in tissues and cells, by 
the gene family in which they are associated, or by their presumed function. The 
purpose of this chapter is to review the role of proteoglycans in wound repair. Thus, we 
will focus on the general nature of proteoglycans, the types of GAG chains they bear, 
and their functional significance for wound repair. Recent reviews should be consulted 
for more detailed information (e.g., Jackson et al., 1991; Kjellen and Lindahl, 1991; 
Wight et al., 1991; Hardingham and Fosang, 1992; Kreis and Va1e, 1993; Kresse et al., 
1993; David, 1993). 

2. The GAGs 

Proteoglycans consist of a protein (known as the core protein) and one or more 
covalently linked GAG chain. The GAGs are polysaccharides consisting of repeating 
disaccharides in linear chains. In every case, the disaccharide is composed of a hex
osamine altemating with an acidic sugar, either a uronic acid or a sulfated galactose. 
The chains are variable in size, ranging from as few as 10 to as many as 20,000 
disaccharides. The chains are linear and have polarity, with the reducing end linked by 
a glycosidic bond to the core protein by a specific oligosaccharide, designated as a 
linker region, and with a nonreducing end that is distant from the core protein. The 
chains are not rigid in structure, and their flexibility in space depends on the nature of 
the sugars in the chains. 

GAG chains are synthesized stepwise by an enzymatic addition of each altemating 
sugar from nucleotide sugar donors. These reactions yield a linear chain that is then 
enzymatically modified to yield the chains with their distinctive characteristics. In 
these modification reactions the product of one reaction is the substrate for the next. 
The initial polymerization reactions lead to repeating identical disaccharide units, but 
tbe subsequent modification reactions are often incomplete, yielding heterogeneity in 
the substituents. Thus, the structural complexity of the various GAGs is based on the 
specificity, rate, and availability of the modifying enzymes ratber than on a preexisting 
template as with proteins, RNA, or DNA. This biosynthetic mechanism leads to consid
erable structural microheterogeneity arnong the GAG chains and can lead to confusion 
in nomenclature. In practice, however, the GAG chains are characterized by their 
behavior as polymers, including their electrophoretic or chromatographic mobility. 
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Table I. The Glycosaminoglycans of Proteoglycans 

Disaccharide cornposition 

Hexosamine Uronic acid or Gal Distinguishing features 

Hyaluronan GieN GIeA No core protein; unsulfated, fills 
extracellular spaces 

Galactosaminoglycans 
Chondroitin sulfate GalN GIeA Cartilage and cell surfaces; prin-

cipally extracellular 
Dermatan sulfate GalN GIeA/IdoA 

Heparan sulfates/heparin GieN GIeA/IdoA Binds proteins; principal intra-
cellular GAG 

Keratan sulfate GieN Gal Restricted distribution; skeletal 
and corneal forms 

There are four types of vertebrate GAGs: hyaluronan, the galactosaminoglycans, the 
heparan sulfates, and the keratan sulfates. These GAGs differ primarily in the type of 
disaccharide but also in their size and extent of their modifications (see Table I). 

2.1. Hyaluronan 

Hyaluronan, formerly known as hyaluronic acid, is the simplest GAG, consisting 
of GleNac altemating with GleA. (The standard abbreviations are used for the sugars: 
Ac, acetyl; Gal, galactose; GalN, galactosamine; GleN, glycosamine; GleA, glu
curonie acid; ldoA, iduronic acid; Xyl, xylose.) This polysaccharide is not linked 
covalently with protein, and thus, by definition, is not a proteoglycan; yet it is consid
ered here because of its GAG nature and its importance in wound repair. Additional 
distinctions are that its disaccharide chains are not modified and contain no sulfate 
esters. These chains are very large, and a hyaluronan moleeule can reach approximately 
10 million Da in size. Hyaluronan is produced by most cell types, but it is especially 
abundant surrounding fibroblasts and other mesenchymal cells. Its synthesis also dif
fers from the other GAGs; hyaluronan is synthesized by an enzyme complex at the 
plasma membrane through whieh the growing chain is extruded into the extracellular 
space (Prehm, 1983). This biosynthetie mechanism enables the hyaluronan to fill very 
large volumes as a single molecule. Hyaluronan is not readily degraded locally, but 
circulates within tissues via the lymph and is degraded by reticuloendothelial cells, 
principally of the liver (Roden et al., 1989). 

Hyaluronan is an exclusively extracellular macromolecule. Its chains are highly 
hydrated and occupy an extraordinary amount of extracellular space, imparting viscosi
ty to tissues and fluids. Various ions and solutes can diffuse within these spaces, or 
hyaluronan can surround cells and cause them to aggregate. Indeed, cells bind to 
hyaluronan by several mechanisms, including cell surface receptors such as CD44, a 
transmembrane protein found on a variety of cell types. Hyaluronan is recognized by 
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several proteins and proteoglycan core proteins, enabling it to organize these constitu
ents within the extracellular matrix, e.g., the binding of aggrecan and link protein to 
hyaluronan organizes the proteoglycan aggregates within hyaline cartilage (Heinegard 
and Oldberg, 1989). Several other hyaluronan-binding proteins have been described, 
but their functions are not well defined. 

2.2. Galactosaminoglycans 

The galactosaminoglycans are chondroitin sulfate and dermatan sulfate. In these 
GAGs, the disaccharide consists of GalNac altemating with GIeA or ldoA. Chondroitin 
sulfate contains GIeA exclusively, whereas dermatan sulfate cOl}tains a proportion of 
its uronic acids as IdoA. These are sulfated GAG; the sulfate esters are on the C4 and 
C6 of the GalNac and often on the C-2 of the ldoA. These GAGs show extensive 
sequence heterogeneity because of variable extents of sulfation. Because of its IdoA 
content, dermatan sulfate can self-aggregate. These GAG chains are linked to a variety 
of core proteins via a tetrasaccharide linkage region, GIea-Gal-Gal-Xyl in which the 
Xyl is the reducing end. Each sugar in the linkage region is added by a distinctive 
enzyme residing in the Golgi apparatus (Vertel et al., 1993). The GAG chain is then 
initiated by the addition of a GalNac residue to the GIeA at the nonreducing end and is 
extended by the sequential addition of GIeA and GalNAc residues from their respective 
nucleotide sugars. All subsequent modifications, including O-sulfations and the epi
merization of GIeA to ldoA, occur on the preformed polysaccharide chain. 

The galactosaminoglycans are produced by virtually all cell types, and a wide 
variety of core proteins contain these GAG chains (see Table 11). The proteins are 
glycosylated via the linkage tetrasaccharide to a serine in distinctive Ser-Gly dipeptide 
sequenees. The number of ehains per protein can vary from one (e.g., in decorin) to 
several hundred (e.g., in aggrecan). These galactosaminoglycan chains can bind a 
variety of protein ligands, and the tissue and cellular distribution of these proteoglycans 
depend on the nature of their core protein. 

2.3. Heparan Sulfates 

The heparan sulfates, composed of heparin and heparan sulfate, are glu
cosaminoglycans. These are the most structurally complex GAGs, and there is no 
qualitative difference in structure between heparin and heparan sulfate. The disac
charide consists of GIeNac alternating with GIeA or IdoA. The acetyl substituent on the 
GIeN is frequently replaced with a sulfate, forming N-sulfated GIeN. In contrast to 
the ß 1-3, ß 1-4 linkages in hyaluronan, the galactosarninoglycans, and keratan sulfate, 
the sugars in heparan sulfates are linked ßI-4, al-4. These GAG chains are linked to 
proteins via the identical tetrasaccharide linkage region as described above for the 
galaetosaminoglyeans. Heparin consists primarily of N-sulfated regions enriched in 
IdoA and commonly O-sulfated at the C6 of the GIeN and the C2 of the IdoA. Heparan 
sulfate chains show greater complexity; N-sulfate, ldoA, and O-sulfated regions of 
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approximately 12 to 30 disaccharides are separated by regions of variable size that 
contain GlcNAc and are not heavily sulfated (Turnbull and Gallagher, 1990). Thus, 
regions of very high charge density alternate with less acidic regions. 

The heparan sulfates are on core proteins within vesicles, at the cell surface, and in 
the extracellular matrix. The major intracellular heparan sulfate is heparin, which is in 
serglycin, a proteoglycan within mast cells and basophils. Commercial heparin, clini
cally used as an anticoagulant, is a degradative product of mast cell heparin. 

The heparan sulfates at cell surfaces and in the extracellular matrix are linked to a 
variety of proteins and consist of highly N-sulfated regions alternating with regions 
enriched in GlcNAc and GlcA. The size of the N-sulfated regions and of the chains 
themselves vary among cell types. The major role of these GAGs is the binding of 
proteins. Specific sequences are associated with the binding of specific ligands. For 
example, antithrombin-III selectively binds to a unique pentasaccharide sequence, 
accelerating the formation of a ternary complex with thrombin; this is the major basis 
of the anticoagulant activity of heparin (Lindahl et al., 1980). Basic fibroblast growth 
factor (FGF) selectively binds to a penta- or heptasaccharide sequence, while a dod
ecasaccharide is needed to enable this growth factor to form a ternary complex with the 
FGF receptor at the cell surface, thus mediating a mitogenic signal (Maccarana et al., 
1993; Guimond et al., 1993). 

2.4. Keratan Sulfates 

Keratan sulfate consists of a repeating disaccharide of GlcNac alternating with 
galactose. This GAG contains no uronic acids, but both the GlcNac and galactose may 
be O-sulfated at the 6 position. Keratan sulfate chains are linked to proteins via two 
distinct types of linkages. The first is similar to linkages in mucins in which the 
carbohydrate chain is O-linked to serine via a GalNac-containing hexasaccharide. This 
form of linkage is prevalent in skeletal keratan sulfate, as on aggrecan and versican. 
The other form of linkage is similar to those in typical glycoproteins in which the 
carbohydrate chain is N-linked to asparagines via a biantennary oligosaccharide. This 
form is prevalent in corneal keratan sulfate, as exists on fibromodulin and lumican. The 
physiological role of keratan sulfate at these sites is not well-defined. 

3. Molecular Strategy of the Proteoglycans 

The proteoglycans employ an economical strategy to exert their effects on cells. 
The core proteins provide attachment sites that dictate the nature of the GAG chain and 
direct the intracellular and extracellular trafficking that places the GAGs at the proper 
site and circumstance for their ligand binding. The various GAG chains bind a panoply 
of ligands. Once bound, these entities can then be stored or can interact with signal
transducing receptors at the cell surface, soluble proteins for endocytosis, enzymes, 
insoluble proteins for cell attachment or molecular organization, and a multitude of 
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Table IH. Heparin-Heparan Sulfate Interactions with Protein Ligands 
Potentially Involved in Wound Repaira 

Extracellular matrix components 

Growth factors (GF) 

Growth factor binding proteins (BP) 

Cytokines 

Cell adhesion molecules 

Proteases 

Antiproteases 

Protein ligand 

Collagen types I, III, IV, V 
Fibronectin 
Laminin 
Pleiotropin 
Tenascin 
Thrombospondin 
Vitronectin 
wnt-I 
Fibroblast GF family 
Hepatocyte GF/scatter factor 
Heparin-binding epidermal GF-like GF 
Platelet-derived GF 
Schwannoma derived GF 
Vascular endothelial GF 
Follistatin 
IGFBP-3 
TGF-ß BP 
IL-8 
Interferon--y 
MIP-Iß 
CD45 
L-selectin 
Mac-I 
N-CAM 
PECAM 
Elastase 
Thrombin 

Tissue plasminogen activator 
Antithrombin III 
Heparin cofactor II 
Leuserpin 
Plasminogen activator inhibitor-I 
Protease nexin I 

"Modified from Bemfield et al. (1992) and Silber! et al. (1995), where the citations are listed. 
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other protein ligands (see Table III). Importantly, GAG binding ofprotein ligands is not 
highly specific for the protein, but is sufficiently high in affinity and specificity to be 
physiologically relevant. 

The design of the GAG chains is tailored for binding ligands. The chains are 
flexible in space and can assume three-dimensional shapes that can be modified by the 
ligand. The binding results from the polyanionic character of the chains analogous to 
the induced-fit model of enzyme-substrate interactions. Binding of proteins is en
hanced by the presence of IdoA residues, which impart conformational flexibility to 
dermatan sulfate and heparan sulfate chains (Casu et al., 1988). Indeed, heparan sulfate 
and its heparin derivative bind a very large number of protein ligands because of the 
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clusters of highly acidic residues in regions that are rich in IdoA. Heparin may show 
less selectivity because of its greater extent of sulfation (Spillman and Lindahl, 1994). 
The size, sequence, and extent of modifications of these chains on the same core 
protein vary between cell types. Thus, the nature of the GAG chain can be a differenti
ated characteristic that arises during development (Kato et al., 1994). These consider
ations suggest that GAG chains can be informational. An argument for this idea is that 
when these chains are recognized by protein ligands, they produce a physiologically 
relevant informational signal. 

The characteristics of the GAG-binding ligands are highly variable. Although a 
large number of proteins bind at physiological protein concentrations and under physi
ological ionic conditions, the amino acid sequences responsible for this binding vary 
widely (Spillman and Lindahl, 1994). These sequences are generally rich in lysine and 
arginine, but no unique or invariant sequences can be predicted with certainty to bind to 
any GAG. Indeed, the key amino acids may not be in a contiguous sequence. Neverthe
less, the binding is relatively high affinity, ranging from 10-7 to 10-9 M. This scheme 
provides cells with a mechanism to snare a wide variety of physiological effectors 
without requiring that evolution generate multiple novel binding proteins that contain 
unique molecular features. 

This economical strategy is most evident with heparan sulfate/heparin proteogly
cans. Their extensive structural heterogeneity and presumed malleability underlie their 
ability to bind many proteins in a functionally relevant way (Table III). Their ligands 
include a large number of proteins thought to be involved in wound repair, including 
extracellular matrix components, growth factors and their binding proteins, cytokines, 
cell adhesion molecules, proteases, and antiproteases. 

The heparan sulfate proteoglycans at the cell surface and in the extracellular 
matrix act as receptors or coreceptors for these ligands. The interaction of basic FGF 
with the cell has been best studied (see Tumbull et al., 1992; Maccarana et al., 1993; 
Guimond et al., 1993; Spivak-Kroizman et al., 1994). This growth factor binds at 
nanomolar affinities to both extracellular and cell surface heparan sulfate proteogly
cans, which are substantially more abundant than the binding sites derived from FGF 
reeeptors. Onee formed, the FGF-heparan sulfate eomplex can form a higher-affinity 
temary eomplex with the FGF receptor, which, when oeeupied, initiates the intraeellu
lar signaling cascade. The interaetion with the proteoglycan provides the cell with a 
way to regulate receptor signaling by means other than receptor expression and occu
pancy. This coreceptor mechanism could result in the inhibition and modulation of 
growth factor action that likely occurs during wound repair. Analogous coreceptor 
interactions occur with other extracellular effectors, e.g., fibronectin that may not 
induce a change in cellular behavior unless it engages cells by both its heparin-binding 
and integrin-binding domains (Woods and Couchman, 1994). 

4. Proteoglycan Families 

The proteoglycans are in specific gene families that encode proteins that consis
tently contain GAG when found in tissues. These proteins must be distinguished from 
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those that can be isolated either with or without GAG chains; a variable proportion of 
such proteins exist as proteoglycan variants and are known as part-time proteoglycans. 
Part-time proteoglycans can be intracellular (e.g., Ia invariant chain), at the cell surface 
[e.g., thrombomodulin or transforming growth factor-ß (TGF-ß) type 3 receptor] or in 
the extracellular matrix (e.g., type IX collagen). It is sometimes difficult to ascertain 
whieh proteoglycans are "part-time." Usually, members of authentie proteoglycan core 
protein families have homologues that also bear GAG chains. 

The core proteins of proteoglycans have evolved to contain GAG attachment 
sequences in addition to a variety of other functional domains. Each core protein 
predominantly bears either a single GAG type (e.g., perlecan contains exclusively 
heparan sulfate), or may contain multiple GAG types (e.g., aggrecan contains both 
chondroitin sulfate and keratan sulfate and syndecans-l and -4 contain both heparan 
sulfate and chondroitin sulfate), or may differ in GAG type depending on the cell type 
(e.g., serglycin bears chondroitin sulfate in mucosal mast cellS and heparan sulfate in 
connective tissue mast cells). The biosynthetie events responsible for dictating whieh 
of the GAG chains are placed on the tetrasaccharide linkage region are as yet not clear. 
Certain core protein sequences correlate with specifie GAG types, but site-specific 
mutation studies have not shown that the sequences are uniquely selective for a GAG 
chain (Zhang and Esko, 1994). However, a core protein domain has been described that 
ensures that it will be consistently glycosylated with a GAG chain (Kokenyesi and 
Bernfield, 1994). 

The major proteoglycan core protein families vary in their cellular 10cations. 
Indeed, because the nature of the core protein dietates its site within or outside the cell, 
a proteoglycan classifieation based on cellular location may be most relevant. These 
locations also give a clue to the nature of the GAG substituents and to their function. In 
general, intracellular and cell surface proteoglycans contain predominantly heparan 
sulfate. These proteins use their GAG chains to bind a variety of protein ligands, acting 
to stabilize the ligand to degradation, to present the ligand to another protein, or to 
maintain the ligand in an inactive or stored form. The functions of many of these 
proteoglycans are not yet clear. Extracellular proteoglycans contain predominantly 
dermatan sulfate and chondroitin sulfate; keratan sulfate is exclusively on extracellular 
proteoglycans. These proteoglycans are involved in organizing components of the 
extracellular matrix, including water and ions, the structural components of cartilage 
and basement membranes, and the architecture of a variety of collagenous fibrils. 

5. Proteoglycans in the Early Phase of Wound Repair 

The earliest phase of wound repair involves clot formation, cell adhesion, and 
inflammation. At the time of injury, vascular continuity is lost and blood extravasates 
into the extracellular space and begins to coagulate. Blood coagulation is prevented 
within the vascular space by the antieoagulant surface of endothelia, a property of the 
cell surface proteoglycans, including the syndecans (Kojima et al., 1992b), and throm
bomodulin, apart-time proteoglycan (Parkinson et al., 1992). These act, in large part, 
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by binding to antithrombin III, a protease inhibitor that reacts with serine proteases of 
the coagulation cascade. When antithrombin III binds to heparin or "heparinlike" 
regions on heparan sulfate, it changes conformation, enabling it to inactivate target 
proteases such as factor Xa and thrombin (Thunberg et al., 1982; Lindahl et al., 1979, 
1984; Choay et al., 1983; Danielsson et al., 1986). Immediately following injury, 
coagulation and platelet adherence is promoted and antithrombin III activity is low. 
Platelets may augment this process through the release of heparitinase (Castellot et al., 
1982) and platelet factor 4 that inhibits the function of heparin in vitro (Ginsberg and 
Jaques, 1983). Several proteoglycans produced by endothelial cells are members ofthe 
syndecan family (Marcum and Rosenberg, 1984; Kojima et al., 1992a,b; David et al., 
1992). However, only about 1-5% of the heparan sulfate chains bind to immobilized 
antithrombin III (Kojima et al., 1992a), suggesting that endothelial cell surface pro
teoglycans have functions distinct from anticoagulant activity. 

Proteoglycans may function as adhesion molecules during the inflammatory cell 
activation that arises immediately after coagulation in the early phase of wound repair. 
Cell surface proteoglycans such as the syndecans are also associated with cells of 
lymphoid and monocyte lineage (Sanderson et al., 1989; Kim et al., 1994). The roles 
for proteoglycans in these events are more speculative and based largely on the results 
of experiments performed in vitro. Macrophages regulate their expression of synde
can-l during activation (Yeaman and Rapraeger 1993). Peritoneal macrophages ex
press minimal amounts of cell surface syndecan-l despite abundant syndecan-l 
mRNA. Following stimulation with cAMP, these cells appear to release a posttransla
tional block and express syndecan-l heparan sulfate proteoglycan at the cell surface. 
These activated macrophages may thus alter their responsiveness to extracellular ma
trix components or to heparin-binding growth factors. A similar phenomenon has been 
observed for cells of the B lineage by Sanderson et al. (1989). Syndecan-l expression 
during the development of these cells correlates with differentiation and the capacity to 
circulate. B-cell precursors associated with the stromal matrix express syndecan-l at 
the cell surface, lose expression when they mature to circulating B-cells, and reexpress 
cell surface syndecan-l when they differentiate into plasma cells. Thus, the expression 
of syndecan-l, a receptor for several matrix components, is induced when these cells 
adhere to the stroma. Sanderson et al., (l992b, 1994) have shown that the ability of 
these cells to migrate in a collagen matrix can be regulated by select forms of heparan 
sulfates. 

Other glycosaminoglycans can regulate inflammatory cell function. For example, 
hyaluronan has been shown to affect the activity of neutrophils by decreasing adher
ence and chemotactic responsiveness (Forrester and Lackie, 1981; Forrester and Wilk
inson, 1981). The mechanism of this inhibition is undear, but may involve competitive 
inhibition of chemotactic factors or adhesion receptors with ligands present at the cell 
surface. One candidate for these receptors is the selectin dass of adhesion molecules. 
This family of glycoproteins is expressed on neutrophil, lymphocyte, and endothelial 
cell surfaces and binds to specific ligands on the opposing cell membrane, mediating 
leukocyte movements (for review, see McEver, 1992). Several of these ligands are 
carbohydrate-based (Imai et al., 1991; Lasky et al., 1992), induding heparan sulfate 
(Norgard-Sumnicht et al., 1993). 
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6. Proteoglycans in the Development of Granulation Tissue 

The role of proteoglycans in wound repair is based on observations of the synthe
sis and degradation of these moleeules following the initiation of the early inflamma
tory response. During this phase of repair, cellular behaviors, including change in cell 
shape, proliferation, adhesion, and migration, must be coordinately regulated among 
the variety of cells within the epidermis and dermis. The initiation and control of these 
cellular behaviors lead to the events that characterize the repair such as angiogenesis, 
fibroblast proliferation, wound contraction, and reepithelialization. Proteoglycan ex
pression is regulated during these events and, based on recent knowledge of their 
molecular interactions, are likely to participate in control of the repair process. 

Studies on excisional wounds in adult skin performed over 40 years ago demon
strated the temporal expression of hyaluronan and sulfated GAGs in the skin following 
injury (Dunphy and Upuda, 1955). Hyaluronan is deposited early, reaches a peak, and 
then falls in the first few days when replaced by sulfated GAGs, presumably decorin, 
biglycan, and versican. Interestingly, the decrease in hyaluronan during adult wound 
repair is not seen when the repair offetal skin was examined (Longaker et al., 1991). In 
these studies, levels of hyaluronan remain markedly elevated in fetal skin. This persis
tently elevated level of hyaluronan distinguishes fetal from adult wound repair. Since 
fetal repair is also characterized by decreased inflammation and superior dermal matrix 
reorganization that lacks apparent scar formation, it has been proposed that hyaluronan 
is responsible for this result (Adzick and Longaker, 1992). Indeed, as noted earlier, 
hyaluronan can decrease neutrophil function, which may in turn influence matrix 
reorganization. 

Proteoglycans are induced during wound repair. In the mouse, Elenius et al. 
(1991) have studied the expression of syndecan-1 and its transcripts. These studies 
demonstrated increased expression of syndecan-1 during the process of granulation 
tissue formation and in hyperproliferative keratinocytes distal from the wound edge. 
Recent analysis has shown that this induction is temporally regulated and specific to 
cell type and proteoglycan. In uninjured adult mouse or human skin, syndecan-1 and -4 
are detected by immunostaining in the epidermis but not in the dermis. Following an 
incisional injury, syndecan-1 and -4 are induced in the dermis adjacent to the in jury. 
Syndecan-1 is predominantly expressed on endothelia and syndecan-4 is expressed 
throughout the developing granulation tissue on endothelial cells and fibroblasts. This 
induction is transient; the expression of both syndecan-1 and -4 returns to baseline 
levels about 7 days following injury. In the epidermis, syndecan-1 is abundantly ex
pressed on keratinocytes and its GAG chain size varies as cells stratify (Sanderson et al., 
1992a). Syndecan-4 is less abundantly expressed on keratinocytes and is not detectable 
on stratified cells. At the wound edge, however, keratinocytes that appear to be actively 
migrating across the fibrin clot show decreased syndecan-1 and -4 expression relative 
to keratinocytes distal from the injury, a pattern opposite to that seen in dermal cells. 
The loss of epithelial syndecan-1 expression has also been seen in corneal wounds 
(Grushkin-Lerner and Trinkaus-Randal, 1991) and is reminiscent of the loss of synde
can-1 expression seen in epithelia during organogenesis (reviewed in Bernfield et al., 
1992). Other proteoglycans such as decorin have also been shown to vary in expression 
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during the wound repair process (Yeo et al., 1991). Thus, as a group, several molecules 
must be considered when evaluating proteoglycan function during granulation tissue 
formation. 

The significance of regulated expression of proteoglycans during wound repair is 
best understood in the context of the proposed function of these molecules. As dis
cussed earlier, the GAG chains of proteoglycans bind to several components of the 
extracellular microenvironment. Binding of cell surface proteoglycans to components 
of the extracellular matrix such as collagens, fibronectin, and laminin would serve to 
mediate cell adhesion. Consistent with this hypothesis, syndecan-l on mammary 
epithelial cells is associated with the cytoskeleton (Rapraeger et al., 1986). Moreover, 
the cellular organelle involved in matrix adhesion of fibroblasts, the focal contact, 
contains both syndecan-l (Yamagata et al., 1993) and syndecan-4 (Woods and Couch
man, 1994). These proteoglycans are induced during wound repair on fibroblasts and 
endothelial cells of the dermis, suggesting that they are involved in cell adhesion and 
migration of the principal cells within granulation tissue. 

Other proteoglycans also interact with matrix molecules. The galactosaminogly
cans, chondroitin sulfate and dermatan sulfate, bind matrix molecules such as fibronec
tin and laminin, but with less affinity than heparan sulfates (Rouslahti and Engvall, 
1980; Brennan et al., 1983). Galactosaminoglycans may function as inhibitors of 
adhesion as seen in studies of cell adhesion to fibronectin and in studies of cell 
migration (Brennan et al., 1983; Knox and Wells, 1979; Rich et al., 1981). It is 
conceivable that chondroitin sulfate or dermatan sulfate proteoglycans could be used to 
decrease adhesion, and thus facilitate migration during wound repair. Indeed, versican 
has been shown to have antiadhesive function (Yamagata et al., 1993). Therefore, 
proteoglycans can exert fine control over cell adhesion to the matrix either through loss 
of expression of heparan sulfate proteoglycans or increased expression of antiadhesive 
galactosaminoglycan-containing proteoglycans. 

Experimental evidence from numerous laboratories has suggested that several 
growth factors require heparin or heparan sulfate proteoglycans to exert their effect on 
the induction of cell growth (Rapraeger et al., 1991; Yayon et al., 1991). The mecha
nism by which this occurs is thought to depend on establishment of a temary complex 
at the cell surface between the heparin-binding growth factor, its selective high-affinity 
signaling receptor, and a heparan sulfate proteoglycan. Growth factors known to de
pend on or be influenced by heparin or heparan sulfate are listed in Table III and 
include members of the FGF family such as FGF-2 (Klagsbum and Baird, 1991) and 
FGF-7 (Reich-Slotkey et al., 1994), and vascular endothelial growth factor (Gitay
Goren et al., 1992; Soker et al., 1993; Tessler et al., 1994). These growth factors have 
been shown to be regulated during wound repair and to influence its outcome (McGee 
et al., 1988; Wemer et al., 1992, 1994; Brown et al., 1992). The induction of expression 
of syndecan-l and syndecan-4 during wound repair is coincident with expression of 
these growth factors. Heparan sulfate proteoglycans such as the syndecans can there
fore act as a common molecule through which multiple growth factors could be 
regulated. In some in vitro cell systems, and in the rabbit ear chamber model of 
angiogenesis, perlecan has been shown to function as a positive signal for proliferation 
in response to FGF-2, while syndecan-l may have a negative influence (Aviezer et al., 
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1994). Thus, multiple proteoglycans are available during wound repair to influence 
growth factor responsiveness. This degree of fine control and coordinated influences is 
entirely consistent with a functional role for proteoglycans during wound repair. 

The multiple binding interactions and functional influences of proteoglycans have 
directed considerable interest toward understanding systems that regulate their expres
sion. Cells such as macrophages have abundant mRNA for syndecan-l core protein 
synthesis but little intact proteoglycan until stimulated by cAMP, thus illustrating the 
potential for posttranscriptional regulation of these genes (Yeaman and Rapraeger, 
1993). Indeed, the growth factor TGF-ß can regulate expression of chondroitin and 
dermatan sulfate proteoglycans (Bassols and Massague, 1988) and enhance addition of 
chondroitin sulfate chains to the syndecan-l core protein (Rapraeger, 1989). FGF-2 
(Elenius et al., 1992) and increased culture density (Lories et al. , 1992) can increase the 
expression of syndecan-l on fibroblasts. In addition, a 39-amino-acid proline- and 
arginine-rich peptide found in wound fluid and derived from wound neutrophils in
duces syndecan-l and -4 on confluent mesenchymal cells (Gallo et al., 1994). There
fore, syndecans and other proteoglycans are likely to be under the influence of multiple 
control mechanisms during wound repair. Clearly, understanding these systems will 
have important implications for wound repair through their capacity to influence in
flammation, epithelial proliferation, angiogenesis, and fibrosis. 

7. Conclusions 

Recent advances in our understanding of the proteoglycans has highlighted the 
importance of these ubiquitous molecules. These are highly efficient moleeules that 
place GAG chains at sites where these information-rich polysaccharides can interact 
with a large number of cellular effectors. Recapitulating the strict regulation of pro
teoglycans seen in embryogenesis (reviewed in Bemfield et al., 1992), the repairing 
wound demonstrates complex control over proteoglycan expression. Cells within the 
wound environment utilize proteoglycans in a variety of specific roles that inc1ude 
growth factor receptor, matrix anchor, adhesion moleeule, and ligand for proteases and 
protease inhibitors. To understand the role of proteoglycans in wound repair, these 
moleeules must be evaluated as distinct factors with potentially opposing functions. 
With this specific knowledge, proteoglycans promise to be a useful tool in the control 
of cell behaviors such as those critical to the successful repair of a wound. 
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Chapter 16 

Collagens and the Reestablishment 
of Dermal Integrity 

BEATE ECKES, MONIQUE AUMAILLEY, and THOMAS KRIEG 

1. Introduction 

Skin contains a large number of different morphological structures that are com
posed of various extracellular matrix (ECM) components (Table I). Following tissue 
injury and destruction, ECM restoration has to be achieved by a controlled de novo 
synthesis as well as degradation of damaged ECM molecules. Although the ECM 
contains a large number of glycoproteins, those belonging to the family of collagens 
probably play the most important role, since they not only provide the structural 
scaffold of the tissue but also regulate many cellular functions. 

For many years, collagens were defined as extracellular molecules with a very 
typical helicoidal structure (Gross, 1956; Ramachandran and Reddi, 1976); however, 
today the definition of collagens as well as the classification turned out to be more 
complex. This is due to the fact that most of the connective tissue molecules are 
chimeras sharing one or more collagenous and noncollagenous structural domains, 
suggesting that they may have evolved by combinations of genes selected from a 
relatively small repertoire (Engel, 1991; Baron et at., 1991). These domains are often 
not exclusively found in the ECM, and the collagenous domain is also found in 
molecules that do not belong to connective tissue, such as the macrophage scavenger 
receptor or the Clq component of complement (Table II). In addition, some molecules 
are classified as collagens although they contain large noncollagenous domains repre
senting up to 90% of their molecular mass, or they are not strictly extracellular but 
rather anchored within the cell membrane. 

BEATE ECKES and THOMAS KRIEG • Department of Dennatology, University of Cologne, D-50924 
Cologne, Gennany. MONIQUE AUMAILLEY • Institute of Protein Biology and Chemistry, CNRS, 
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Table J. Morphological Structures and Molecular Composition 

Structure 

Thick/thin fibrils 
Microfilaments (100 nm) 
Elastin-associated microfibrils 
Reticular fibers 

Anchoring fibrils 
Anchoring filaments 

1.1. Structure of Collagens 

Constituent 

Collagens I, III, V, XII, XIV 
. Collagen VI 
Fibrillin 
Collagens V, 111 ? 
Fibronectin ? 
Collagen VII 
Laminins 5 and 6 

Chapter 16 

Collagens are homo- or heterotrimeric molecules involving several a chains that 
are distinct gene products. Altogether, 32 different a chains have been identified and at 
least 17 are expressed in skin (Fig. 1). Common to all a chains is the repetitive motif 
Gly-X-Y, which allows folding into a tripie helix. According to the primary structure of 
a chains and their assembly into collagen molecules, 19 different collagen types have 
been identified and characterized in vertebrates. They differ in length and number of 
collagenous domains and in their content of noncollagenous regions. Based on their 
ultrastructural organization, collagens can be subdivided into two main subfamilies: the 
fibril-forming and the nonfibrillar collagens (van der Rest and Garrone, 1992). 

The interstitial collagens I, 11, III, V, and XI are synthesized in precursor forms 
from which large polypeptides are cleaved off after secretion of the molecules. The 
resulting molecule has a 300-nm helical rod with short noncollagenous sequences at the 
N- and C-terminal ends (Prockop et al., 1979; Peltonen et al. , 1985; Mayne and 
Burgeson, 1987; Linsenmayer et al., 1993; Morris and Bächinger, 1987). These mole
cules assemble head-to-tail longitudinally and aggregate laterally in the characteristic 
quarter-staggered manner to form fibrils (Fig. 2). There was a long debate as to whether 
fibrils are formed by a single or several different collagen types; it is now well 
established that fibrils are heteropolymers of various collagen types (Henkel and Glan
ville, 1982; Birk et al., 1988; Mendler et al., 1989). Probably collagens V and XI 
represent the central core when collagen I, 11, or III make most of the mass of the 

Table 11. Moleeules with Collagenous TripIe 
Helical Domains 

Clq (complement system) 
Acetylcholine esterase 
Mannose binding protein 
Lung surfactant 
Macrophage scavenger receptor 
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a1 (I), 112(1) • • 
11 a1 (11) • • 
111 a1 (III) • • 
V a1 (V), a2{V), a3{V) • • 
XI a1 (XI), a2{XI), a3(XI) • • 
VI a1 (VI), a2(VI), a3(VI) 0-0 
IV a1 (IV), a2(lV) 0 
VII a1(V1I) Gj 0 

XII a1(X1I) C >-
XIV a1(X1V) C >-
IX a1 (IX), a2(IX), a3(IX) 0-. 

VIII a1 (VIII), a2(VlII) • 0 
X a1(X) • 0 

Figure 1. Structural models of different collagens. Tripie helical domains are represented by straight lines, 
noncollagenous regions by circles and oblong shapes. 

fibrils. The FACIT collagens (fibril-associated collagens with interrupted tripie helices) 
as well as some proteoglycans are attached to the outer surface of the fibrils (Fig. 3) 
(Keene et al., 1991; Font et al., 1993; Vogel et al., 1984). 

Collagen VI is a ubiquitous component of extracellular matrices (Timpl and 
Engel, 1987; Hessle and Engvall, 1984; von der Mark et al., 1984). It is a heterotrimer 
composed of three polypeptide chains: ul(VI) and u2(VI), with a molecular mass of 
140 kDa, and an u3 chain of 260 kDa (Trueb and Winterhalter, 1986; Colombatti et al., 
1987). The three chains are assembled into a dumbbell-shaped molecule with a short 
tripie helical domain of 105 nm and with globular domains at both ends. These make 
up for about two thirds of the entire molecule. The globular domains consist of 
repetitive motifs with homology to the A domain of von Willebrand factor (Chu et al., 
1990). The helical portions of two collagen VI monomers associate in an antiparallel 
fashion and two dimers associate into tetramers, which in turn form end-to-end aggre
gates that constitute the microfibrillar structure with a 11O-nm periodicity (Timpl and 
Engel, 1987). 

The tripie helical domain of the FACIT collagens is short (30 nm) and, in addition, 
interrupted. Most of these molecules (> 90%) are constituted by noncollagenous 
regions at the amino-terminal end (van der Rest and Garrone, 1992). These noncol
lagenous domains are formed by several single or successive motifs with homology to 
the type III repeats of fibronectin interspaced by von Willebrand factor A motifs 
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Supramolecular assemblies 

I 
,,~ I" I-

~ 1 I" 1 I" 1 

11 I" 1 1 I" I I I" 1 
1 I" 1 1 1 I" 1 1 1 I" 1 

111 I I I" 1 i , , .. 1 1 1 I" +-
1 I I ! .. .. 1 1 1 I. 

300 nm 

IV 

VI 

VII ~i==~==~.i·~=====g 450 nm 

Figure 2. Higher-order structural arrangement of some collagens. Within each structure, one monomer is 
depicted by bold Iines. 

Figure 3. Model for heterotypic collagen fibri!. Fibtillar collagens (e.g .• type 1) arranged around a central 
cOfe of collagen type V constitute the main body of the fibri!. Attached to the surface are FACIT collagens, 
e.g., type XII. 
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I 
Fibronectin 

Collagen VI a.3 chain 

OIITIOIIII~I ------~DJ1o 
Collagen VII 

1----1/ O~--11"" ---0 
Collagen XII 

Figure 4. Modular composition of selected ECM macromolecules depicting fibronectin type III homology 
regions (dark boxes). 

(Yamagata et al., 1991; Trueb and Trueb, 1992). The number of these motifs can vary 
considerably (Fig. 4). No homotypical assemblies have yet been described for col
lagens IX, XII, and XIV, and they are probably involved in heterotypical suprastruc
tures with the interstitial collagens, wh ich they decorate (Keene et al., 1991; Eyre et al., 
1987). The function of the FACIT collagens is therefore thought to be the contribution 
to the spatial organization of the interstitial collagen fibrils via further interaction with 
proteoglycans (Font et al., 1993; Shaw and Olsen, 1991; Brown et al., 1993). 

The typical collagenous components of the dermoepidermal junction are collagens 
IV, VII, and XVII, with collagen IV being the most abundant. Collagens IV and VII 
contain long and flexible helicoidal domains of 400 and 470 nm, respectively, while 
collagen XVII contains 13 short collagen domains located exclusively in the carboxy
terminal extracellular portion of the molecule (Timpi, 1993; Burgeson, 1993; Guidice 
et al., 1992). Collagens IV and VII form specific and distinct supramolecular assem
blies, while that of collagen XVII has not yet been fully characterized. Collagen IV is 
composed of two a I (IV) chains and one a2(IV) chain. The molecules associate into 
dimers by interaction between the carboxy-terminal noncollagenous domains (NCI) 
and into tetramers by interactions between four overlapping amino-terminal extremi
ties. This assembly leads to the formation of an irregular polygonal mesh stabilized by 
additional lateral aggregation of part of the collagen IV major triple helices. This 
meshwork constitutes the scaffold of the basement membrane and provides an anchor
ing substrate for other basement membrane molecules and adjacent cells. There is also 



498 Chapter 16 

evidence that the collagen IV network is directly connected to the suprabasal anchoring 
filaments via interaction with the amino-terminal globular domains of collagen VII, 
with the rest of the molecule being involved in collagen VII dimer formation and lateral 
aggregation of the tripIe helices to form the anchoring fibrils (Burgeson, 1993). 

1.2. Biosynthesis of Collagens 

Biosynthesis of collagen is complex and involves several posttranslational mod
ifications that are catalyzed by specific enzymes (Peltonen et al., 1985) (Table III). This 
has been characterized in detail mainly for the interstitial collagen types and has been 
reviewed extensively in many previous publications (Prockop et al. , 1979; Kivirikko et 
al., 1990; Kivirikko and Myllylä, 1985). The modifications include hydroxylation of 
prolyl and lysyl residues and glucosylation and galactosylation of lysyl and hy
droxylysyl residues. After chain selection, posttranslational modification, and tripIe 
helix formation, the molecules are secreted into the extracellular space where pro
collagen peptides are removed by the action of N- and C-procollagen peptidases. Later, 
the molecules aggregate into fibrils that are then stabilized by intermolecular cross-link 
formation, which is catalyzed by lysyl oxidase. Regulation of collagen deposition is 
controlled at various levels. The promotor regions of the interstitial collagens have 
been characterized in detail, and several stimulatory as weH as inhibitory sequences 
have been identified (Karsenty et al., 1991; Goldberg et al., 1992; Maity et al., 1992; 
Routeshouser and de Crombrugghe, 1992). A detailed characterization is also available 
for the bidirectional promotor controlling gene expression of collagen IV (Pöschl et al., 
1988). Several cytokines have been shown to modulate collagen gene expression but 
also to influence mRNA stability (Penttinen et al., 1988; Kähäri et al., 1990; Postleth
waite et al., 1988). Regulation of collagen production and deposition can also involve 
posttranslational modifications as weIl as collagen degradation (Fig. 5). 

2. Control of Collagen Synthesis during Wound Healing 

Collagen gene expression as weIl as its biosynthesis have been investigated in 
detail during the different phases ofwound healing (Clark, 1985; Clore et al. , 1979). In 

Table 111. Posttranslational Modifications 

Targets 

Hydroxylation of prolyl residues 
Hydroxylation of lysyl residues 
Glycosylation 

Tripie helix formation 
Cleavage of procollagen peptides 
Oxidation of lysyl and OH-lysyl residues 

Enzymes 

Prolyl hydroxylase 
Lysyl hydroxylase 
Glucosyl transferase 
Galactosyl transferase 
cis-trans Isomerase 
N- and C-terminal peptidases 
Lysyl oxidase 
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Figure 5. Regulation of connective tissue deposition. Diagrammatic representation of the different stages 
involved in the control of ECM deposition. Closed arrows indicate modulatory activity and feedback control 
mechanisms by cytokines and matrix cleavage and degradation products, respectively. 

the initial steps, collagen III and fibronectin are deposited, and later on, collagen III is 
gradually replaced by collagen I. When total newly synthesized collagen was measured 
after injection of radioactively labeled proline, accumulation of collagen was found for 
about 3 weeks after wounding (Madden and Peacock, 1971). Although synthesis re
mained activated after this time, reduced deposition is probably caused by an equilibri
um between synthesis and degradation. Using collagen-I-specific antibodies in experi
mentally induced granulation tissue, collagen I deposition was observed at day 7 
(Mäkelä and Vuorio, 1986). These studies were corroborated by extraction of mRNA 
from the tissue, where also an early induction of transcript levels for al(III) was 
observed; al(l) was induced after a few days and down-regulated in later stages (Oono 
et al., 1993). 

By in situ hybridization studies, collagen mRNA transcript levels could be associ
ated with morphological structures (Scharffetter et al., 1989b). The al(l) mRNA was 
initially found in the deep layers of granulation tissue only. By days 6-13, induced 
transcript levels were also found in the upper layers. By days 13-23, synthesis in the 
lower levels of the granulation tissue was down-regulated and high amounts of tran
scripts were only found within the subepidermal layers. After day 26, only faint 
labeling was observed (Fig. 6). Similar data have been found for al(III) using in situ 
hybridization techniques (Oono et al., 1993). 

Whereas synthesis and degradation of the major interstitial collagens have been 
investigated in detail, much less is known conceming the metabolism of the minor 
collagens. For some, like collagen VI, limited information is available. The genes for 
the al (VI) and a2(VI) chains were both located on chromosome 21, and the a3(VI) 
gene maps on chromosome 2 (Weil et al., 1988). Several in vitro experiments demon
strated that various conditions, including the exposure to cytokines, e.g., interferon-'Y 
(Heckmann et al., 1989) or transforming growth factor-ß, can differentially regulate 
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day6 day 13 day26 

Figure 6. (A) Time course of collagen a I (I) expression in healing wounds in a rat model. Spatial distribution 
of collagen al(l) transcripts was studied during a 4 -week period postwounding by in situ hybridization to 
granulation tissue biopsies (Scharffetter et al., 1989b). At day 6, most fibroblastic cells throughout the tissue 
express collagen-I-specific transcripts, whereas at day 13, synthesis is confined to the upper dermis; after 3-4 
weeks, transcripts accumulate in a dense restricted area located directly subepidermally. (8) Quantitation of 
grain density by image analysis for signals obtained at days 6 and 21, indicating even distribution of collagen 

transcripts in upper and lower dermis in early stages of wound healing and spatial restriction to upper layers 
in later phases. 

gene expression of these a chains. Interestingly, several sets of experiments also 
indicated that the stability of the newly synthesized molecules is only given when a 
heterotrimeric assembly is formed. Biosynthesis of the a3(VI) chain therefore is 
thought to be the rate-limiting step in the formation of microfibrils. Ouring wound 
healing, collagen VI is not expressed by myofibroblasts but in endothelial and fi
broblastlike cells (Oono et al. , 1993). In early phases of wound healing, a3(VI) as weil 
as the al (VI) and a2(VI) chains are expressed in a similar manner as those of collagen 
land III. Also, the location of gene expression is similar between all these collagen 
types. In later phases, however, the a3(VI) chain is the first chain that is down
regulated, whereas synthesis of the al (VI) and a2(VI) chains is still induced. In 
analogy to various in vitro experiments (Heckmann et al., 1989), it may be postulated 
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that this down-regulation of the a3(VI) mRNA may be sufficient for a down-regulation 
of total collagen VI protein synthesis. Since collagen VI has several important biolog
ical functions, including its cell-binding activity (Pfaff et al., 1993), regulation of 
collagen VI might playa key role in controlling matrix organization in the restoration 
of dermal integrity. 

2.1. Cytokines and Collagen Synthesis 

A large amount of information is available conceming the influence of cytokines, 
which are released during tissue injury, on de novo formation of collagen (Mauch et al., 
1994). Most of these data come from in vitro experiments; some, however, are obtained 
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by a time-dependent follow-up of cytokine expression on the mRNA and/or protein 
levels and collagen production in vivo. Combination of both sets of data provides a 
basis for gaining insight into the complex network of cytokine activities. 

The transforming growth factor-ß (TGF-ß) family includes various types of cyto
kines with a molecular mass of about 25 kDa (Roberts and Sporn, 1990). They are 
synthesized in aprecursor form by different cells, and, following activation, bind to 
receptor molecules on target cells (e.g., fibroblasts). TGF-ß1 and -2 have been reported 
to have profound influences on ECM metabolism by activation of the biosynthesis of 
several proteins (lgnotz et al., 1987; Varga et al., 1987; Shah et al., 1992; Kulozik et 
al. , 1990; Roberts et al., 1986), as weIl as by the inhibition of proteolytic activities 
(Overall et al., 1989; Matrisian, 1990). The mo1ecular mechanism of the activation of 
collagen al(I) transcription has been studied in detail and was found to involve defined 
sequences in the promotor region of collagen al(1) gene (Rossi et al., 1988). In situ 
hybridization analysis has demonstrated a coexpression of TGF-ß 1 and collagen a1 (I) 
mRNA in early stages of wound healing (Quaglino et al., 1991; Peltonen et al. , 1991). 

Also, interleukin-1 (lL-1) modulates procollagen I and III expression in human 
fibroblasts in a dose-dependent manner. Low concentrations of IL-1 cause stimulation, 
whereas high concentrations lead to an inhibition of the expression of both collagens in 
cultured fibroblasts (Heckmann et al., 1993). Similarly, in two- as weIl as in three
dimensional culture systems, IL-4 was found to enhance collagen al(1) mRNA levels, 
as weIl as biosynthesis of type I collagen (Gillery et al., 1992). The activity of these 
stimulatory cytokines is counteracted by interferon-/, (Varga et al., 1990) and tumor 
necrosis factor-a. These cytokines can either alone or in combination lead to a down
regulation of collagen al(1) transcription (ScharffeUer et al., 1989a). It is not yet clear 
whether regulation takes place strictly at the transcriptionallevel or whether changes in 
mRNA stability are involved as weIl. 

2.2. Regulation of Collagen Synthesis by ECM 

Regulation of collagen synthesis by cytokines is only one mechanism operating 
during wound hea1ing. Whereas during many years the ECM was thought to have 
primarily structural functions and to provide the mechanical scaffold for cells and 
tissues, it is now clear that specific structural domains of ECM constitutents are 
endowed with various biological activities. In particular, ECM serves as a reservoir for 
growth factors and as a source of informations for cells. Cell adhesion-promoting 
activity has been characterized for collagens I (Davis, 1992), IV (Aumailley and Timpi, 
1986; Vandenberg et al., 1991), V (Ruggiero et al., 1994), and VI (Pfaff et al., 1993; 
Aumailley et al., 1989). Interestingly, cell adhesion to collagens is dependent on the 
helical conformation of the molecules. However, denatured collagens I, V, and VI, but 
not collagen IV, can also induce cell adhesion, although by different molecular mecha
nisms. The fact that collagens can interact differently with cells when in native or 
denatured forms is particularly interesting in the context of wound healing, since 
according to their conformational state, collagens fulfill different biological functions. 
The influence of collagenous molecules on cellular activities might also be mediated by 
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collagen peptides (Katayama et al., 1993; Fouser et al., 1991; Wiestner et al., 1979). In 
particular, N-propeptides of collagen were found to have feedback regulation effects on 
collagen biosynthesis in fibroblasts. Degradation of collagen by bacterial collagenase 
results in small peptides that were found to have high chemotactic activity for fi
broblasts and other cells (Postlethwaite et al., 1978). In addition, the large cleavage 
products generated by the activity of mammalian collagenase possess chemotactic 
activity (Albini and Adelmann-Grill, 1985). Besides fibroblasts, attachment of other 
cells to collagen can modulate inflammation and wound healing considerably; e.g., 
attachment of neutrophils and granulocytes facilitates the respiratory burst releasing 
proteases and cytokines that are required to coordinate the various events in early 
phases of tissue repair (Werb and Gordon, 1975). 

A great deal of information has been derived from cells grown in a three
dimensional collagenous matrix. This allows the influence of collagen on the cell 
behavior under in vivo-like conditions (Bell et al., 1979) to be studied. Besides col
lagen, other substances have been used to form three-dimensional lattices. These in
clude artificial polymers (Fleischmajer et al., 1991), fibrin (Gillery et al., 1989), 
agarose, alginate (Schlumberger et al., 1989), or extracts from a basement membrane
producing tumor (Vukicevic et al., 1992). Although fibroblasts are capable of using all 
these polymeric structures for attachment and spatial support, most studies have been 
carried out using collagen I matrices. It is reasonably abundant in skin and tendons, 
providing the sources from which collagen I can be extracted under nondenaturing 
conditions and subsequently purified according to well-established procedures (Bell et 
al., 1979). The influence of this collagen I matrix may easily be altered by including 
other ECM constituents, e.g., other collagen types (Ehrlich, 1988) including fibril
associated collagens, which have profound effects on the supramolecular fiber organi
zation, as weIl as fibronectin or proteoglycans (Cidadao, 1989; Docherty et al., 1989; 
Guidry and Grinnell, 1987). 

The communication between cells and extracellular macromolecules is mediated 
by specific receptors located on the fibroblast surface. These receptors include different 
classes of proteins, e.g., the syndecans. The major receptors for ECM proteins, how
ever, are integrins (Hynes. 1992). Integrins are a large family of heterodimeric mole
cules. They are composed by two noncovalently associated subunits, a and ß (Fig. 7). 
Nineteen heterodimers resulting from the combination of 8 ß and 14 a subunits have 
been identified. Each integrin has a large extracellular domain, a short transmembrane 
segment, and a short intracellular tail (except for the ß4 subunit, which has a cytosolic 
domain of > 1000 amino acids) (Hogervorst et al. , 1990). The extracellular domain of 
the a subunits contains three to five motifs with homology to the EF-hands of calm
odulin and parvalbumin, representing potential cation-binding sites that are required 
for dimer formation and ligand-binding functions of the receptor (Hynes, 1992). 

The intracellular domains are thought to interact with cytoskeletal proteins such as 
talin and a-actinin, which in turn can bind vinculin and the actin cytoskeleton (Juliano 
and Haskill, 1993). Integrins can therefore transmit information directly from the ECM 
to the cell nucleus. The exact mechanism used for this signal transduction is still unclear. 
There is evidence, however, that phosphorylation of cytoskeleton-associated proteins by 
tyrosine (Schaller et al., 1992) and/or serine/threonine kinases could be involved. 
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Figure 7. Schematic representation of the potential interaction between ECM and cytoskeletal components 
via integrins. 

Using three-dimensional systems, various cells have been investigated and were 
found to be modulated in their shape, their differentiation status, or in distinct bio
synthetic functions . In the following, selected examples of such matrix-induced regula
tion will be discussed. 

Synthesis of collagen VII by keratinocytes was studied (Contard et al., 1993) at an 
ultrastructural level using keratinocytes seeded on top of a fibroblast-derived matrix. 
Deposition of collagen VII and formation of anchoring fibrils detectable by electron 
microscopy were shown to be a long-term process requiring 5-6 weeks of culture and 
to be dependent on the presence of a mesenchym al matrix, on epithelial-mesenchyme 
interactions and serum components. More detailed information regarding the interac
tions between epithelial and mesenchym al cells has come from studies (König and 
Bruckner-Tuderman, 1991, 1994) employing cocultures of keratinocytes and fi
broblasts in a two-chamber system, indicating that collagen VII synthesis by ker
atinocytes can be strongly enhanced by the presence of fibroblasts. The presence of 
keratinocytes cannot, however, induce elevated collagen VII synthesis in fibroblasts 
that are capable of synthesizing minimal amounts of collagen VII in this system. In 
search of an activating, diffusible factor, TGF-ß2 was found to be a major but probably 
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not the only stimulator of collagen VII synthesis for keratinocytes in coculture. These 
studies were further extended to an organotypic skin model with keratinocytes on top 
of a devitalized dermis and confirmed the importance of TGF-ß2 and of ECM contact 
in stimulating the synthesis and organized deposition of collagen VII at the der
moepidermal interface. 

Composition and organization of ECM previously had been shown to exert pro
found effects on the regulation of capillary endothelial cells. Specifically, collagen IV 
and laminin were shown to modulate endothelial cell migration, proliferation, and 
multicellular organization during angiogenesis (Montesano et al., 1983). However, 
striking results were obtained by embedding endothelial cells within a matrix recon
stituted from mainly type I collagen. Cells were evenly interspersed within the lattice, 
which they contracted much like dermal fibroblasts do. In addition, extensive complex 
tubelike structures started to form. These structures labeled intensely with antibodies to 
collagen V, indicative of enhanced synthesis and deposition of this collagen type. 
Collagens I and III were negative. This tube morphogenesis and collagen V production 
was enhanced by addition of TGF-ß and could not be demonstrated in cultures of 
endothelial cells lacking the three-dimensional contact with matrix (Madri et al., 1988). 

In light of recent reports, these results may be interpreted as laminin and collagen 
playing an indirect role in these phenomena. ECM molecules can be thought to serve as 
substrates for anchoring growth factors such as TGF-ß. In addition, anchoring of 
growth factors to ECM protects the growth factors from degradation on one hand, and 
facilitates interactions of growth factors with their corresponding receptors on the cell 
membrane on the other (crinopexie). 

Further evidence showing matrix-mediated effects on collagen V was derived 
from chicken embryo corneal fibroblasts responsible for synthesizing the corneal 
stroma consisting mainly of collagen I and of lesser but significant amounts of collagen 
V (Linsenmayer et al., 1984). All cells in a population were shown to produce both 
collagen types, indicating the absence of subpopulations responsible for the exc1usive 
synthesis of only one collagen type. In all culture conditions tested, corneal fibroblasts 
synthesized collagens I and V in a stable ratio of 4: 1. However, only culture within a 
three-dimensional collagen gel resulted in the assembly of heterotypic fibrils that are 
characteristic of uniform, small-diameter corneal fibrils (McLaughlin et al., 1989). 

In contrast to the information discussed above, more knowledge has accumulated 
regarding modulation of biosynthesis of the abundantly present fibril-forming col
lagens I and III. When fibroblasts or smooth musc1e cells are seeded into these three
dimensionallattices, the lattices are contracted until a dense connective tissue network 
is formed. This contraction is thought to represent wound contraction and is dependent 
on a properly functioning protein biosynthesis as weIl as an intact intracellular cyto
skeleton. Seeding dermal fibroblasts of different donor species within a three
dimensional collagenous matrix leads to coordinated down-regulation by 90-95% of 
collagen 0.1(1), 0.2(1), and 0. 1 (III) chains within 1-2 days (Mauch et al., 1988). The rate 
of reduction depends on the number of cells embedded into the matrix. Reduction was 
shown to take place both at the protein and the mRNA levels, indicating pretranslation
al control mechanisms. 

In comparison to monolayer cultures, c1eavage of procollagen peptides was more 
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efficient in the three-dimensional culture. Analysis of collagen distribution among the 
different compartments (cells, medium, matrix) revealed that in the lattice culture more 
than 90% was associated with the matrix, and 55% of this was converted to mature 
collagen. In contrast, cells in monolayer cultures secrete 75% into the medium, of 
which 85% remains in the procollagen form. There was no evidence for enhanced 
collagen degradation in lattice cultures, as judged by comparable amounts of dialyzable 
hydroxyproline in both monolayer and lattice cultures. 

Reduction in <xl(l) procollagen mRNA levels by more than 90% of monolayer 
values was observed using in situ hybridization as weIl as Northern and dot blot 
analysis. In order to understand the underlying molecular mechanisms leading to 
repressed steady-state mRNA levels, different control mechanisms can be envisioned. 
These include (1) differential expression or binding activity of nuclear proteins inter
acting with the collagen promotor, (2) differential methylation of regulatory sequences 
of the collagen gene, (3) differential transcription rates, (4) differences in transcript 
stability, and (5) differences in signal transduction mediated by collagen-binding inte
grins. Whereas only preliminary information is available regarding the first two mecha
nisms, more insight could be obtained into the latter three. 

Rates of transcription of the human <X 1 (I) collagen gene were assessed in primary 
human fibroblasts by nuclear run-on analysis (Eckes et al., 1993). In agreement with 
decreased steady-state transcript levels, de novo synthesis of this mRNA was found to 
be decreased. However, the observed reduction by 50%, in comparison to monolayer 
cultures, could not account for the more severe reduction in steady-state levels. There
fore, rates of collagen mRNA decay in the two culture systems were compared. In 
contrast to fibronectin transcripts, which decayed at a comparable rate in monolayer 
and lattice cultures, <xl(l) procollagen mRNA is approximately 50% less stable in 
fibroblasts cultured in three-dimensional contact with a collagenous matrix than in 
monolayer culture. These results indicate that the matrix environment triggers tran
scriptional as weIl as posttranscriptional control mechanisms leading to down
regulation of collagen transcript levels. 

Down-regulation of collagens I and III as described above occurs in freely con
tracting collagen lattices. In contrast, maintaining the matrix under tension, Le., by 
fixing the rims of the gel, thereby prohibiting radial gel contraction, yielded different 
results (Grinnell, 1994), implicating the importance of mechanical forces and the role 
of mechanotransducers in gene regulation (Ingber and Folkman, 1989). In the at
tached matrices, fibroblasts assurne an elongated, bipolar shape and they are oriented 
perpendicular to the plane of the force. In contrast to fibroblasts in freely contracting 
gels that stop proliferating, in the attached system proliferation proceeds. The force 
generated by the cells can be measured experimentally. It is maximal after 6 hr of 
culture and is on the order of 0.25 g/106 cells (Lambert et al., 1992). In addition, 
biosynthetic capacity is modulated differently in the attached matrices. Here, synthe
sis of <xl(l) and <x2(1) collagen transcripts remains nearly constant over aperiod of 5 
days, whereas all three chains of collagen VI are increased relative to the levels 
detected in freely contracting gels. 

Since the interaction between fibroblasts and the surrounding collagenous matrix 
involves integrins of the ßl family, expression of these receptors was studied. Immu-
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noprecipitation of total cellular ul, u2, u3, u5, u6, uv, and ßl chains showed that in 
freely contracting lattices, u2 was increased, whereas the others remained unchanged 
(Klein et al. , 1991). Results obtained using tumor cells (rhabdomyosarcoma) confirmed 
the role of u2ßl in mediating matrix contraction: rhabdomyosarcoma cells are inher
ently unable to contract a collagen matrix, but acquire this capability upon transfection 
of the u2 integrin gene (Schiro et al., 1991; Chan et al., 1992). 

However, u2ß 1 integrin is only one of at least two distinct receptors for collagen I 
expressed on the surface of fibroblasts. Studies are now in progress attempting to relate 
binding of different integrins to the identicalligand with distinctly different biochemi
cal responses. Preliminary results suggest that binding of collagen I to u2ß 1 is not 
responsible for transducing the signal "reduce synthesis of collagen I" into the nucleus, 
but thatanother receptor carries this function (Langholz et al., 1995). Intracellular 
signaling has been shown to involve phosphorylation of intracellular proteins, e.g., 
pp 125FAK, itself a tyrosine kinase located in focal adhesions (Roeckel and Krieg, 
1994), as weIl as the activity of phospholipase C (Lambert et al., 1993) and protein 
kinase C (Guidry, 1993). 

2.3. The ECM as Reservoir for Growth Factors 

ECM molecules including collagens do not only regulate cellular activities by 
direct binding to membrane bound integrins. These multifunctional molecules have 
been shown to specifically bind growth factors including basic FGF or TGF-ß (Nathan 
and Sporn, 1991; Ruoslahti and Yamaguchi, 1991; Witt and Lander, 1994). This bind
ing can activate the cytokines (bFGF) or inactivate them. The ECM therefore acts as an 
important reservoir for these mediators that can be rapidly released locally at sites of 
tissue injury. This mechanism has been identified for heparan sulfate proteoglycan and 
also noncollagenous glycoproteins of ECM. Direct information for collagen is not yet 
available; however, by analogy this could be an important function for regulating the 
reestablishment of dermal integrity after injury. 
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Chapter 17 

The Dermal-Epidermal Basement 
Membrane Zone in Cutaneous 
Wound Healing 

JOUNI UITTO, ALAIN MAUVIEL, and JOHN McGRATH 

1. Introduction 

The fonnation and repair of the functional extracellular matrix as part of the wound 
healing process requires coordinate expression of a repertoire of related and unrelated 
genes, including those encoding matrix proteins and proteolytic and regulatory en
zymes. In addition, the fonnation of a functionally organized basement membrane 
between the epidennis and the dennis is essential for the integrity of the skin to allow 
its function as a protective organ. This chapter will highlight the recent progress made 
in understanding the biochemistry and molecular biology of the cutaneous basement 
membrane zone. 

2. Structural Features of the Cutaneous Basement 
Membrane Zone 

The basement membrane zone (BMZ) of the skin consists of a large number of 
distinct structural macromolecules that fonn an intricate attachment zone at the 
dennal-epidennal interface (Fig. 1). It is now apparent that the presence of sufficient 
quantities of these macromolecules and their discrete intennolecular interactions are 
necessary for the functional integrity of the BMZ. Electron microscopic examination of 
the cutaneous BMZ has revealed distinct, morphologically recognizable features that 
reflect the presence of some 20 different gene products assembled into the structural 
elements (Fig. 2). On the epidennal side of the cutaneous BMZ, one can recognize 

JOUNI UIlTO, ALAIN MAUVIEL, and JOHN McGRATH • Departments of Dennatology and Cutane
ous Biology, and Biochemistry and Molecular Biology, Jefferson Medical College, and Section of Molecular 
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Figure 2. Transmission electron microscopy of the cutaneous basement membrane zone. Note the presence 
of a basement membrane consisting of two layers, lamina lucida (LL) and lamina densa (LD), separating the 
epidennis (e) from the underlying dennis (d). Bar: 0.5 ILm. 

hemidesmosomes, attachment structures that reside at the basal keratinocyte-Iamina 
lucida interface. The hemidesmosomes consist of an intracellular plaque and a trans
membrane component that form a link securing the attachment of basal keratinocytes to 
the adjacent dermal-epidermal BMZ (Figs. 1 and 2). Immunoelectron microscopy has 
topographically localized at least three protein components to the hemidesmosomes, 
that is, bullous pemphigoid antigens 1 and 2, and the a6ß4 integrin. The bullous 
pemphigoid antigen 1 (BPAG-l), a 230-kDa noncollagenous protein. is the major 
autoantigen in bullous pemphigoid, ablistering autoimmune disease (Stanley et al. , 
1981; Stanley. 1989). Another hemidesmosomal protein is bullous pemphigoid antigen 
2 (BPAG-2), a 180-kDa collagenous protein, also known as type XVII collagen (Li et 
al., 1993). which serves as the pathogenetic autoantigen in patients with bullous 
pemphigoid (Diaz et al., 1990; Liu et al. , 1993, 1995). BPAG-2 is also the autoantigen 
in herpes gestationis, ablistering disease associated with pregnancy (Morrison et al., 
1988; Giudice et al. , 1993). Severallines of evidence summarized below indicate that 
the two bullous pemphigoid antigens are clearly distinct gene products. The third 
protein associated with the hemidesmosomal complexes is the a6ß4 integrin, a cell
surface-binding protein characteristically expressed in epithelial cells (Buck and Hor
witz, 1987; Albelda and Buck, 1990; Larjava et al., 1990; Sonnenberg et al., 1990, 
1991; Jones et al., 1991). The a6ß4 integrin has been shown to be polarized to the 
underside of epidermal keratinocytes, on the surface apposed to the basement mem
brane, where it has been postulated to mediate the attachment of hemidesmosomes to 
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the underlying BMZ (Peltonen et al., 1989; DeLuca et al., 1990; Kurpakus et al., 1991; 
Sonnenberg et al., 1991). Thus, the hemidesmosomal proteins fonn a network that 
extends from the intracellu1ar milieu of the basal keratinocytes to the extracellu1ar 
space and physically seeures the attachment of the epidennis to the underlying base
ment membrane (Fig. 1). 

The core of the cutaneous BMZ consists of a basement membrane, which by 
conventional transmission electron microscopy can be divided into two distinct layers. 
The upper, electron-lucent layer is known as the lamina lucida, and the lower portion, 
an electron-dense layer, is known as the lamina densa (Fig. 2). It has been suggested, 
however, that this ultrastructura1 appearance of two distinct layers is an artifact due to 
fixation for electron microscopy (Eady, 1988). Nevertheless, within the lamina 1ucida, 
there are clearly recognizable fine filamentous structures, anchoring filaments, which 
are most numerous subjacent to the hemidesmosomes (Fig. 3). It appears, therefore, 

Figure 3. Electron microscopic visualization of the hemidesmosome-anchoring filament complexes at the 
cutaneous basement membrane zone. (a) Note the presence of clearly recognizable hemidesmosomes (ar
rows). (b) Enlargement ofthe area outlined in (a) reveals that the hemidesmosomes consist of an inner plaque 
(ip) and an outer plaque (op). Undemeath the hemidesmosomes are anchoring filaments (af, arrow) which 
traverse the lamina lucida to the electron dense lamina densa. Bars: a. 0.5 !-lm, b. 0.25 !-lm. 
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that the hemidesmosomes and anchoring filaments form a continuous adhesion com
plex. 

The presence of the hemidesmosomal component and the anchoring filament 
proteins are characteristic of stratifying squamous epithelia, such as those present in the 
skin, upper gastrointestinal tract, and the cornea of the eye. In contrast, some of the 
components of the cutaneous BMZ, such as type IV collagen, laminin 1, and nidogen, 
are ubiquitously expressed in basement membranes throughout the body, and these 
proteins are also present as major structural components of the cutaneous basement 
membrane (Olsen et al., 1989a,b). 

In the lower portion of the cutaneous BMZ, distinct attachment structures, anchor
ing fibrils, can be detected (Figs. 2 and 4). These fibrils extend from the lamina densa 
of the basement membrane to the papillary dermis. Anchoring fibrils may either loop to 
reattach to the lamina densa or the lower portion may attach to electron-dense, base
ment membrane-like structures known as anchoring plaques (Keene et al., 1987; Bur
geson et al., 1990; Ditto and Christiano, 1992; Burgeson, 1993). Anchoring fibrils can 
be recognized ultrastructurally by their characteristic banding pattern, and the cen
trosymmetrical arrangement suggests that the ends of type VII collagen attach to other 
basement membrane components (Fig. 4). Immunoelectron microscopic, cell biolog
ical, and protein structural analyses have suggested that type VII collagen is the major, 
if not the exclusive, component of anchoring fibrils (see Section 3.3.3.). 

In summary, the dermal-epidermal basement membrane forms a structural attach
ment zone which on its upper portion serves as an attachment site for basal ker
atinocytes through the formation of hemidesmosome-anchoring filament complexes, 
while the lower portion of the cutaneous BMZ is securely attached to the underlying 
dermis by anchoring fibrils. Thus, preservation of the structural features and controlled 
synthesis of these BMZ components, followed by their aggregation into a delicate 

Figure 4. Demonstration of the presence of anchoring fibrils in the sublamina densa space. Note the presence 
of multiple anchoring fibrils extending from the lamina densa to the upper papillary dermis (AF, solid 
arrows). These fibrils are c1early distinct from the broad, banded dermal collagen fibers consisting of type I 
and III collagens (open arrows). Bar: 0.5 j.Lm. 
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network, are critical steps toward securing the integrity of the dermal-epidermal junc
tion during fetal skin development and during reparative wound healing processes. 

This chapter will highlight recent advances made in understanding the structure 
and function of the cutaneous BMZ components, the regulation of the corresponding 
gene expression by cytokines, and their relevance to normal and compromised wound 
healing. 

3. Molecular Biology of the Cutaneous BMZ Components 

As indicated above, the cutaneous BMZ consists of a large number of proteins that 
represent as many as 20 distinct gene products. Since these proteins form a complex, 
highly cross-linked network within the intact skin, the dissection of the structural 
features of the human proteins was initially hampered by the insolubility of the individ
ual components. Recently, however, significant progress toward understanding the 
structural features of the BMZ proteins has been made through molecular cloning of 
the corresponding genes and their complementary DNA sequences (Uitto and Chris
tiano, 1992). The information derived from the nucleotide sequencing has allowed the 
primary and secondary structures of these protein components to be deduced and 
predictions to be made about their molecular organization, based on the characteristics 
of the putative peptide sequences. 

As examples of the tremendous progress made in understanding the molecular 
biology of the individual components of the cutaneous BMZ, this section will highlight 
the cloning of the genes encoding the hemidesmosomal protein, BPAG-l, the anchor
ing filament protein, laminin 5, and the anchoring fibril protein, type VII collagen, 
respectively. 

3.1. Bullous Pemphigoid Antigen 1: A Hemidesmosomal Protein 

BPAG-l is a major component of the hemidesmosomes and is also known as the 
230-kDa bullous pemphigoid antigen (Stanley et al., 1981). Immunofluorescence stud
ies have indicated that the 230-kDa bullous pemphigoid antigen is the major compo
nent of the intracellular hemidesmosomal plaque (Mutasim et al., 1985; Mueller et al., 
1989). Due to difficulties in isolating the BPAG-l protein, initial studies did not yield 
complete information about its structural features. However, recent cloning of the full
length human BPAG-I cDNA sequences has subsequently allowed a detailed structural 
analysis. 

3.1.1. cDNA Cloning 

Isolation of a partial, approximately 2-kilobase (kb), cDNA corresponding to the 
BPAG-l sequences was first reported by Stanley et al. (1988). These authors isolated a 
cDNA from a cDNA expression library by an immunoscreening technique utilizing 
antiserum from a patient with bullous pemphigoid containing relatively high titers of 
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immunoglobulin G (lgG) antibodies recognizing BPAG-I epitopes. For the purpose of 
performing potential linkage studies in families with heritable blistering skin diseases 
(Christiano and Uitto, 1992), oligomer primers were subsequently synthesized using 
the published sequence information to amplify an approximately 450-basepair (bp) 
segment of the BPAG-I mRNA by reverse transcriptase-polymerase chain reaction 
(RT-PCR) (Sawamura et al., 1990, 199Ib). This PCR-generated cDNA was subse
quently used to screen a human keratinocyte cDNA library. The initial screening 
resulted in the isolation of five positive clones, the largest one being -2.2 kb in size. 
Subsequently, the use of a variety of techniques, including screening of the cDNA 
library with a synthetic oligonucleotide corresponding to the 5' end of the cDNA and 
PCR amplification mRNA sequences, resulted in the isolation of overlapping cDNAs 
that were demonstrated to correspond to the entire full-Iength human BPAG-I (Saw
amura et al., 199Ia). 

3.1.2. Protein Structure 

The primary sequence of the 230-kDa BPAG, deduced from the open reading 
frame of the full-Iength cDNA, was shown to consist of a polypeptide of 2649 amino 
acids (Fig. 5). A hydrophilicity blot of the entire sequence revealed a large central 
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Figure 5. Representation of BPAG-l polypeptide domain (A), and computer-based prediction of the protein 
structure (B), based on deduced primary amino acid sequence. (A) The individual polypeptide demonstrates 
the presence of three subdomains characterized by heptad repeats ( ~) and two subdomains containing 38-
residue repeats (.). (B) Modeling of the protein homodimer structure depicts a central coiled-coil rod 
flanked by globular end domains. (Modified from Sawamura et al., 199Ia.) 



520 Chapter 17 

portion, consisting of -1000 amino acid residues, to be predominantly hydrophobie, 
while the peptide sequences toward both ends were in general more hydrophilic. The 
putative primary structure of the BPAG-l protein was also subjected to computer 
search for internal repeats as weH as for homologies with other protein sequences in the 
GenBank (Sawamura et al., 1991a). Such searches revealed several interesting features 
within the primary structure of the predieted polypeptide. First, a 38-residue repeat 
structure was detected in two subdomains, each consisting of four copies of the repeat, 
at the carboxyl end of the molecule (Fig. 5A). These repeat domains demonstrated 
homology with a similar, 38-residue repeat found in desmoplakin I, a desmosomal 
protein implicated in binding of intermediate filaments to the plasma membrane. This 
structural similarity between BPAG-l and desmoplakin I suggested a functional role 
for BPAG-l as a hemidesmosomal attachment site for intermediate filaments. In fact, 
this suggestion is consistent with the intraceHular location of BPAG-l within the basal 
keratinocytes as a major component of the hemidesmosomal plaque. 

A second interesting feature of the deduced protein structure was the presence of 
an internal heptad repeat that was detected in three separate subdomains within the 
central portion of the BPAG-l polypeptide (Fig. 5). Within the repeating substructure 
(abcdejg)n' the amino acid residues at the a and d positions were predominantly apolar 
(Sawamura et al., 1991a). Computer analysis predieted that the region containing the 
heptad repeat had a high probability (-81 %) of having an n-helical conformation. This 
pattern of regular repeats, whieh is found, for example, in myosin, suggested that 
BPAG-l may form a double-stranded coiled-coil structure in the central portion of the 
protein, and this central core would then be flanked by globular domains at both ends, 
as predicted from the primary sequence (Fig. 5B). 

3.1.3. Genomic Organization 

To elucidate the exon-intron organization of the human BPAG-l gene, a AFIX 
genomic DNA library was screened with cDNAs corresponding to different parts of the 
fuH-Iength mRNA (Fig. 6). Isolation of seven overlapping A clones aHowed elucidation 
of the entire gene, which was shown to span -20 kb of genomic sequence (Tamai et 
al., 1993). Identification of the intron-exon borders revealed 22 distinct exons, whieh 
varied from 78 to 2810 bp in size. Interestingly, the 3' end of the gene corresponding to 
the 38-amino acid residue repeat region was encoded by a single, relatively large exon 
(number 22). The seven exons in the region encoding the three n-helical coiled-coil 
subdomains varied from 84 to 2730 bp in size. However, two of the subdomains were 
encoded by a single exon (number 21) without interruption, while the most upstream 
part of the 3' subdomain was encoded by three separate exons (numbers 15-17). The 
region corresponding to the amino-terminal globular domain consisted of 15 distinct 
exons varying from 78 to 591 bp in size (Fig. 6). These observations indicate that 
different protein domains within the 230-kDa BPAG are encoded by gene segments 
depieting distinct intron-exon organizations (Tamai et al., 1993). These arrangements 
may relate to the stability of the gene with potential for rearrangements, the occurrence 
of which could conceivably result in heritable diseases. 
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Figure 6_ Cloning of the human BPAG-l gene. (A) Four separate eomplementary DNAs (peBPA) eorre
sponding to different segments of the full-length human BPAG-1 mRNA were used to sereen a genomie 
DNA library. (B) Seven distinet genomic clones (>'1-7), varying from -9 to -14 kb in size, were isolated. 
Restrietion enzyme digestions with Xbal, Sacl, Aeel, and Dralll endonucleases allowed alignment of the 
clones. The segment corresponding to the coding region of the BPAG-1 mRNA spans -20 kb of genomic 
DNA. (C) Comparlson of the eDNA with the corresponding genomic sequences identified 22 distinet exons 
within the gene. These exons are depicted by vertical bars, the introns are shown by horizontal lines. The . 
gene segments eorresponding to specific domain struetures (see Figure 5) are indieated above the exons . 

. (Modified from Tamai et af., 1993.) 

3.1.4. Tissue Specificity of Gene Expression 

To examine the tissue-specific expression of the BPAG-l gene, extensive analysis 
at the mRNA level has been performed (Sawamura et al., 1991b; Tamai et al., 1994a,b), 
First, Northem analyses were performed with RNA isolated from a variety of cultured 
cells, including normal human epidermal keratinocytes, HeLa cells, as weIl as a human 
oral epidermoid carcinoma ceIlline (KB) and human transformed amniotic epithelial 
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Figure 7. Demonstration of selective expression of the BPAG-l gene, as detennined at the protein level by 
indirect immunofluorescence (A) or at the mRNA level by Northem hybridization (B). (A) Nonnal human 
keratinocytes (NHK) or nonnal human fibroblasts (NHF) were incubated in parallel, and the presence of 
BPAG-l epitopes was detected by immunostaining with a monoclonal antibody. Note the detectable immu
nosignal only in NHK cultures, while NHF are entirely negative. (B) Two different cell strains of NHK or 
NHF were incubated in culture, total RNA was isolated, and Northem analyses were perfonned with 
BPAG-l and type I collagen a2(1) cDNAs. Note the c\early detectable BPAG-l mRNA transcripts in NHKI 
and 2 cultures, while NHFI and 2 are entirely negative. In contrast, the a2(1) collagen gene is expressed only 
in NHF cultures. Hybridization with GAPDH, a ubiquitously expressed housekeeping gene, was used as a 
control. (Reproduced from Tamai et al., 1995b.) 

cells (WISH), which were shown by immunofluorescence staining to express BPAG-l 
(see Fig. 7 A). An mRNA transcript was detected only in normal human epidermal 
keratinocytes cultured in serum-free medium containing low concentrations (0.15 mM) 
of Ca2 +, and not in cultured human dermal fibroblasts examined in parallel (Fig. 7B). 
Instead, type I collagen a2(I) mRNA transcripts were readily detected in cultured 
fibroblasts but were absent in keratinocytes. Thus, the expression of the BPAG-l gene 
appears to be largely restricted to keratinocytes, panicularly those with the mitotic, 
undifferentiated phenotype characteristic of basal cells. 

To examine the regulatory elements potentially responsible for tissue-specific 
expression of the gene at the transcriptionallevel, fragments of DNA corresponding to 
the 5'-flanking region of the gene were isolated (Tamai el al., 1993). These fragments 
were then ligated to the bacterial chloramphenicol acetyl transferase (CAT) reporter 
gene, and the constructs were used for transient cell transfeetions of cultured ker
atinocytes, as weIl as of cell types that did not demonstrate expression of the gene at the 
mRNA level, as determined by Northem analyses, such as dermal fibroblasts (Tamai el 

al., 1994a, 1995b). The 5'-flanking region ofthe gene, upstream from the ATG initia
tion codon for translation, was found to contain several putative transcriptional re
sponse elements. Specifically, these included three motifs potentially conferring 
keratinocyte-specific expression to the gene. The presence of such elements was ini-
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Figure 8. Transient transfections of normal human keratinocytes (NHK) or normal human fibroblasts (NHF) 
in culture with BPAG·l and a2(I) collagen promoter/CAT reporter gene constructs. (A) Assay of CAT 
activity by thin layer chromatography demonstrating separation of acetylated forms of [14C) chlorampheni
col from the unacetylated forms. Note the clearly detectable CAT activity in NHK cultures transfected with 
BPAG promoter/CAT construct. while the a2(I) collagen promoter construct was not expressed. In contrast. 
NHF cultures clearly expressed the collagen promoter. while BPAG 1 promoter activity was essentially 
undetectable. (B) Calculation of percent acetylation of [14C) chloramphenicol used as substrate for the CAT 
assay. allowed expression of the relative promoter activity in NHK and NHF cultures. The results indicated 
that BPAG-l promoter activity in NHK cultures is - 50-fold higher than the expression of the a2(!) collagen 
promoter. attesting to the specificity of the expression. SV2 viral promoter/CAT construct was used as a 
positive control; lane C contains a negative control containing protein extract from cells without transfection. 
For technical details. see Tamai er al., 1995b. (Reproduced from Tamai er al. , 1995b.) 

tially suggested by the high level of expression of a promoter-CAT construct in nonnal 
human epidennal keratinocytes, as compared to a low level of expression in fibroblasts 
(Fig. 8). Careful analysis of the potential motifs within the promoter region indicated 
that so-called CK-8-mer, which has previously been identified in a number of keratin 
genes as weil as in the gene for human involucrin (Blessing et al., 1987, 1989; Cripe et 
al., 1987), was not functional in the human BPAG-l gene, as detennined by gel 
mobility shift assays with nuclear proteins isolated from cultured keratinocytes or 
fibroblasts (Tamai et al., 1993, 1994a). In contrast, a putative AP-2 binding sequence, 
which was designated as keratinocyte responsive element 2 (KRE-2) at position -1786 
to -1778, was shown to confer partial keratinocyte-specific expression to the gene 
(Tamai et al. , 1994a). This conclusion was based on severallines of evidence. First, 5' 
deletion clones that eliminated this region resulted in a dramatic reduction in the level 
of expression of the promoter-CAT construct in keratinocytes, but did not alter the low 
level of expression noted in fibroblasts (Fig. 9). However, cloning of the KRE-2 
sequence in front of the truncated promoter-CAT construct restored the high level of 
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Figure 9. Demonstration that keratinocyte response element 2 provides tissue specificity to the BPAG-l gene 
expression. The construct pBPI.9 CATcontaining the KRE2 sequence (--7) at position -[1878 to 18881. and a 
truncated construct pBP 1.4 CAT devoid of KRE2 were transfected into normal human keratinocytes ( • ) or 
normal human fibroblasts (.) in culture. Note the 3.5-fold activity with the pBPI.9 CAT construct in 
keratinocytes as compared to pBPl.4 CAT, while no significant difference in fibroblast cultures was noted. 
Cloning of the KRE2 element in front of a pBPl.4 CAT restored the high level of expression of keratinocytes, 
but not in fibroblasts . A mutated construct, pMKRE2/BPI.4 CAT, in wh ich two C--7A substitutions were 
made in the KRE2 sequence, showed activity similar to that of pBPI.4 CAT. (Reproduced from Tamai er al. , 
1993.) 

expression in keratinocytes. Furthermore, introduction of specific mutations into the 
KRE-2 sequence abolished its ability to restore the keratinocyte-specific activity (Fig. 
9). Second, gel mobility shift assays utilizing nuclear protein extracts from normal 
keratinocytes identified a unique DNA-binding protein, keratinocyte transcriptional 
protein I (KTP-l), which was then shown to bind to KRE-2 (Tamai et al. , 1994a). This 
trans-acting factor was further characterized by competition assays with consensus 
AP-2 oligomers, by UV cross-linking studies, and by Southwestem analyses. The 
results indicated that KTP-l is not present in human skin fibroblasts or HeLa cells, 
which do, however, contain the genuine AP-2. Subsequent UV cross-linking studies 
and Southwestem analyses suggested that KTP-l binds to DNA as a single polypeptide 
of -110 kDa. Collectively, these data indicated that KTP-l is a novel DNA-binding 
protein, clearly distinct from AP-2, and this protein may be responsible for the basal 
keratinocyte-specific expression of the BPAG-l gene (Tamai et al., 1 994a). It was 
noted, however, that elimination of the KRE-2 sequence from the promoter region did 
not completely abolish the tissue specificity of BPAG-l gene expression in ker
atinocytes (Tamai et al. , 1994a). This observation suggested the possibility that addi
tional regulatory elements may contribute to the basal keratinocyte specific expression 
of this gene. 

Subsequently, another cis-element, keratinocyte-responsive element 3 (KRE-3), at 
position -216 to -197 of the human BPAG-l gene, was demonstrated to be a major 
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Figure 10. Demonstration of the presence of a keratinocyte responsive element, KRE3 in the promoter 
region -[296 to -176] of the human BPAG-I promoter. BPAG-l promoter region/CAT constructs were 
transfected to normal human keratinocytes (NHK) or normal human fibroblasts (NHF) in culture. Note the 
clearly detectable promoter activity in NHK cultures with the construct pBP296 CAT. 5' deletions of this 
construct abolished the high level of expression in NHK. The presence of SPI, CAAT, and TATA consensus 
sequences are shown upstream. The transcription initiation site of the gene is indicated by + 1. (Reproduced 
from Tamai er al .. 1995b.) 
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Figure 11. Identification of the keratinocyte responsive element 3 (KRE3) by 5' -deletion constructs of 
BPAG-l/CAT reporter gene constructs. Six constructs depicted in the figure were transfected into normal 
human keratinocytes in culture. and CAT activity was determined as described in Figures 8-10. Note that 
deletion ofthe segment between nucleotides -216 and -177 abolishes the CAT activity. Nucleotide sequenc
ing of this region reveals the presence of the KRE3 segment (underlined) upstream from SPI and CAAT 
consensus sequences (asterisks). (Reproduced from Tamai er al .. 1995b.) 
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sequence element conferring tissue-specific expression to the BPAG-l gene (Tamai et 
al. , 1995b). Specifically, a promoter-CAT construct containing this element had -50-
fold higher expression than a similar 5'-deletion construct devoid only of this se
quence, when tested in transient transfections of cultured human keratinocytes (Fig. 
10). Again, however, there was no effect on the low baseline level of expression in 
cultured skin fibroblasts. Careful analysis of KRE3 revealed that it consisted of a 
palindromic sequence, 5' -CAAATATTTG-3 ' , and mutations in this sequence signifi
cantly reduced the promoter activity (Tamai et al., 1995b) (Fig. 11). Gel mobility shift 
assays with an oligomer-containing KRE-3 sequence demonstrated binding activity 
with nuclear proteins isolated from keratinocytes. One of the DNA-protein complexes 
was clearly specific, since competition with > 12.5-fold excess of the unlabeled oli
gomer resulted in disappearance of this band (Tamai et al., 1995b). No specific binding 
activity was noted with nuclear proteins extracted from fibroblasts. Thus, KRE-3 
appears to serve as the binding site for keratinocyte-specific trans-activating factor(s), 
and KRE-3, together with KRE-2, may thus confer the tissue-specific expression to the 
BPAG-l gene. 

3.1.5. Gene Mapping 

To determine the genomic location of the human BPAG-l gene, chromosomal in 
situ hybridizations with radioactively labeled cDNAs were performed (Sawamura et 
al., 1990, 1992). Results indicated that the human BPAG-l gene resides at the chromo
somal locus 6pll-6p12 (Fig. 12). This conclusion was supported by hybridizations 
with a panel of human X rodent hybrid cell DNA, which indicated concordance with 
the human chromosome 6. 

3.2. Bullous Pemphigoid Antigen 2: A Hemidesmosomal 
Transmembrane Protein, Type XVII Collagen 

BPAG-2, the 180-kDa bullous pemphigoid antigen, is a collagenous hemidesmo
somal protein, which has recently been designated as type XVII collagen (Giudice et 
al., 1991; Li et al., 1991, 1993). In fact, type XVII collagen consists of 13 distinct 
collagenous domains in its carboxy-terminal segment and of a large globular domain in 
the amino-terminal portion (Fig. 13). Sequence analyses have also revealed the pres
ence of a membrane-associated domain, which initially suggested, on the basis of 
computer predictions, that type XVII collagen is a transmembrane protein (Li et al., 
1991). Subsequent studies involving epitope mapping have demonstrated that this 
protein is indeed a transmembrane protein in an unusual type 11 topography (Giudice et 
al., 1992; Hopkinson et al., 1992; Li et al., 1992). Specifically, the carboxy-terminal 
portion of the molecule containing the collagenous domains is located in the extracellu
lar space embedded in the dermal-epidermal basement membrane, potentially serving 
as an attachment site for other BMZ molecules. In contrast, the amino-terminal noncol
lagenous domain resides intracellularly within the hemidesmosomes and may associate 
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Figure 12. Idiograms of human chromosomes 6 and 10 indicating different chromosomalloci for BPAG-I 
(A) and BPAG-2 (B), as revealed by chromosomal in situ hybridizations with the corresponding cDNA 
probes. For experimental details, see original data in Sawamura et al., 1991 band Li et al., 1991. (Reproduced 
from Sawamura et al., 1992.) 
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Figure 13. Representation of the al (XVU) polypeptide, the 180-kD bullous pemphigoid antigen, as deduced 
from c10ned complementary DNAs. The polypeptide consists of a total of 1,433 amino acids. The 5' segment 
(NC1) is characterized by a 573-amino acid noncollagenous sequence. The carboxyl-terminal domain con
sists of 13 collagenous segments (COLl-13), which are interrupted by noncollagenous segments (NC2-13). 
The most carboxyl-terminal segment within the NC-l domain is characterized by the presence of 8 heptad 
repeats (liliiii). Computer analysis of the primary sequence identifies a membrane-associated segment (.) as 
well as three potentially antigenie sites (T). (Reproduced from Li et al., 1993.) 

directly with the 230-kDa bullous pemphigoid antigen, BPAG-l, within the hemi
desmosomal plaque. 

3.2.1. Demonstration That BPAG-l and BPAG-2 Are Distinct Gene Products 

As indicated above, the sera from patients with bullous pemphigoid (BP), a 
blistering skin disease, have been shown to contain autoantibodies that recognize at least 
two autoantigens. By Western immunoblotting analyses, one of these antigens has been 
shown to be a 230-kDa protein that is recognized by autoantibodies in the sera from the 
majority of patients with BP. In addition, antibodies recognizing a 180-kDa protein have 
been shown to be present in the sera of some patients with BP and also in patients with 
herpes gestationis (Morrison et al" 1988; Giudice et al" 1993). Immunofluorescence data 
have demonstrated that these antigens reside within the cutaneous BMZ, and furthermore, 
immunoelectron microscopy has localized them to the hemidesmosomes. 

Previously, there has been some uncertainty as to the precise structural relation
ship between these two autoantigens (Labib, 1991). This issue was complicated by the 
fact that different authors have assigned somewhat different molecular weights for 
these proteins. However, recent data on the cloning and characterization of the BPAG-l 
and BPAG-2 genes have unequivocally demonstrated that these proteins are two dis
tinct gene products without structural homology. The evidence to support this conclu
sion has come from at least three different approaches (Sawamura et al., 1992). First, 
cloning of the full-Iength cDNA sequences corresponding to these two proteins has 
allowed the entire primary amino acid sequence for both of them to be deduced, and 
comparison of these sequences has not revealed any homology (Sawamura et al., 1992; 
Giudice et al., 1992; Li et al" 1993). In fact, BPAG-2 is a collagenous protein with 
multiple segments characterized by repeating Gly-X-Y sequences, while BPAG-l is a 
noncollagenous protein. 

Second, Northern hybridization of RNA from cells expressing both proteins, such 
as cultured epidermal keratinocytes, has revealed the presence of mRNA transcripts of 
two distinct sizes. Specifically, the BPAG-l protein is encoded by an -9-kb mRNA, 
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Figure 14. Demonstration that BPAG-I and BPAG-2 are encoded by mRNA transcripts of different sizes. 
Normal human keratinocyte RNA was used for Northem analyses with hybridizations with a human BPAG-I 
(Iane A) or BPAG-2 (Iane B) cDNAs. Note the different sizes of the BPAG-I and BPAG-2 mRNAs are 9.0 
and 6.0 kb, respectively. (Reproduced from Sawamura er al., 1992.) 

whereas BPAG-2 sequences are contained within an -6-kb transcript (Fig. 14). Although 
the size difference in mRNA could theoretically be explained by alternative splicing of 
the primary pre-mRNA transcripts, the presence of multiple transcriptfon initiation 
sites within a single gene or by differential utilization of 3' polyadenylation signals, the 
absence of any sequence homology at the cDNA level mitigates these possibilities. 

Third, chromosomal in situ hybridizations with BPAG-l and BPAG-2 cDNAs 
revealed that the genes for these two bullous pemphigoid antigens reside in different 
chromosomes within the human genome (Fig. 12). Specifically, as noted above, 
BPAG-l resides in the short arm of human chromosome 6, corresponding to the region 
6pll-12 (Sawamura et al., 1990), whereas BPAG-2 resides in the long arm of chromo
some 10 at the locus IOq24.3 (Li et al., 1991). 
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This demonstration that the 230-kD and 180-kD bullous pemphigoid antigens are 
clearly distinct gene products (BPAG-l and BPAG-2) illustrates the potential of mo
lecular biology in elucidating the structural components of the cutaneous basement 
membrane zone (Ditto and Christiano, 1992). 

3.3. Laminin 5: An Anchoring Filament Protein 

As indicated above, electron microseopie examination of the cutaneous BMZ 
reveals the presence of structures known as anchoring filaments,which traverse from 
the hemidesmosomes across the lamina lucida to the lower portion of the dermal
epidermal basement membrane. Laminin 5 is a recently characterized BMZ component 
that appears to be an integral component of the anchoring filaments. 

3.3.1. Structural Features 

Extensive biochemical studies at the protein level have established that laminin 5 
is a member of the laminin superfamily (Beck et al., 1990; Tryggvason, 1993; Timpl 
and Brown, 1994; Burgeson et al., 1994). There are currently as many as seven 
different laminin isoforms that have characteristic tissue distribution and specific sub
unit composition (Table I). Each of the laminin isotypes is a heterotrimer consisting of 
subunit polypeptides, nine of which have been characterized and shown to be distinct 
gene products (Table 11). 

Table I. Summary of Laminin Isoforms, Their Chain Composition and Tissue Distributiona 

Laminin Chain 
isoforms composition Previous name Tissue distiribution 

Laminin I aIßI,,/1 EHS laminin Kidney, testis, meninges, neuroretina, 
some regions of brain, blood vessels 
of muscIe and skin 

Laminin 2 a2ßI,,/2 Merosin Striated muscIe, peripheral nerve, cho-
roid plexus, meninges, developing 
and regenerating liver, thymus, testis, 
placental trophoblast 

Laminin 3 a1ß2,,/1 S-laminin Synapses at neuromuscular junctions, 
perineurium in perhipheral nerves, 
certain blood vessels and glomeruli in 
the kidney 

Laminin 4 a2ß2,,/1 Merosin/S-laminin Myotendinous junction, placental tro-
phoblast 

Laminin 5 a3ß3,,/2 Nicein/Kalininl Skin, amnion, larynx, esophagus, stom-
Epiligrin ach, small intestine, bladder, pancreas 

Laminin 6 h a3ßl,,/1 K-laminin Same as for laminin 5 
Laminin 7b a3ß2,,/1 KS-laminin Unknown 

aModified from Burgeson et al. (1994). 
bThe identity of 0: chains in laminins 6 and 7 with the 0:3 chain of larninin 5 is not frrmly established. 
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Table 11. Genes Encoding Laminin Polypeptide Chains and Their Chromosomal Locationa 

Previous Chromosomal 
Chain name Gene locusb References 

111 A,Ae LAMA 1 18pl1.3 Nagayoshi et al. (1989) 
112 M,Am LAMA2 6q22-23 Vuolteenaho et al. (1994) 
113 200 kDae LAMA3 18ql1.2 Ryan et al. (1994) 
114 LAMA4 6q21 Richards et al. (1994) 

ßl BI, Ble LAMBI 7q22 Pikkarainen et al. (1987) 
ß2 S, BIs LAMB2 3p21 Wewer et al. (1994) 
ß3 140 kDae LAMB3 lq32 Vailly et al. (1994b) 

'Y1 B2, B2e LAMCl lq25-31 Fukushima et al. (1988) 
'Y2 B2te LAMC2 lq25-31 Vailly et al. (1994b) 

aModified from Burgeson er al. (1994). 
bChromosomal location determined for human genes. 
cJdentified in laminin 5. 

The most extensively studied laminin isoform, laminin I, was initially isolated 
from the murine Engelbreth-Holm-Swarm tumor, hence the original name EHS
laminin (Timpl and Brown, 1994). Laminin 1 is composed of three genetically distinct, 
but structurally re1ated polypeptides, the a1, ß1, and "(1 chains, with molecular weights 
of 400,215, and 200 kDa, respectively. These chains form an asymmetric cross-shaped 
structure with three short arms and a long arm (Fig. 15). The amino-termini of the a, ß, 
and "( subunits extend separately to form the three short arms, which consist of several 
subdomains. In particular, subdomains VI and IV form globular structures, while 
subdomains V and III consist of epidermal growth factor (EGF)-like repeats, each 
containing cysteine residues. The stern of the long arm is formed by subdomains 11 and 
I, and the three chains fold together into a coiled-coil structure (Fig. 15). The ß chain 
contains a cysteine-rich, so-called a subdomain between the major domains 11 and I. 
The carboxy-terminal third of each a chain forms a large globular domain at the end of 
the long arm. 

Laminin 5 was first recognized by a monoclonal antibody, GB3, and was desig
nated as BM600; this protein was subsequently renamed nicein (Verrando et al., 1988). 
At the same time, a BMZ protein, kalinin, was independently isolated (Rousselle et al. , 
1991; Marinkovich et al., 1992b). Subsequent immunofluorescent and biochemical 
analysis have clearly established that nicein and kalinin polypeptides are identical 
products of the same genes (Marinkovich et al., 1993). Furthermore, antibody ap
proaches have identified a third anchoring filament protein, epiligrin (Carter et al., 
1991). This protein appears to be similar, if not identical, with kalinin/nicein or at least 
contains this protein complexed with other components of the cutaneous BMZ (Gil et 
al., 1994). Consequently, the protein nicein/kalinin/epiligrin was renamed laminin 5 
(Burgeson et al., 1994). 

Laminin 5, as do all members of the laminin family, consists of three individual 
subunits-a3, ß3, and "(2 chains-which assemble into a trimeric cross-shaped struc
ture (Fig. 15). Biosynthesis of the a3, ß3, and "(2 polypeptides of laminin 5 occurs in 
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the basal keratinocytes, where they form a heterotrimer, followed by secretion and a 
two-step proteolytic processing. The cellular form of laminin 5 is -460 kDa in size and 
is secreted by keratinocytes into the cell culture medium (Marinkovich et al., 1992a). 
This particular form of laminin 5 appears to facilitate attachment and adhesion of 
proliferating and migrating cells. The cellular form is subsequently converted in the 
medium to a -440-kDa intermediate protein as a result of processing of the a3 chain. 
Furthermore, the -440-kDa form is converted to the -400-kDa protein by subsequent 
processing of the -y2 chain. It has been suggested that the latter form of laminin 5 
facilitates epithelial-mesenchymal cohesion in vivo. Thus, each of the different forms 
of laminin 5 have divergent and important roles in maintaining the adhesion zone 
between the epidermis and dermis. 

Biologically, larninin 5 is suggested to be involved in the attachment of keratino
cytes to the basement membrane. Certain sites of the moleeule are capable of interact
ing with receptors on the keratinocyte surface, while other regions appear to reside 
within the lamina densa, thus providing cell-substrata adhesion. Specifically, laminin 5 
has been shown to bind a3ß I integrin, which is located apart from the hemidesmo
somes in the plasma membrane of basal keratinocytes (Carter et al. , 1990). Laminin 5 
has also been shown to interact with the hemidesmosomal protein, a6ß4 integrin, 
which is expressed by epithelial cells on the side apposed to the basement membrane 
(Peltonen et al., 1989; DeLuca et al., 1990; Stepp et al., 1990; Kurpakus et al., 1991; 
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Figure 15. Schematic representation of the structures of laminin I (Jeft) and laminin 5 (right). Laminin 1 is 
composed of al, ßI and")'1 polypeptides, while the corresponding polypeptides in laminin 5 are a3, ß3 and 
")'2. The structural domains of the individual polypeptides in both laminins are indicated by Roman numerals 
(I-VI), and functional domains of laminin I are described. (The figure was kindly provided by Dr. Leena 
Pulkkinen, Jefferson Medical College.) 

Sonnenberg et al., 1991). Thus, laminin 5 serves as a specific ligand for the extracellu
lar portion of a6ß4 integrin. 

3.3.2. cDNA Cloning 

Precise elucidation of the laminin 5 protein structure has been advanced by cloning 
of the corresponding DNA sequences. Specifically, the entire 'Y2 and ß3 chain cDNA 
sequences have been published (Kallunki et al., 1992; Gerecke et al., 1994; Vailly et al. , 
1994a). Also, partial sequence to the a3 polypeptide has been reported (Ryan et al., 
1994). This information has allowed the primary sequences of the corresponding 
polypeptides to be deduced. cDNA cloning of these polypeptides has also facilitated 
structural analysis of different laminin subunits, and specifically cloning of laminin 5 
polypeptides (a3, ß3, and 'Y2 chains) has allowed detailed comparison with the corre
sponding laminin 1 polypeptide sequences (a 1, ß I, and 'Y I chains). For example, recent 
cloning of the ß3 chain cDNA and genomic DNA sequences has allowed direct 
comparison of the structures of the corresponding genes (LAMB 1 and LAMB3), as well 
as direct comparison of the ß 1 and ß3 chain protein domains (Pulkkinen et al., 1995). 

3.3.3. Gene Structure 

The classic laminin 1 has the chain composition al, ß 1, and 'Y 1 (Table I). The ß 1 
chain consists of 1765 amino acids, encoded by a 5.6-kb mRNA, and the correspond
ing gene, LAMBl, has been mapped to human chromosome 7q22 (Table 11). Since the 
LAMB3 gene was subsequently mapped to a different chromosome, lq25 (Vailly et al., 
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1994b), it was of interest to compare the structural organization of the LAMB 1 and 
LAMB3 genes. Direct comparison indicated that LAMB3, -29 kb in size, is considera
bly more compact than LAMB 1, which extends over 80 kb of genomic sequences 
(Pikkarainen et al., 1987). The LAMBI gene consists of 34 exons, while LAMB3 
comprises 23 exons (Fig. 16). This difference reflects the fact that LAMBI encodes 
1765 amino acids, as compared to 1172 amino acids encoded by LAMB3, explaining 
the difference in the overall size of these two genes. In addition, the sizes of some of 
the introns in LAMBI are considerably larger, >50 kb in size, as compared with those 
in LAMB3. However, the sizes of individual exons in certain regions of these two 
genes are comparable. For example, exons 3-10, which encode domains VI and V of 
both polypeptides, show considerable similarity in their sizes (Fig. 17). The largest 
exon in LAMB3 (exon 14) is 379 bp in size, and the corresponding exon in LAMBI 
(exon 25) is 370 bp, both encoding the border of domains III and 11. Strikingly, the 
sizes of exons 18-21 in LAMB3-encoding domain I sequences are precisely the same 
size as exons 29-32 in LAMB 1 corresponding to the same peptide domain (Pulkkinen 
et al., 1995). Comparison of LAMBI and LAMB3 exons indicates that the coding 
regions corresponding to the 3' end of domain V, the entire domain IV, and the 5' end 
of domain III are missing from the LAMB3 gene (Fig. 17). Thus, although there is a 
deletion of a segment from the short arm of the ß3 chain in comparison to the ß 1 
chain, there is considerable conservation in the structural organization of the segments 
of these genes within the existing domains in the ß 1 and ß3 polypeptides (Pulkkinen et 
al., 1995). 

The observed conservation of exon-intron organization between the LAMB 1 and 
LAMB3 genes reflects the similarity of the overall structure, as suggested by the 
predicted amino acid sequence. Domains VI and V IIII of ß3 have approximately 42-
54% homology with the ß 1 chain, while domains I and III in the ß3 chain have about 
20% homology with the corresponding sequences in the ß 1 chains, respectively (Pulk
kinen et al., 1995). The sequence conservation, although somewhat low, in domains I 
and 11 is not panicularly surprising, since these domains containing the heptad repeats 
are responsible for the coiled-coil structure that initiates and stabilizes the interactions 
between the three laminin subunits (Engel, 1992). One would predict that the length of 
these domains could vary only slightly, if at all , without a negative effect on the 
molecular stability. 

The sizes <lf exons encoding the short arm domains are less conserved, possibly 
reflecting the increased divergence of the amino acid sequences in this segment of ß I 
and ß3 chains (Pulkkinen et al., 1995). In particular, the truncated structure of the ß3 
chain is considerably different from the structure of the ßl chain. In addition, it has 
been suggested that laminin 5 interacts with other basement membrane molecules via 
mechanisms that are different from those of laminin 1. Specifically, laminin 1 has been 
suggested to self-assemble and to interact with a variety of other laminins to form 
networks, and these interactions are mediated by domain VI of the short arm of the ß 1 
chain (Schittny and Yurchenco, 1990; Yurchenco and Schittny, 1990). In contrast, 
laminin 5 is thought to form covalent interactions with laminin 6 and laminin 7, and 
these interactions may involve the short arm of the ß3 chain (Marinkovich et al., 
1992b). 
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3.4. Type VII Collagen: The Anchoring Fibril Protein 

The collagens constitute a family of closely related yet genetically distinct pro
teins, and 19 different collagen types have been identified in vertebrate tissues (Kivirikko, 
1993). Thus far, 11 of these genetically distinct collagens have been detected in the 
skin. Among the collagens, type VII collagen has a relatively limited tissue distribu
tion, as it is found predominantly in the BMZ of stratifying squamous epithelia, i.e., 
in the skin, mucous membranes, and the cornea of the eye (Burgeson, 1993; Wetzeis et 
al., 1991). Type VII collagen has been demonstrated by immunolocalization studies to 
be a component of anchoring fibrils, morphologically distinct attachment structures 
extending from the lower portion of the basement membrane to the papillary dermis 
(Fig. 18). 

Figure 18. Immunoelectron microscopy of the cutaneous BMZ in normal and healing skin with a monoclo
nal antibody recognizing the amino-terminal noncollagenous (Ne-I) domain of type VII collagen. (a) In 
normal skin, specific labeling is noted at both ends of the anchoring fibrils, one being adjacent to the lamina 
densa, the lower part being within the upper dermis. (b) During the early stages of wound healing, specific 
labeling is noted only in the lamina densa region, while the lower level of labeling by comparison with 
normal skin is absent, reflecting a gradual reassembly of anchoring fibrils, during tissue repair. 
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3.4.1. Structural Features 

Type VII collagen was initially isolated from extracts of human amniotic mem
branes by limited pepsin proteolysis· and was designated as "long-chain collagen," 
since it has an unusually long triple-helical region of -450 nm (Bentz et al., 1983; 
Burgeson, 1993). Extensive biochemical analyses at the protein level suggested that the 
tissue form of trimeric type VII collagen consists of only one type of a-chain, al(VII), 
and that the triple-helical domain contains interchain disulfide bonds (Morrls et al., 
1986). These studies also predicted the presence of a pepsin-sensitive, nonhelical site 
close to the center of the tripie helix (Seltzer et al., 1989). Subsequent studies examined 
biosynthetic products of cells that express type VII collagen, such as epidermal ker
atinocytes, transformed human epithelial cell lines (KB and WISH), and, to a lesser 
degree, dermal fibroblasts (Ryynänen et al., 1991, 1992; König and Bruckner
Tuderman, 1992). These studies indicated that type VII collagen is synthesized as a 
procollagen, each pro-al(VII) chain being -350 kDa in size. 

Type VII collagen is the major constituent of anchoring fibrils within the cutane
ous BMZ (Sakai et al., 1986; Keene et al., 1987). The assembly of anchoring fibrils 
involves several discrete steps following the secretion of the type VIIprocollagen 
molecules into the extracellular space (Fig. 19). The assembly of the anchoring fibrils 
is initiated by formation of antiparallel dimers linked through their overlapping 
carboxy-terminal ends (Burgeson, 1993). This association is apparently stabilized by 
the formation of interchain disulfide bonds, and subsequently, part of the carboxy
terminal domain is proteolytically cleaved (Fig. 19). A large number of these anti
parallel dimer molecules then laterally associate to form the anchoring fibril structures 
that can be recognized at the sublamina densa space by electron microscopy through 
their characteristic banding pattern (see Figs. 2,4, and 19). In fact, the presence of the 
characteristic banding pattern of segment-Iong spacing aggregates of type VII collagen 
initially led to identification of type VII collagen as the major cornponent of the 
anchoring fibrils (Bruns, 1969). 

3.4.2. Molecular Cloning of Type VII Collagen Sequences 

Elucidation of the primary sequence of pro-al(VII) chain has been greatly en
hanced by cloning of the corresponding complementary and genomic DNA sequences 
(parente et al., 1991; Christiano et al., 1994b,c). The information on amino acid se
quences as deduced from the nucleotide sequence has confirmed that each of the a 
chains of type VII collagen is composed of a central collagenous segment characterized 
by the presence of repeating Gly-X-Y sequences (Fig. 20). Exarnination of the amino 
acid sequence deduced from the full-Iength cDNA corresponding to the al(VII) chain 
has revealed, however, that the collagenous domain is interrupted at 19 locations by 
imperfections or interruptions in the Gly-X-Y amino acid repeat sequence (Christiano 
et al., 1994b). The largest one of these interruptions is a 39-amino acid noncollagenous 
segment close to the center of the triple-helical domain (Fig. 20). The presence of this 
noncollagenous segment was predicted at the protein level by pepsin digestion, which 
indicated cleavage of the triple-helix into two large fragments under nondenaturing 
conditions (Seltzer et al., 1989). The interruptions within the triple-helical domain of 



BMZ in Wound Repair 

tripie 
helix 8r--------;G 

NC-2 
NC-I 

anti-paralJd dimers 

539 

lammadtmSa 

anchonng tibril 

Figure 19. Schematic representation of type VII collagen molecules and their supramolecular assembly into 
anchoring fibrils. Type VII collagen molecules consist of a central collagenous domain flanked by amino
terminal noncollagenous (NC-I) and carboxy-terminal noncollagenous (NC-2) domains. In the extracellular 
space, two procollagen molecules align to form antiparallel dimers, wh ich are stabilized by the formation of 
intermolecular disulfide bonds. Part of the NC-2 domain is proteolytically removed to yield stable type VII 
collagen anti parallel dimers. A large number of these dimer molecules laterally associate to form anchoring 
fibrils, which extend from the lamina densa to the papillary dermis. 

type VII have been suggested to provide flexibility to the anchoring fibrils. The central 
collagenous segment is flanked by noncollagenous domains at both ends of the poly
peptide. The large amino-terminal NC-l domain, ~ 145 kDa, consists of submodules 
with homology to known adhesive proteins, including the most amino-terminal seg
ment with homology to cartilage matrix protein, followed by nine consecutive fi
bronectin type III (FN-III)-like domains, and a segment with homology to the A 
domain of von Willebrand factor (Christiano et al., 1992; Gammon et al., 1992) (Fig. 
20). The carboxy-terminal noncollagenous NC-2 end is relatively smalI, ~ 17 kDa, 
when calculated from the primary sequence, and contains a segment with homology to 
the Kunitz protease inhibitor moleeule (Greenspan, 1993). It is unclear, however, 
whether this segment serves as an active inhibitor of proteases. 

3.4.3. Domain Organization 

Homology searches with GenBank sequences showed that the nine consecutive 
fibronectin type III-like repeat sequences have overall homology averaging ~23%. 
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Individually, these domains consist of -90 amino acids in size and comprise two 
halves, each encoded by aseparate exon, characteristic for the fibronectin type III 
domain (Christiano et al., 1992). The A exon of each pair encodes 39-55 amino acids, 
with a conserved tryptophan residue in the approximate center of the sequence. The B 
exon of each pair encodes 43-50 amino acids, and a conserved octet sequence in the 
center of the B module is observed. This exon arrangement is also characteristic of 
fibronectin type III repeats, and has been found in a large number of unrelated proteins, 
including fibronectin, tenascin, and leukocyte antigen-related protein, among others. In 
addition, recent analyses of different collagens have shown the presence of fibronectin 
III repeats in the a3 chain of type VI collagen and the al chain of type XII collagen 
(see Christiano et al., 1992). 

Upstream ofthe FN-III domains, a 123-amino-acid segment with -21 % homology 
to the cartilage matrix protein sequences was found (Fig. 20). Previous comparisons have 
suggested that cartilage matrix protein has functional homology with von Willebrand 
factor (Shelton-Inloes et al., 1986). Both of these sequences are characterized by the 
presence of two conserved cysteine residues near the edges of each domain. In addition 
to the cysteine residues identified at the end regions of the von Willebrand factor A-like 
domains, two additional cysteines were identified in the region just preceding the Gly
X-Y collagenous sequence. This 65-amino-acid segment also contains 8 prolyl residues, 
and this cysteine/proline-rich region is encoded by two exons. 

3.4.4. Molecular Interactions 

The chimeric NC-l domain of type VII collagen consists of subdomains homolo
gous to known adhesive proteins, suggesting that the amino-terminal end may be 
involved in protein-protein interactions. Specifically, it has been suggested that the 
NC-l domain of type VII collagen may facilitate the binding of anchoring fibrils to 
other macromolecular components of the basement membrane in the lamina densa and 
within the anchoring plaques (Uitto et al., 1992; Burgeson, 1993). Such association 
would stabilize the adhesion of the basement membrane to the underlying dermis, thus 
providing integrity to the cutaneous BMZ. This prediction has been supported by the 
demonstration of a large number of mutations in the type VII collagen gene in families 
with dystrophic forms of the inherited blistering skin disorder, epidermolysis bullosa, 
manifesting with fragility of the cutaneous BMZ and compromised epidermal wound 
healing (see Section 5). 

The anchoring fibrils span from the lower part of the cutaneous basement mem
brane to the upper papillary dermis where they associate with structures known as 
anchoring plaques (Burgeson et al., 1990). Anchoring plaques are basement mem
branelike islands within the papillary dermis, containing type IV collagen and laminin 1, 
ubiquitously expressed components of all basement membranes. Some of the an
choring fibrils adopt a U-shaped configuration, in which both ends containing the NC-l 
domains are inserted into the basal lamina. Such anchoring fibril loops entrap the 
broad, banded interstitial collagen fibrils that consist primarily of type I and type III 
collagens. These types of supramolecular interactions allow the anchoring fibrils to 
stabilize the binding of the lower portion of the basement membrane to the upper part 
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of the papillary dermis. Thus, type VII collagen plays a critical role in stabilizing the 
attachment at the lower portion of the cutaneous basement membrane to the underlying 
dermis. 

3.4.5. Cloning of the COL 7 Al Gene 

Recently, the gene for type VII collagen (COL7A1) has been cloned, and the 
entire exon-intron organization characterized (Christiano et al., 1994b,c). The gene is 
a remarkably compact, yet complex, arrangement of introns and exons. Specifically, 
the gene spans only -32 kb of genomic DNA, yet it consists of 118 separate exons, the 
largest number of exons in any previously reported gene (Christiano et al., 1994c). The 
gene has been mapped to the short arm of human chromosome 3, corresponding to 
the band 3p21 (parente et al., 1991). 

4. Cytokine Modulation of BMZ Gene Expression 

Several lines of evidence indicate that the different phases of the wound-healing 
process all potentially involve cytokines and growth factors (Mauviel and Ditto, 1993). 
Following injury, tissue repair takes place in an organized sequential manner (see 
Chapter 1, this volume). The initial fibrin clot formation is rapidly followed by inva
sion of the injured tissue by mononuclear cells and granulocytes, followed by an
giogenesis, granulation tissue formation, fibroblast proliferation, matrix deposition, 
and tissue remodeling. The final step, maturation of the scar tissue, which involves the 
contraction of the dermal collagen network and squamous differentiation of the ker
atinocytes to allow reepithelialization, leads to wound closure. The inflammatory cells 
that gather at the wound site at the beginning of the repair process secrete a variety of 
soluble mediators, cytokines, and growth factors with pleiotropic activities, which 
include the induction of fibroblast proliferation and chemotaxis, and modulation of 
extracellular matrix gene expression (Mauviel and Ditto, 1993). 

4.1. Proinflammatory Cytokines 

Although extensive in vitro studies have shown that a variety of inflammatory 
signals produced by circulation-derived cells in tissue are capable of modulating the 
metabolism of extracellular matrix, only a few of these studies deal with the regulation 
of the expression of basement membrane components. Among the numerous soluble 
factors released by inflammatory cells during the wound-healing process, a number of 
them have been the subject of intensive characterization of their biological functions; 
these include proinflammatory cytokines such as interleukin-1 (IL-1) and tumor necro
sis factor-a (TNF-a), several growth factors, and in particular transforming growth 
factor-ß (TGF-ß), as weIl as interferon--y (IFN--y), a T-cell-derived cytokine with 
potent anti viral and antiproliferative properties (for review, see Dinarello, 1993; Vilcek 
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and Lee, 1991; Mauriel and Ditto, 1993). Although expressed by fibroblasts and kera
tinocytes, IL-l and TNF-a are predominantly produced by activated macrophages, 
and these two cytokines play crucial roles during inflammatory processes; however, 
little is known about the effect of these two cytokines on the regulation of basement 
membrane gene expression. We have recently provided evidence that both cytokines 
are potent enhancers of type VII collagen gene expression in fibroblast cultures 
(Mauviel et al., 1994). Also, we have shown, using human keratinocytes in culture, that 
TNF-a can seIectively inhibit the expression of the subunits of laminin 5, whereas it 
does not appreciably affect the expression of the ß3 or a2 subunits (Korang et al., 
1995). 

4.2. Up-Regulatory Cytokines 

TGF-ß, the most extensively studied growth factor, belongs to a family of poly
peptides secreted by a variety of cell types (Massague, 1990; Moses et al. , 1990; Wahl, 
1992). Aside from its immunoregulatory functions, it has been shown to stimulate 
extracellular matrix deposition by mechanisms that involve both enhanced matrix 
synthesis and reduced matrix degradation. With regard to the basement membrane 
components, TGF-ß has been shown to enhance the expression of both BPAG-l and 
BPAG-2 in epidermal keratinocytes (Sollberg et al., 1992b). It is also a potent inducer 
of fibronectin and collagen type IV in HTl 080 fibrosarcoma cells in culture, whereas it 
has no effect on the laminin ß 1 and -y 1 chain or nidogen expression in the same cell 
type (Kähäri et al., 1991). TGF-ß has also been shown to enhance the expression ofthe 
type VII collagen gene in both fibroblasts and keratinocytes in culture (Ryynänen et al., 
1991; König and Bruckner-Tuderman, 1992; Mauviel et al., 1994). Interestingly, 
TGF-ß synergizes with TNF-a and other proinflammatory cytokines to induce the 
expression of type VII collagen gene expression in dermal fibroblasts in culture (Figs. 
21 and 22) (Mauviel et al., 1994). 

We have recently demonstrated that TGF-ß, as measured either at the mRNA or 
protein levels, is also capable of up-regulating the expression of the genes encoding the 
three subunits of laminin 5, a3, ß3, and -y2 (Korang et al., 1995). This up-regulation of 
laminin 5 gene expression was observed in human basal keratinocytes and HaCaT cells 
in culture. In addition, TGF-ß has been shown to stimulate the expression of ker
atinocyte integrins either in vitro or in vivo during reepithelialization of cutaneous 
wounds (Heino et al., 1989; Sollberg et al., 1992a; Gailit et al., 1994). Specifically, 
TGF-ß has been shown to increase the expression of ß4, ß5, and aV integrins, but to 
have littIe or no effect on ßl integrin expression in vivo (Gailit et al., 1994). Also, the 
expression of cell surface integrins a5 and a V was increased after TGF-ß treatment. In 
vivo, during reepithelialization of cutaneous wounds, the expression of TGF-ß was 
coordinated with increased expression of these integrin subunits in migrating ker
atinocytes in the adjacent epidermis. Therefore, it appears that TGF-ß may induce 
epidermal keratinocytes to express integrins during reepithelialization, therefore facili
tating the migratory component of reepithelialization. 
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Figure 21. Demonstration that TGF-ß and TNF-a synergistically enhance type VII collagen gene expres
sion, while TNF-a counteracts the TGF-ß activation of type 1 collagen gene expression. Normal human 
fibroblasts in culture were incubated with (+) or without (-) TGF-ß (5 ng/ml) or TNF-a (10 ng/ml), as 
indicated. Total RNA was isolated, and Northem hybridizations were performed with a I(VII) and a 1(1) 
collagen cDNAs. GAPDH cDNA was used for control hybridizations. Note that TGF-ß markedly enhances 
the expression of both type VII and type I collagen mRNAs. Combination of TGF-ß and TNF-a further 
enhances type VII collagen gene expression, while the effect of TGF-ß on the al(I) mRNA levels is 
abrogated by TNF-a. (Reproduced from Mauviel er al. , 1994.) 

4.3. Interferon-')' 

Contrasting with the stimulatory effects of TGF-ß on BPAG-l and BPAG-2 gene 
expression (Sollberg et al., 1992b), IFN-'Y was recently shown to inactivate the tran
scription of the 230-kDa BPAG gene (BPAG-l). This inhibitory effect of IFN-'Y was 
specific for BPAG-l and did not affect the expression of BPAG-2 (Tamai et al., 1995a). 
Inhibition of BPAG-l gene expression was demonstrated at the mRNA level by North 
ern analysis, at the protein level by indirect immunofluorescence using a monoclonal 
antibody recognizing human BPAG-l , and by transient cell transfections of human 
keratinocytes with BPAG-l promoter-CAT reporter gene constructs. Reduced tran-
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Figure 22. Indirect immunofluorescence staining of keratinocytes with a monoclonal antitype VII collagen 
antibody of normal keratinocyte cultures (A), or after incubation with TNF-a (8), TGF-ß (C), or combina
tion of these two growth factors (0). Note that TNF-a and TGF-ß (B and C) alone enhance type VII collagen 
expression, and combination of these growth factors (0) further increases the protein expression. (Repro
duced from Mauviel et al., 1994.) 

scription of the BPAG-l gene by INF-)' was also demonstrated by in vitro nuclear run
on assays (Tamai et al., 1995a). 

4.4. The Cytokine Network 

The use of highly purified or recombinant growth factors and cytokines in in vitro 
experiments provides a convenient, carefully controlled system to analyze the effect of 
a single factor on the expression of extracellular matrix and BMZ genes. It should be 
noted, however, that these conditions do not necessarily reflect in vivo situations where 
a variety of cytokines and growth factors may be present simultaneously at the sites of 
inflammation and the healing wound. Up to now, however, relatively little has been 
known about the interactions of cytokines that modulate the expression of the genes 
encoding basement membrane components. As indicated in Section 4.2, TGF-ß and 
TNF-a, which often antagonize each other in regulating the expression of extracellular 
matrix genes, such as those encoding type I collagen, elastin, and fibronectin (Mau viel 
and Uitto, 1993), can have additive or synergistic effects to stimulate the expression of 
basement membrane protein genes such as that encoding type VII collagen (Mauviel et 
al., 1994). 
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4.5. Role of Matrix Metalloproteases 

Aside from direct modulation of the extracellular matrix and BMZ gene expres
sion, cytokines and growth factors can also regulate the deposition of these macro
molecules through the modulation of the expression of matrix metalloproteinases 
(MMPs) (Mauviel, 1993). Three classes ofMMPs have been determined, as defined by 
their specific substrates: collagenases, stromelysins, and gelatinases (Table III) 
(Mauviel, 1993). Each member of the MMP family share strong structural homologies 
at both amino acid and DNA sequence levels. They are secreted as zymogens and 
require activation for proteolytic activity. Collagenases degrade exclusively fibrillar 
components of the extracellular matrix, such as type I and III collagens, whereas 
stromelysins and gelatinases have a broad spectrum of activity and can degrade numer
ous macromolecules such as fibronectin, elastin, gelatins, type IV collagen, laminins, 
and proteoglycans (Table III). Therefore, these last two classes of MMPs can degrade 
basement membranes. The gene structure of stromelysin 1 (MMP-3) has been exten-

Table III. The Family of Matrix Metalloproteinases 

MMP MoJ.wt. 
No. Names (kOa) ECM substrates Distribution 

Collagenases 
Interstitial collagenase (hu- 52.5 Fibrillar collagens (I, 11, I1I, Connective tissue cells 

man/rabbit) V, VII, X) Monocyte/macrophages 
Endothelial cells 

8 Neutrophil collagenase 75 Fibrillar collagens (I, 11, III) Neutrophils (PMN) 
Gelatin 

Gelatinases 
2 72-kDa gelatinase (ge la- 72 Gelatin Most cell types 

tinase A) Collagens IV, V, VII, X, XI Tumor cells 
Type IV collagenase FN, elastin 

9 92-kDa gelatinase (gela- 92 Same as gelatinase A Connective tissue cells 
tinase B) Monocyte/macrophages 

Tumor cells 
Strome lysins 

3 Stromelysin-I (rat transin) 57/60 Proteoglycans, FN Same MMP-I 
Laminin Tumor cells 
Collagens III, IV, V, IX 
Gelatins 
Activates MMP-l 

10 Stromelysin-2 (rat transin-2) 53 Same as MMP-3 but lower Macrophages 
activity Tumor cells 

7 Matrilysin (pump-I) 28 Gelatins Immature monocytes 
FN, proteoglycans Connective tissue cells 
Collagen IV?, elastin Tumor cells 

Others 
11 Stromelysin-3 54.6a Unknown Stromal cells of tumors 
12 Metalloelastase 21 Elastin, FN Macrophages 

aThe molecular weight has been estimated from the cDNA. 
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sively studied together with the regulation of its expression. Proinflammatory cyto
kines, such as IL-I and TNF-a, have been shown to stimulate the expression of 
stromelysin by two distinct mechanisms: (1) increased promoter activity leading to 
transcriptional activation of the gene, and (2) increased mRNA stability. On the other 
hand, TGF-ß has been shown to reduce stromelysin expression and activity in cultured 
cells. This inhibition results from both reduced :;tromelysin gene expression at the 
transcriptional level and increased tissue inhibitor of metalloproteinases (TIMP) gene 
expression (Edwards et al., 1987). 

TGF-ß has been shown to up-regulate both 92-kDa and 72-kDa gelatinase activ
ities in cultured fibroblasts and keratinocytes, thus contrasting with its inhibitory action 
on MMP-3 gene expression (Overall et al., 1991; Salo et al., 1991). The effect of 
TGF-ß on gelatinase gene expression appears to result from both elevation of the 
corresponding mRNA levels through transient activation of transcription, as well as 
from increased stability of the mRNA. 

Contrasting with the up-regulatory effect of TGF-ß on gelatinase gene expression, 
IL-4, a potent suppressor of monocytic functions as well as a B-cell growth factor, 
suppresses the synthesis of 92-kDa gelatinase by human alveolar macrophages without 
affecting the expression of TIMP (Lacraz et al., 1992). The effect of IL-4 on MMP 
gene expression takes place at the pretranslationallevel by reduction of the correspond
ing mRNA steady-state levels, which may be a prostaglandin E2-mediated, cAMP
dependent mechanism (Corcoran et al., 1992). IFN--y also suppresses constitutive 
expression of macrophage 92-kDa gelatinase (Shapiro et al., 1990). 

5. Relevance of BMZ Regeneration to Wound Healing 

It is dear that the presence of functionally intact BMZ components, which assem
ble into discrete dermal-epidermal attachment structures, is necessary for the integrity 
of the skin as a protective organ. During reparative wound-healing processes, the 
synthesis of individual BMZ components, under the regulation of cytokines and growth 
factors, has to be balanced with ongoing degradation and tumover. Furthermore, the 
expression of individual genes has to be coordinated to allow assembly of the subunit 
polypeptides and component proteins into supramolecular structures. Thus, there are 
several critical steps necessary for the successful progression of epidermal wound 
healing. The importance of individual components of the BMZ in providing integrity to 
the dermal-epidermal junction is illustrated by the group of heritable diseases, collec
tively known as epidermolysis bullosa, which manifest with fragility and compromised 
wound healing of the skin. 

5.1. Epidermolysis Bullosa: A Prototypic Heritable Disease of 
Compromised Wound Healing 

Epidermolysis bullosa (EB) is a group of genodermatoses characterized by 
fragility and easy blistering of the skin and the mucous membranes (Fine et al., 1991; 



Figure 23. Demonstration of the level of tissue 
separation in different forms of epidermolysis 
bullosa, the blister eavity being indieated by a star 
(i:r). (a) In the simplex forms of EB, blister forma
tion oeeurs within the basal keratinoeytes. (b) In 
the junetional forms, tissue c1eavage oceurs within 
the lamina lueida of the dermal-epidermal base
ment membrane, with intaet lamina densa being 
reeognized at the floor of the blister. (e) In the 
dystrophie forms of EB, blister formation oceurs 
within the papillary dermis just below the lamina 
densa. Bars, I V-m. 
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Eady et al., 1994; Uitto and Christiano, 1994; Uitto et al., 1994). Although the initial 
blistering is in response to mechanical trauma, healing of erosions is compromised by 
continued fragility of the skin, and in some cases, by excessive granulomatous or 
fibrotic tissue response. Recent advances in the molecular geneties of EB, with identi
fication of specific mutations in different forms of this disease, have provided evidence 
for the functional importance of different BMZ components in providing integrity to 
the dermal-epidermal junction (Uitto and Christiano, 1992). 

In the simplest form of classification, EB can be divided into three major catego
ries on the basis of clinieal observations and the level of blister formation, as deter
mined by transmission electron mieroscopy (Fig. 23). In the simplex forms of EB, 
blister formation occurs at the level of basal keratinocytes, and erosions generally heal 
without significant scarring. In the junctional forms of EB, tissue separation occurs 
within the dermal-epidermal basement membrane, at the level of the lamina lucida. In 
the dystrophie forms of EB, tissue separation occurs below the basement membrane 
within the papillary dermis at the level of anchoring fibrils, and healing of the lesion 
results in extensive scarring. 

5.2. EB Simplex 

Recent studies have clearly established that the simplex forms of EB, usually 
inherited in an autosomal dominant fashion, are due to mutations in· the genes en
coding the basal keratins, KRT5 and KRT14 (Bonifas et al., 1991; Coulombe et al., 
1991; Epstein, 1992). Most of these mutations are single-base substitutions that result 
in the formation of a perturbed keratin intermediate filament network by dominant 
negative interference. As a consequence, the basal keratinocytes are fragile, and minor 
trauma to the skin leads to basal cell cytolysis and blister formation just above the 
basement membrane. The consequences of these single-base substitutions have also 
been verified through generation of trans genie miee with keratin mutations, which 
similarly demonstrate blister formation at the level of basal keratinocytes (Vassar et al., 
1991). Furthermore, in vitro reconstitution of the mutated keratin filaments containing 
the amino acid substitutions have unequivocally demonstrated the role of these muta
tions as the cause of tissue fragility in the simplex forms of EB (Fuchs and Coulombe, 
1992). 

5.3. Junctional EB 

The junctional forms of EB are characterized by tissue separation within the 
dermal-epidermal basement membrane (Fig. 22), and the lamina lucida protein, lami
nin 5, was initially implicated as the candidate protein in most cases, based on im
munofluorescence analysis (Verrando et al., 1991; Meneguzzi et al., 1992; Baudoin 
et al., 1994). However, evidence for BPAG-2 as the candidate gene has also been pre-
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sented (Jonkman et al. , 1995). Recent cloning of the laminin 5 polypeptides, Cl3, 
ß3, and -y2 chains, has allowed initiation of mutation detection in the correspond
ing genes, LAMA3, LAMB3, and LAMC2, respectively (Uitto et al., 1994). Amplifi
cation of genomic DNA or mRNA sequences by PCR, followed by the application of 
electrophoretic mutation scanning techniques (Ganguly et al., 1993), has revealed 
a large number of mutations in the three genes encoding each of the constitutive poly
peptides of laminin 5 (Pulkkinen et al., 1994a,b; Vailly et al., 1995a,b; McGrath 
et al., 1995a,b; Kivirikko et al., 1995). Most of these mutations are premature 
termination codons, predicting synthesis of truncated, nonfunctional polypeptides. 
Since synthesis of a full-Iength polypeptide of each laminin 5 subunit is a prerequi
site for the formation of the functional heterotrimeric protein molecule, such muta
tions could explain the absence of laminin 5 epitopes from the skin in affected indivi
duals. Interestingly, specific mutations have also been detected in the gene encoding 
the ß4 subunit of the Cl6ß4 integrin in a patient with a junctional EB variant, which in 
addition to characteristic cutaneous lesions has pyloric atresia (Vidal et al., 1995). 
Furthermore, we have recently disclosed mutations in the BPAG-2 gene in patients 
with generalized atrophine benign epidermolysis bullosa, a variant of nonlethal junc
tional EP (MeGrath et al,. 1995c). These observations on junctional EB attest to the 
importance of hemidesmosome-anchoring filament proteins, including laminin 5, 
BPAG-2, and the Cl6ß4 integrin, in providing integrity to keratinocyte-basement mem
brane adhesion. 

5.4. Dystrophie EB 

The dystrophie fonns of EB, whieh are eharaeterized by abnonnalities in the 
anehoring fibrils, including altered morphology, paucity or even complete absence, are 
due to mutations in type VII collagen (Bruckner-Tuderman et al., 1989; Christiano et 
al., 1993, 1994d; McGrath et al., 1993; Uitto and Christiano, 1994; Uitto et al., 1994, 
1995). The most severe forms of recessive dystrophic EB, the mutilating Hallopeau
Siemens type (HS-RDEB), is characterized by exeessive scarring in the affected areas 
of skin. In this form of EB, the predominant genetic lesion is apremature termination 
codon of translation in the type VII collagen gene, predicting a truncated, nonfune
tional polypeptide (Christiano et al., 1994a, 1995; Hilal et al. , 1993; Hovnanian et al. , 
1994). In addition, since the premature termination codons of translation frequently 
lead to reduced levels of mRNA transcripts containing the mutation (Urlaub et al., 
1989; McIntosh et al., 1993; Belgrader and Maquat, 1994), these patients' cells are 
unable to synthesize any normal type VII collagen molecules and to assemble func
tional anchoring fibrils. This finding would explain the extreme fragility and poor 
epidermal wound healing in these patients. The extensive scarring in HS-RDEB pa
tients may reflect overproduction of collagens type I and III by dermal fibroblasts, but 
the precise eellular meehanisms resulting in scarring and complicating the wound
healing proeesses are currently unknown. Nevertheless, the illustration of mutations in 
the type VII collagen gene highlights the importance of this protein in the formation of 



BMZ in Wound Repair 551 

anchoring fibrils during fetal skin development and in reparative wound healing pro
cesses. 

6. BMZ Repair Processes in Normal Wound Healing 

Following tissue injury and disruption of the basement membrane, repair pro
ces ses take place in a sequential, organized, and specific manner. The orchestration of 
the deposition of the various components within the BMZ is under the control of a 
variety of cytokines and growth factors (Mauviel and Uitto, 1993; Mauviel et al., 1993; 
Chapter 1, this volume)./n vitro experiments have shown that TGF-ß, for example, can 
stimulate the expression of cell surface integrins, therefore allowing migration of 
keratinocytes on the wound bed. Also, TGF-ß has been shown to up-regulate the 
expression of core components of the basement membrane, type IV collagen, and 
laminin 1 genes (Kähäri et al., 1991). It also induces the expression of cell-matrix 
attachment molecules, such as a6ß4 integrin and BPAGs. These molecules, linked to 
the hemidesmosomal structures, allow the attachment of basal keratinocytes to the 
underlying basement membrane. It should be noted that the basement membrane is a 
polarized structure, attached to the dermis by means of anchoring fibrils composed of 
type VII collagen. The expression of these macromolecules is strongly up-regulated in 
vitro by TGF-ß and, in the case of type VII collagen, by proinflammatory cytokines 
such as TNF-a and IL-l. It therefore could be anticipated that a concerted action of 
various cytokines and growth factors during the wound-healing process will accelerate 
the deposition of attachment structures in the BMZ, leading to stabilization of the 
newly repaired tissue. 

The assembly of supramolecular attachment structures during cutaneous wound 
healing is preceded by activation of the synthesis of the corresponding protein compo
nents either by migrating keratinocytes or adjacent fibroblasts. Such delay in the 
assembly of the attachment structures is illustrated by analyses of type VII collagen 
gene expression during the wound-healing processes. Specifically, as shown in Fig. 
24A, type VII collagen epitopes demonstrate a linear immunofluorescent staining 
pattern at the dermal-epidermal junction in normal human skin. In wounded skin, the 
corresponding epitopes are present during the early stages of wound healing predomi
nantly within the follicular epidermis, while immunostaining is reduced and patchy in 
the interfollicular epidermis (Fig. 24B). Examination of the skin at the same stage of 
wound healing by immunoelectron microscopy, utilizing a monoclonal antibody that 
recognizes the NC-l domains of type VII collagen, demonstrates the presence of 
epitopes only in a local distribution adjacent to the basement membrane at the level of 
the regenerating lamina densa (Fig. 18B). This is in a distinct contrast with the immu
noelectron microscopy appearances of normal wounded skin, which demonstrate two 
distinct layers of gold particles, corresponding to NC-l domains adjacent to the lamina 
densa at one end of the anchoring fibrils and within the papillary dermis that corre
spond to the anchoring plaques at the other end. Similarly, staining of normal human 
skin with anti-type IV collagen antibodies reveals a linear staining pattern at the 
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Figure 24. Immunofluorescence staining of normal human skin (a and c) or wounded skin during early 
stages of repair (b and d) with antibodies recognizing type VII collagen (a and b) or type IV collagen (c and 
d) epitopes. Note the presence of a linear staining pattern for both of these collagens at the dermal-epidermal 
junction of the normal skin, while the protein expression at the early stages of wound healing is patchy (b and 
d, arrows). However, in the case of type VII collagen (b), bright staining persists within the follicular 
basement membrane. In the case of type IV collagen (c and d), intradermal blood vessels are recognized by 
bright immunofluorescent staining. Also, note the presence of weak, yet c1early detectable. immunosignal 
within the basal keratinocytes. 

dennal-epidennal junction. In addition to the cutaneous BMZ, other basement mem
branes, including those associated with dennal blood vessels, are also recognized (Fig. 
24C). During the early stages of epidennal wound healing, type IV collagen epitopes 
are present at the dennal-epidennal junction in a discontinuous and markedly attenu
ated pattern. These findings are corroborated by electron microscopy (Fig. 18B), which 
also ultrastructurally demonstrates a patchy, poorly organized lamina densa. It is of 
interest to note that weak, yet clearly detectable, immunostaining is found in associa
tion with epidermal keratinocytes during the early wound healing (Fig. 24D). These 
observations suggest that epidennal keratinocytes are responsible for the synthesis of 
type IV collagen. This observation is consistent with the previous demonstration that 
human epidennal keratinocytes in culture are capable of expressing the type IV col-
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lagen genes (Olsen and Vitto, 1989). The delay between the activation of gene expres
sion of individual BMZ components and the assembly of recognizable attachment 
structures may explain the continued fragility of the epidermis observed clinically for 
extended periods after apparently complete reepithelialization of the wounds. 

7. Future Prospects 

Further understanding of the regulatory role of growth factors and cytokines in 
vitro, as weIl as development of in vivo models of wound healing controllable in a 
spatially and temporally regulated manner, is essential to determine the exact signifi
cance of various mechanistic steps at the different stages of repair of the dermal
epidermal junction. These studies will eventually lead to the development of cytokine/ 
growth factor-based pharmacological treatments to correct or accelerate the wound 
repair processes or counteract age-associated alterations of skin integrity such as in
creased fragility and impaired wound-healing tendency as observed in the elderly 
individuals (Chen et al., 1994). 
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Chapter 18 

Fetal Wound Healing and the 
Development of Antiscarring Therapies 
for Adult Wound Healing 

R. L. McCALLION and M. W. J. FERGUSON 

1. Introduction 

Scarring is an important clinical problem, often resulting in adverse effects on function 
and growth as well as an undesirable cosmetic appearance. Adult wound healing is 
characterized by acute inflammation, contraction, and collagen deposition, responses 
likely to have been optimized for rapid wound closure and minimizing infection. 
Similar processes may also result in fibrotic diseases that are common in many areas of 
medicine and surgery. Abdominal surgery often leads to intraperitoneal fibrous adhe
sions, while fibrotic retinopathy in diabetes, pulmonary fibrosis, and hepatic cirrhosis 
are significant medical problems. A major medical objective is therefore the reduction, 
and ideally the prevention, of scarring. 

Despite extensive research into wound healing and scarring, there is still no 
consensus on the definition of a scar, nor an accurate, quantifiable means of measuring 
scarring, either clinically or histologically. A cutaneous scar may be defined as the 
macroscopic disturbance of normal skin structure and function arising as a conse
quence of wound repair. These macroscopic changes are due to alterations in the 
epidermal, dermal, and subcutaneous tissues (Ferguson et al., 1995). As yet, there have 
not been any good correlations made between the degree of scarring and the associated 
histological, cellular, and molecular changes within the wounded tissue. These are 
important issues that need to be addressed if the degree of scarring is to be accurately 
reported and meaningful comparisons are to be made between the results obtained by 
different investigators. 

Extensive experimental evidence has demonstrated that the embryo and early 
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fetus respond to wounding in a way that is fundarnentally different from the adult. In 
general, fetal wound healing occurs with the absence of scar formation. There are many 
differences between fetal and adult wound healing. In the fetus, rapid wound closure is 
achieved without scab formation in a warm, sterile fluid environment. The character
istic inflammation seen in adult wounds is absent in the fetus, the ratio of different 
cytokines is altered, and their levels generally reduced. The extracellular matrix of the 
fetal wound is rich in hyaluronic acid, matrix deposition is rapid and organized in 
structure, more similar to unwounded skin, sometimes leading to the complete restitu
tion of normal dermal architecture. The causative factors in scar-free fetal wound 
healing need to be defined, since not all differences between adult and fetal healing 
may be significant in terms of scarring. Not all fetal wounds heal without a scar and 
there are a number of important parameters that together determine if a fetal wound 
will heal in a scar-free fashion. 

1.1. Species 

Many different species of animal have been used to investigate fetal wound heal
ing, including the rat (Goss, 1977; Robinson and Goss, 1981; Roswell, 1984), opossum 
(Ferguson and Howarth, 1991), rabbit (Adzick et a1., 1985b; Krummel et a1., 1987), 
sheep (Burrington, 1971; Longaker et a1., 1990b; Stern et a1., 1993), monkey (Lorenz 
et a1., 1993), and mouse (Martin and Lewis, 1992; McCluskey et a1., 1993; Whitby and 
Ferguson, 1991a), and differences between species are pronounced. Nowhere is this 
more evident than in the case of fetal rabbits, which do not have the ability to contract 
their wounds, in contrast to most other species (Somasundaram and Prathap, 1970). 

1.2. Gestational Age 

Gestational age is important in determining if a fetal wound will scar. Generally, 
early embryos do not scar, while late-gestation fetuses heal with adultlike scar forma
tion. In the rat (term = 20 days), the transition from the scar-free to the scarring 
phenotype occurs between days 18 and 19 of gestation (Ihara et al., 1990), while in the 
sheep (term = 145 days) this transition occurs between days 100 to 120, around the 
middle of the third trimester (Longaker et a1., 1990b). The change from scar-free to 
scarring phenotype is more gradual in primates and spans several weeks' gestation. 
Lorenz and colleagues (1993) demonstrated that rhesus monkeys (term = 165 days) 
healed with complete restoration of normal dermal architecture at 75 days ge station but 
after 107 days (early 3rd trimester), with adultlike scar formation. These authors 
described a "transition wound" between 85 and 100 days gestation in the rhesus 
monkey, in which wounds healed with an absence of sebaceous glands and hair 
follicles, but with reticular dermal collagen architecture, similar to unwounded dermis. 

This gradual transition from the scar-free to scarring phenotype has also been 
described exutero in the opossum marsupial model. Armstrong and Ferguson (1995) 
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have deseribed microseopie ehanges in the wounded dermis of opossum poueh young 
that beeame more pronouneed as the age of the poueh young at wounding inereased. 
These ehanges refleet a transition from no visible sear to the frank searring of the adult 
animal. The marsupial studies also highlight two important fmdings: first, evidenee of 
sear growth, and seeond, the problem of definition of ascar. Minor histologieal ehanges 
in the restituted wounded dermis were present but did not result in a maeroseopieally 
visible mark. Should this be eonsidered ascar? How mueh dermal disruption is re
quired to produee a maeroseopieally visible or a funetion-impairing sear? This is a very 
pertinent question when eonsidering the effieaey of potential antisearring therapies. 

1.3. Tissue Damage 

Most investigations into the importanee of gestational age on fetal searring have 
utilized a defIned, incisional dermal wound. However, Horne and eolleagues (1992) 
employed exeisional wounds in their studies of fetal lambs. They reported searring of 
lamb fetal wounds at gestational ages of 75, 90, and 120 days. This apparent anomaly 
demonstrates the eritieal importanee of the severity of the wound on the searring 
phenotype. If the degree of inflammation and the amount of dermal disruption are 
important determinants of sear formation, this would suggest a eorrelation between the 
extent of tissue damage and the gestational age at whieh the wound is inflieted to 
aehieve sear-free healing. The greater the degree of damage, the earlier one needs to 
operate to aehieve sear-free healing. 

1.4. Body Site 

The site of the body at which a wound is made is another signifIcant faetor in 
determining if sear-free healing will oeeur in the fetus. Early gestation skin incisions in 
the sheep fetus will heal without searring, while similar wounds in fetal diaphragm, 
stomaeh, and peritoneum all heal with sear formation (Adzick et al., 1985a; Longaker 
et al., 1991e). There are similar site-speeifIe variations in the degree of searring in the 
adult human dermis. 

There are therefore a multiplicity of faetors in fetal wound healing that aeeount for 
the apparently eonflieting results obtained by different investigators. It is eertain, 
however, that under defIned eonditions, early fetal dermal wounds heal without sear
ring. A thorough understanding of the mechanisms that underlie fetal sear-free healing 
is eentral to the goal of manipulation of the adult wound to aehieve sear-free healing. 
Those differenees between fetal and adult wound healing that are direetly responsible 
for the sear-free phenotype need to be elucidated and separated from those that may be 
ineonsequential. This ehapter summarizes research into these differenees and diseusses 
the implieations for the manipulation of adult wound healing to aehieve the ultimate 
goal of sear-free healing. 
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2. Fetal Environment 

One of the most fundamental differences between adult and fetal wound healing is 
the environment in which the wound heals. Fetal skin is perfused with fetal serum and 
bathed in warm, sterile amniotic fluid, rich in growth factors, hyaluronic acid, fibronec
tin, and other factors. The question therefore arises, is the unique fetal environment 
responsible for scar-free healing? 

Typically, fetal arterial P02 is 20-25 mmHg, significantly hypoxie when com
pared to the adult (Nelson, 1976). This may cause a degree of dependence on anaerobic 
metabolism in the fetus and a reduced use of oxygen in fetal wound healing (Bur
rington, 1971). Studies in adult wound healing have stressed the importance of a 
sufficiently high oxygen concentration. Hypoxia in adult wound healing results in 
impaired leukocyte function, delayed healing, and increased incidence of wound infec
tion. Oxygen is essential for the hydroxylation of proline and lysine during collagen 
synthesis, and supplemental oxygen has been shown to stimulate collagen deposition 
by adult fibroblasts (Hunt et al., 1961). However, tissue hypoxia seems to be important 
in the induction of angiogenesis, the activation of certain growth factors, and the 
stimulation of fibroblast and macrophage metabolism and division (Tahery and Lee, 
1989). The relative dependence of fetal and adult wound healing on the degree of tissue 
oxygenation have not yet been determined, and the apparent paradox of accelerated 
wound healing in a scar-free fashion by the fetus, in a relatively hypoxie environment, 
remains an area for further study. 

Fetal serum is known to have a different composition than that of the adult. The 
level of insulinlike growth factor 11 (IGF-II) is high in fetal serum and tissue and the 
levels decline postnatally (Estes et al., 1991; Lee et al., 1991). In rat serum, IGF-II 
concentrations were reported to be 20- to 100-fold higher in fetal rats than in adults 
(Moses et al., 1980). The profiles of other growth factors in fetal serum are also likely 
to be different from those of the adult due to the growth and differentiation status of the 
fetus (Lorenz and Adziek, 1993). Indeed, the ability of fetal ealf serum to support the 
growth and maintenance of cells in culture has long been known, yet the precise 
components of the serum that are important remain to be elucidated. It is possible that 
the relative levels of individual growth factors or other serum components may have 
some influence on the degree of scarring. 

The extracellular matrix of normal fetal dermis and fetal wounds is rich in hy
aluronic acid (HA), a glycosaminoglycan found at high concentrations in regions of 
tissue repair, proliferation, and regeneration. However, the factors that cause the persis
tently high levels of HA in the fetus have not yet been fully described. Fetal serum is 
rieh in an HA-stimulating factor, thought to be ubiquitous, reaehing a peak at 40% of 
gestation time; this factor may control HA deposition (Longaker et al., 1989a). Fetal 
serum contains a factor that causes fibroblasts to migrate more quiekly in vitro, and this 
acceleration of fibroblast migration was not due to an increased mitogenicity of the 
serum. This factor and the HA-stimulating factor described in fetal serum may be 
identical or related substances (Longaker et al., 1989b). The presenee of this faetor in 
fetal serum may facilitate or cause the rapid healing of fetal wounds, since increased 
levels of HA may provide a matrix that favors rapid cell migration. 
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The fetus is surrounded by amniotic fluid, known to be rich in nutrients, growth 
factors, and other substances important in fetal development. The characteristics of this 
fluid environment may play some role in the scar-free healing of the fetus. Amniotic 
fluid contains an HA-stimulating factor, similar to that in fetal serum, as well as a high 
concentration of HA itself (Longaker et al., 1990a). 

Fetal wounds heal without the formation of a fibrin clot, and it is thought that the 
absence of a scab is probably the result of healing in a fluid environment (Somasun
daram and Prathap, 1972). It is not yet clear what role, if any, the presence of a fibrin 
clot may have in the adult scariing phenotype, but it is possible that the clot may 
provide a reservoir of growth factors important in scarring. Decreased fetal fibrin clot 
formation may be due to a combination of an immature fetal coagulation cascade and 
the fibrinolytic activity of amniotic fluid. 

Gao and colleagues (1994) have investigated the effects of amniotic fluid on 
proteases in vitro and showed that human amniotic fluid enhanced collagenase activity. 
However, the activities of hyaluronidase, elastase, and cathespin B were all inhibited. 
The authors suggest that amniotic fluid may play an important role in fetal scar-free 
healing by regulating these matrix-degrading enzymes. These findings may in part 
explain the increases in HA found in fetal wound healing, due to the suppression of 
hyaluronidase activity, and increased collagenase activity may have a role to play in the 
superior collagen organization seen in fetal wound healing. 

Amniotic fluid has also been found to have a role in wound contraction, although 
the results obtained by different workers often appear to be contradictory. Studies 
carried out by Longaker and colleagues (1991a) have demonstrated that excisional fetal 
lamb wounds contract in utero, and exposure to amniotic fluid does not significantly 
retard wound contraction. However, Hallock and colleagues (1988) examined fetal rats 
and stated that excisional wounds do not contract in the presence of amniotic fluid. 
Contrary to this report, Ihara and Motobayashi (1992) observed wound contraction in 
fetal rats of 16 days' gestation. However, this study was performed in vitro and this 
may account for the differing results observed. Excisional fetal rabbit wounds do not 
contract when exposed to amniotic fluid (Somasundaram and Prathap, 1970); but when 
excluded from the fluid by application of a silastic patch, wound contraction occurred 
rapidly (Somasundaram and Prathap, 1972). Rabbit amniotic fluid is, however, very 
different in composition from that of most other mammals, due to a different placenta
tion mechanism, and it contains large amounts of high-molecular-weight proteins such 
as immunoglobulins. Further in vitro studies have demonstrated that human amniotic 
fluid, of specific gestational age (21 weeks), can inhibit contraction of a fibroblast
populated collagen lattice (FPCL) (Wider et al., 1993). However, sheep amniotic fluid 
(80-85 days) enhances the contraction of lattices populated with fetaliamb fibroblasts 
(Burd et al., 1991a). 

The effects of amniotic fluid on wound contraction are demonstrably species
dependent, and the particular composition of amniotic fluid from different species may 
explain these apparent anomalies. Rittenberg and colleagues (1991) have demonstrated a 
40,000 molecular weight protein in 125-day sheep amniotic fluid that stimulates FPCL 
contraction, and studies are underway to characterize a small-molecular-weight compo
nent of rabbit amniotic fluid that inhibits FPCL contraction (Longaker et al., 1991c). 
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Another difference between the adult and fetal healing environment is that the 
fetal wound heals under sterile conditions. Frantz and co-workers (1993) have shown 
that despite the immaturity of the immune system, fetal rabbits are capable of mounting 
an acute inflammatory response to bacteria introduced into the wound via a polyvinyl 
alcohol (PVA) sponge. They reported that implants containing live bacteria resulted in 
fibroplasia and neovascularization, a typical adultlike response. These authors there
fore concluded that the sterile environment appeared to playa role in scar-free fetal 
wound healing. 

Despite these findings, the question arises, is the unique fetal environment the 
cause of scar-free fetal healing? There is evidence that intrinsic effects, even in the 
adult, are more important than environment, since cells that display some embryonic 
characteristics, such as hair follicles and oral mucosa, exhibit scar-free healing when 
wounded in the adult (Jahoda and Oliver, 1984). The most compelling evidence that 
the unique fetal environment is an epiphenomenon and that the scar-free healing 
phenotype arises from intrinsic differences comes from experiments on the pouch 
young of marsupials. 

The Brazilian gray short-tailed opossum, Monodelphis domesticus, is a small, 
pouchless marsupial that is easy to breed in captivity. Marsupials have the advantage 
that the embryos are born at a very early developmental stage, equivalent to a 6-week 
gestation human fetus, in the case of Monodelphis (Morykwas et al., 1991), and these 
"embryos" are externally accessible for repeated wound healing or other studies. In 
marsupial pouch young the immune system is poorly developed, as is the case for 
eutherian mammalian embryos, but the skin is well developed and keratinized. The 
cranial end of the embryo is more differentiated than the caudal, which allows attach
ment to the nipple and suckling (Ferguson and Howarth, 1991). The use of Mono
delphis as a wound-healing model allows the investigation of specific intrinsic factors 
important in fetal wound healing, while exposed to an adult external environment. 

Investigations into wound healing in Monodelphis carried out by Ferguson and 
Howarth (1991) revealed fundamental differences in healing between day-2 pouch 
young compared to day-28 pouch young and adults. The day-2 pouch young demon
strated typical scar-free fetal wound-healing features including rapid reepithelializa
tion, minimal inflammatory and angiogenic responses and lack of fibrosis. Day-2 
pouch young Monodelphis, however, did show scab formation and wQund contraction. 
Day-28 pouch young healed their wounds like adult Monodelphis, resulting in scar 
formation. Armstrong and Ferguson (1995) confirmed these findings and described a 
transitionary phase, between pouch days 4 and 9, when macroscopic scarring could not 
be seen, but microscopic dermal collagen fiber disruption was evident. The transition 
from the scar-free to scarring phenotype was coincident with increasing numbers of 
inflammatory cells at the wound site and development of the adipose layer and differ
entiation of the dermis. The proposal that sterile conditions are responsible for the 
minimal inflammation in fetal wounds seems unlikely, since Monodelphis pouch 
young do not reside in a sterile environment, yet little inflammation is present in the 
pouch day-4 wounds. The lack of inflammation is more likely due to the immaturity of 
the immune cells and their ability to respond to different stimuli. 

To further determine the relative importance of intrinsic and extrinsic factors in 
fetal scar-free healing, a number of studies have utilized grafts of fetal skin in the 
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adult environment and vice versa. Longaker and colleagues (1994) transplanted adult 
(matemal) sheep skin onto the backs of fetallambs before 77 days gestation, at which 
time the transplants would not be rejected. Forty days after transplantation, incisional 
wounds were made in the adult skin graft and the surrounding fetal tissue. Late 
gestation (120 days) fetal skin was also transplanted and wounded in the same way 
and control (fetal-fetal) transplants were also wounded. Wounds in the adult skin 
graft healed with scar formation in the fetal environment, while fetal-fetal transplants 
did not scar. This illustrates that the differentiated skin of the adult cannot be modu
lated to heal in a scar-free fashion by exposure to amniotic fluid or perfusion by fetal 
serum. The skin of late-gestation sheep graf ted onto a younger embryo also healed 
with scar formation. The cause of scarring in the adult skin wound was not therefore 
a barrier effect of the keratinized adult epidermis shielding the graft from the influ
ence of amniotic fluid. 

The converse of this experiment was also carried out by Lorenz and co-workers 
(1992) in which fetal skin was transplanted into an adult environment. Grafts of human 
fetal skin, of varying gestational ages, were placed on adult athymic mice, in either a 
cutaneous or subcutaneous position. Scarring was observed in all fetal skin grafts in a 
cutaneous position, regardless of fetal skin gestational age. However, the grafts placed 
in a subcutaneous pocket all healed in a scar-free manner. This scarless healing of fetal 
skin in an adult, subcutaneous environment again illustrates that continuous perfusion 
by fetal serum and immersion in amniotic fluid is not prerequisite for scar-free wound 
repair. The nonscarring phenotype of the fetus is intrinsic to fetal skin, although the 
location of the graft on the adult recipient is crucial. It had previously been known that 
human fetal skin transplanted cutaneously onto nude mice and exposed to air demon
strated a marked acceleration of differentiation, while skin transplanted to a subcutane
ous location differentiated at a rate comparable to that in utero (Lane et al., 1989). The 
more rapid rate of tissue differentiation when fetal skin is exposed to a cutaneous 
environment is offered as a possible explanation for why fetal skin of the same gesta
tional age will heal in a scar-free fashion when transplanted subcutaneously, but will 
scar in a cutaneous location. 

In summary, current evidence suggests that the fetal environment is not an essen
tial component of scar-free healing and that the degree of differentiation of the fetus is 
the most important determinant in scarring. It has been shown that advancing tissue 
maturity, associated with increasingly complex dermal structure, cellular differentia
tion, and maturity of the immune system all correlate with the diminished ability to 
heal without scarring with increasing gestational age. 

3. Extracellular Matrix 

The regulation of cell function by the extracellular matrix (ECM) is a fundamental 
mechanism that controls cell behavior and phenotype. Interactions between the individ
ual components of the ECM and specific cell surface moleeules can initiate a cascade 
of signal transduction events leading to many varied cellular responses. The ECM is 
also important as a reservoir for growth factors and cytokines, and components of the 
ECM can also interact with cytokines in a synergistic or antagonistic fashion. 
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Collagen is the principal component of the ECM and may be fibrillar, such as 
types I, 11, and III, nonfibrillar, such as type IV, or fibril-associated collagens with 
interrupted tripie helices (FACIT) (Vuorio and Crombrugghe, 1990; Kuhn, 1987; Shaw 
and Olsen, 1991). The different types of collagen may be present in varying amounts, 
depending on tissue type. Fibronectin is a 540-kDa glycoprotein dimer of two similar 
polypeptide chains, with some variation induced by alternative splicing. Fibronectin is 
a component of the fibrous ECM and basement membrane and also exists as a soluble 
dimer in plasma. It is an extensively studied adhesive protein component of the ECM, 
involved in cell attachment and chemotaxis (Clark, 1988). Laminin, a 500-kDa glyco
protein composed of three chains is a major component of basement membranes. It 
exhibits many biological activities, including chemotaxis, cell proliferation, and attach
ment (Raghow, 1994). Tenascin is a very large glycoprotein (almost 2000 kDa) with 
restricted distribution in normal tissue. It is made up of three repeating molecules, which 
include 13 epidermal growth factorlike repeats. The principal effect of tenascin in the 
ECM may be antiadhesive, interfering with fibronectin action (Chiquet-Ehrismann et 
al., 1988). Proteoglycans are made up of a core polypeptide to which linear gly
cosaminoglycans (GAG) are covalently bonded and are the most abundant nonfibrillar 
component of the ECM (Jackson et al., 1991; Wight et al., 1992). GAG chains may 
consist of chondroitin sulfate, heparan sulfate, dermatan sulfate, or keratan sulfate, 
while hyaluronic acid is not attached to a polypeptide. Decorin and fibromodulin 
interact with fibrillar collagens and can inhibit fibrillogenesis in vitra (Hedbom and 
Heinegard, 1989). Decorin mayaiso competitively inhibit transforming growth factor
beta (TGF-ß) receptor interactions (Border and Ruoshlati, 1992), while TGF-ß type III 
receptor (beta glycan) is another proteoglycan that may be required for TGF-ß signaling 
(Attisano et al., 1994). 

Many studies have shown striking differences between the ECM of fetal and adult 
wounds, particularly in the restoration of normal collagen fiber orientation and tissue 
architecture in scarless fetal wounds. Differences in ECM profile between adult and 
fetal wounds may lead to changes in the migration and orientation of infiltrating cells 
and influences on fibrillogenesis, which may determine whether a wound heals in a 
scarred or scar-free manner. Hence, the constituents of the ECM and the kinetics of 
their deposition in wounding are important parameters to be studied in the search for 
the causes of the fetal scar-free phenotype. 

3.1. Collagen 

Collagen is the major structural protein of scar tissue in postnatal animals. Many 
studies have focused on collagen deposition using different species, wound models, 
and varying age of animal. In the past, there has been some controversy as to whether 
collagen is deposited at all in fetal wounds. Rowsell (1984) reported the absence of 
collagen deposition in fetal rat wounds. However, trichrome staining was the only 
detection method used, which is a relatively insensitive technique. Data obtained by 
Krummel and colleagues (1987) supported this finding, detecting no collagen in PVA
silastic implants in fetal rabbit wounds (Merkel et al., 1988). Adzick and colleagues 
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(1985b) used a rabbit wound model and detected greater hydroxyproline accumulation 
in a Gortex sponge in fetal wounds than neonatal or adult wounds, indicating much 
more abundant collagen deposition in fetal wounds. Siebert et al. (1990) subsequently 
confirmed these findings using the same model, but found the differential between 
adult and fetal wound hydroxyproline deposition to be smaller than reported by Adzick 
and co-workers. However, wound implants may themselves influence ECM deposition 
and provoke a "foreign body" inflammatory response; how weil they mimic wound 
healing events is debatable. It is now accepted that collagen is deposited in fetal 
wounds, at a greater rate than in the adult, and in anormal reticular pattern rather than 
the scarred pattern of the adult wound. 

Burd and colleagues (1990) confirmed collagen deposition in fetal sheep wounds 
and demonstrated quantitative differences in fetal and adult collagens deposited in the 
wounds. Collagen, as demonstrated by tri chrome staining, was evident in PVA implants 
in both adult and fetal (75-100 days ge station) wounds from 5 to 20 days postwound
ing. Biochemical analysis of hydroxyproline content showed an increase in fetal and 
adult wounds over 15 days postwounding. Thereafter, adult levels fell, whereas 75- and 
100-day postwounding fetal levels continued to rise. Also detected was an increase in 
the proportion of type I collagen in the implants between 10 and 20 days postwounding 
in both fetal and adult wounds, but by 20 days postwounding the quantity of collagen 
decreased in both wound types. Interestingly, by 20 days postwounding the adult 
wounds had greatest tensile strength, yet contained the least collagen. These differ
ences in tensile strength between adult and fetal tissue were also seen in the rabbit 
(Julia et al., 1993). The adult wo und had greater absolute tensile strength, but the 
proportional strengths between adult and fetal normal skin and adult and fetal wounds 
were the same, around 20% of normal showing equivalent wound tensile strength 
relative to normal tissue in both adult and fetal wounds. These authors concluded that 
there was no correlation between absolute collagen content and wound tensile strength, 
but that the pattern of collagen deposition in the fetal wound resulted in an improved 
cosmetic appearance. 

Frantz and colleagues (1992) quantified the rate of collagen synthesis in fetal and 
adult rabbit wounds. In adults there was a preferential stimulation of collagen synthesis 
compared with noncollagenous protein synthesis, from 5 to 10 days after wounding. 
However, in the fetus, both collagen and noncollagenous protein synthesis were ele
vated for the first 5 days postwounding. These workers attributed the delay in onset of 
collagen synthesis in the adult to a number of factors. Adult fibroblasts are relatively 
sparse and in a quiescent state in normal dermis and must be activated. They require 
time for proliferation and migration into the wound before collagen synthesis can 
begin, steps that typically take 2 to 3 days. A significant cell density in the wound space 
is also required for maximal collagen synthesis. However, fetal fibroblasts exist in a 
relatively active state and may require no specific stimulation to up-regulate collagen 
synthesis. Fetal fibroblasts also reside in an ECM rich in HA, which facilitates the 
migration and proliferation ofthese cells at the wound site (Depalma et al., 1989). Fetal 
fibroblasts are capable of proliferating and synthesizing collagen simultaneously in 
vitro, whereas adult fibroblasts maximally produce collagen when not dividing 
(Graharn et al., 1984). 
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The regulation of collagen synthesis in fetal and adult rabbit wounds has also been 
investigated using in situ hybridization to localize collagen mRNA (Nath et al., 1994b). 
Fetal cells at the wound site had an overall increased message for type I collagen 
compared to surrounding tissue cells, with levels peaking 3-5 days postwounding. In 
adult wounds, fibroblast number increased by 7 days postwounding and again, total 
message for type I collagen was increased compared to normal skin. These results 
correlate weIl with those obtained by other workers and emphasize the accelerated rate 
of collagen deposition that occurs in fetal wounds. Morphometric analysis of the in situ 
hybridization signal revealed that fetal wounds accumulate type I collagen by increas
ing the number of cells within the wound, not by up-regulation of gene transcription, 
whereas adult wounds showed both fibroblast migration and up-regulation of pro
collagen type I mRNA. There may be many reasons why the fetus does not rely on 
gene induction to deposit wound collagen, including the possibility that a stimulus for 
supramaximal collagen synthesis (e.g., TGF-ß) is not present or is present in an 
inactive form. 

Collagen fibrillogenesis is a process that is as yet incompletely understood. It is 
known that collagen types I, In, and V are present within the same fibrils (Birk et al., 
1988; Keene et al., 1987) and that interactions between the different collagen types can 
alter fibril size in vitro (Birk et al., 1990). Proteoglycans can also alter fibril size (Scott, 
1988), as can fibronectin (Speranz et al. , 1987); thus, fibrillogenesis may be influenced 
by the fetal ECM environment. Fetal tissues contain a higher proportion of type In 
collagen compared to type I (Merkel et al., 1988; Epstein, 1974), and it is known that in 
the rat the adult ratio of collagen types do not become established until 10-15 days 
postpartum (Hallock et al., 1993). This observation has also been made in mice (Boon 
et al., 1992) and opossum (Morykwas et al., 1991).1t is thought thatthe ratio oftype In 
to type I collagen may influence collagen fiber size. However, it is known that fetal 
wounds heal with scarring long before the transition from fetal to adult type In to I 
collagen ratios, so it is unlikely that the differences in these collagen ratios are of major 
importance in the scar-free fetal phenotype. 

Whitby and Ferguson (1991a) carried out a detailed study of ECM deposition in 
fetal, neonatal, and adult lip wounds in mice. These authors did not use a wound 
implant model, which may in itself influence deposition of ECM, but determined the 
spatial and temporal distribution of various ECM components in the lip wound by im
munohistochemistry. This method does not allow precise quantification of the amounts 
of each ECM constituent, but presents the least artificial wound model. These authors 
found that collagen types I, In, IV, V, and VI were present in wounds from animals of 
all ages, but both the timing and pattern of collagen deposition varied. In the fetus and 
neonate, collagen was detected by 48 hr postwounding, but did not appear in the adult 
wounds until 5 days postwounding. All five types of collagen examined appeared 
almost simultaneously. The major difference between collagens in the fetal and adult 
wounds was in the organization of the collagen fibrils. In the fetus, collagen was 
deposited in a reticular fashion, indistinguishable from the surrounding dermis, but 
adult collagen fibrils were deposited in dense parallel bundles, typical of scar tissue. 
This illustrates the critical difference in control and patterning of collagen fibrillo-
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genesis between fetal and adult wounds. Similar results were also observed in sheep 
wounds (Longaker et al., 1990b). 

3.2. Fibronectin 

Fibronectin (Fn) is expressed at high levels during wound healing (Kurkinen et 
al., 1980; Grinnell et al., 1981), before the appearance of collagen, and is a major com
ponent of the primary ECM during tissue repair. The Fn at the wound site is derived 
from two sources: plasma Fn (pFn) in the exudate from damaged blood vessels, present 
in the a-granules of platelets, and cellular Fn (cFn), which is synthesized locally at the 
wound site (Clark et al., 1983). Fn is involved in the migration of all the major cell 
types into the wound site. Fibroblasts and keratinocytes are known to be stimulated to 
migrate by Fn (Donaldson and Mahan, 1983; Takashima et al., 1986). Fn is chemo
attractant to endothelial cells (Bowersox and Sorgente, 1982) and macrophages (Norris 
et al., 1982). Fn opsonizes tissue debris after injury (Martin et al., 1988) and may also 
act as a provisional matrix for ECM assembly (McDonald, 1988). Fn is a constituent of 
the ECM early in embryonic development (Duband et al., 1987), where its principal 
role is also in mediating cell migration and adhesion (Duband et al., 1988). Antibodies 
to Fn or to cell surface receptors of the integrin family can block cell migration when 
injected into the intact embryo (Boucaut et al., 1984; Poole and Thiery, 1986; Bonner
Frazer, 1985, 1986). 

Differences in the deposition of Fn in fetal and adult wound healing have been 
investigated in full-thickness linear incisions, made on adult rabbits and fetuses of 24 
days' gestation (Longaker et al., 1989c). Wounds were harvested between 4 and 24 hr 
postwounding and the total Fn was detected by immunohistochemistry. Fn was initially 
associated with the fibrin clot, and deposition occurred with clot formation, the first 
event in adult wound healing. In the fetus, Fn was first detected 4 hr after wounding, 
becoming more prominent until the staining was very strong and covered the wound 
edge by 24 hr. This is in contrast to the adult wound, in which initial deposition of Fn 
was not detected until12 hr postwounding. By 24 hr postwounding, staining for Fn was 
also marked in the adult, throughout the clot and adjacent to the wound surface. No 
collagen was present in any of the wounds at this time point. These authors stated that 
the earlier deposition of Fn in the fetal wound may provide an earlier signal for cell 
migration and hence underlie the rapid reepithelialization of the fetal wound compared 
to the adult. 

Fn deposition was also studied in fetal, adult, and neonatal mouse lip wounds by 
immunohistochemistry. Whitby and Ferguson (l991a) showed that Fn was present at 
the surface of the wounds in all age groups by I hr postwounding. This staining 
persisted up to 72 hr in 16- and 18-day gestation fetal wounds, but was present up to 7 
days in neonatal and adult wounds. Hence, in the mouse, the timing and pattern of Fn 
deposition was similar in the fetal and adult wounds, but the signal disappeared much 
earlier in the fetus. The decrease in staining for Fn appeared concomitant with the 
increase in collagen deposition. 
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Antibody staining methods do not always allow the precise discrimination of the 
type of Fn present at the wound site. Multiple isoforms of Fn may be present and these 
may play different roles in wound healing. Fn has three spliced segments: EIIIA and 
EIIIB are part of aseries of type 3 repeats, termed "extra domains" because they are 
either completely included or excluded in the mature molecule (Schwarzbauer et al., 
1983, 1987; Tamkun et al., 1984); the third segment, V (variable), contains several 
internal splice sites in humans, but only one in the rat, giving rise to three possible 
forms, i.e., included, partially excluded, or completely excluded (Magnuson et al., 
1991). 

ffrench-Constant and colleagues (1989) investigated alternative Fn splicing in 
normal rat skin and after wounding, using in situ hybridization with probes that recog
nize all forms of Fn, or those that were specific to different spliced variants. In the 
normal rat skin, the majority of Fn mRNA lacks the EIIIA and EIIIB domains, but 
includes the V segment. Fn mRNA was detected mainly in cells within the reticular 
dermis, but was absent from cells of the papillary dermis and epidermis. After wound
ing, total Fn mRNA was detected by day I postwounding in cells that formed a band 
immediately beneath the clot. Many more positive cells were seen in the surrounding 
dermis and panniculus carnosus compared to normal skin. This pattern of labeling 
became more intense until 7 days postwounding, when the granulation tissue was still 
positive, but the labeling was less extensive in the neighboring dermis and muscle. By 
14 days postwounding, the labeling within the granulation tissue was weaker and had 
returned to normal in the surrounding tissue. When the splicing of the Fn mRNA was 
examined, it was found that the V segment was included, as for normal skin; however, 
EIIIA and EIIIB positive variants were present, largely restricted to the granulation 
tissue itself. EIIIB positive isoforms were less abundant than EIIIA positive isoforms. 
The observed in situ staining patterns may reflect a splicing difference in which EIIIA 
and EIIIB are included in Fn wound mRNA to a much greater degree than in normal 
tissue. 

These authors had previously shown that both EIIIA and EIIIB are present in the 
early chicken embryo (ffrench-Constant and Hynes, 1988) and become spliced out 
in tissue-specific patterns once embryogenesis and organogenesis near completion 
(ffrench-Constant and Hynes, 1989). Since the patterns of Fn splicing are highly 
conserved among species, the authors suggest that it is likely that the rat embryo 
contains predominantly EIIIA and EIIIB positive Fn and that the results of the wound 
healing investigation demonstrate areturn to the embryonic pattern of splicing. The 
return to an embryonic pattern of splicing after injury in the rat has also been demon
strated after induction of experimental hepatic fibrosis by ligation of the biliary duct 
(Jarnagin et al., 1994). Here, the EIIIA segment of Fn was biologically active and may 
mediate the conversion of lipocytes to myofibroblasts in hepatic fibrosis. 

The mechanisms that control the patterns of Fn splicing are poody understood. 
However, TGF-ß, an important cytokine in wound healing, increases the synthesis of 
total Fn and its receptor (Ignotz et al., 1987; Ignotz and Massague, 1987) and also 
increases the in vitra inclusion of EIIIA into Fn (Balza et al., 1988). It therefore seems 
likely that TGF-ß and other growth factors may playa role in alternative Fn splicing. 

Wounding of tissue results in the reappearance of embryonic spliced Fn, which 
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may be more functionally appropriate in terms of wound repair. ffrench-Constant and 
co-workers (1989) suggest that the localization of EIIIA and EIIIB positive spliced 
variants at the base and sides of wounds is consistent with a role for these forms in 
epithelial cell migration, but also speculate roles for spliced variants in cell prolifera
tion, differentiation, and chemotaxis. The normal existence of embryonic splicing in 
the fetal wound may contribute to the accelerated healing observed, since there is no 
requirement for the type of Fn to be switched. Moreover, after wounding, the predomi
nant form of Fn in the adult is pFn, released from platelets, which may be a less 
efficient Fn for wound healing. It takes approximately 4 days for the embryonic type Fn 
to appear in significant amounts in adult wounds (Shaw and Olsen, 1991). Hence, the 
different isoforms of Fn present at the time of wounding may be important in influenc
ing the rate of healing. 

3.3. Tenascin 

Tenascin (Tn) expression in normal adult tissues is greatly restricted, but high 
transient expression of Tn has been found coincident with actively migrating or prolif
erating cells during wo und healing and also during embryonic morphogenesis and 
oncogenesis (Mackie et al., 1988; Erickson and Bourdon, 1989; Daniloff et al., 1989; 
Chiquet-Ehrismann, 1990). Tn has been ascribed both adhesive and antiadhesive prop
erties. The addition of soluble Tn to cultured tumor cells resulted in partial detachment, 
loss of intercellular contacts, and inhibition of cell migration and spreading on basal 
lamina (Chiquet-Ehrismann, 1990). Tn-coated substrates retard the attachment and/or 
spreading of a number of cell types on Fn, laminin, and basal lamina (Erickson and 
Bourdon, 1989; Lightner and Erickson, 1990; Chiquet-Ehrismann, 1990). Some inves
tigators have proposed a functional antagonism between Tn and Fn that is now weIl 
accepted (Lotz et al., 1989; Chiquet-Ehrismann et al., 1988). Others have provided 
evidence for adhesive domains in Tn that interact with an RGD (Arg-Gly-Asp) 
sequence-sensitive integrin or chondroitin sulfate proteoglycan (Mackie et al .. 1988). 
One exception to the limited distribution of Tn in adult tissue is in the thymus, which 
expresses significant amounts, and it has been reported that Tn can block T-cell prolif
eration and activation in this organ (Ruegg et al .• 1989). The immunosuppressive effect 
of Tn has been confirmed by other authors (Hemesath et al.. 1994), who state that Tn 
may modulate the ability of Fn to facilitate T-cell activation or migration, and as such 
may be important in resolution of the inflammatory response. 

Tn is a family of related ECM proteins, consisting of Tn-C, Tn-R, and Tn-X. The 
original Tn is Tn-C, or cytotaxin, and the name continues to be used without a letter in 
research conceming only Tn-C (Erickson, 1993). Mice have been genetically engi
neered to knockout the Tn-C gene, and surprisingly have developed normaIly, showing 
no apparent defect (Saga et al., 1992). This lack of phenotype does not necessarily 
indicate that Tn has no important function, but that the function may be subtle. The Tn 
knockout, however, does cast some doubt on the functions ascribed to the molecule. It 
was reported that these Tn knockout mice healed their wounds normally, but much 
more detailed study is required to fully elucidate the effects of the absence of Tn-C. 
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Very few studies have been carried out on Tn in fetal wound healing. Whitby and 
Ferguson (1991a) examined the distribution of Tn in mice lip wounds in their detailed 
study of the differences in ECM deposition in fetal neonatal and adult wounds. In the 
fetus, Tn was present at the wound surface within 1 hr postwounding. By 24 hr, the 
staining for Tn was .more prominent and was present in the mesenchyme adjacent to 
the wound site. However, Tn staining was found to be most intense near the basement 
membrane of the epidermis. The staining for Tn persisted in the fetus at 48 hr post
wounding, but became very sparse by 72 hr, and by 5 days after wounding, the amount 
of Tn had returned to normal, unwounded levels. This temporal distribution contrasted 
significantly with that observed in the adult, although the spatial pattern was similar. In 
the adult wound, Tn was not detectable until 24 hr postwounding, but was most intense 
after 48 hr. At 5 days postwounding, Tn expression was present diffusely and still 
detectable 12 days after wounding. The expression in the neonate was approximately 
midway between the fetal and adult patterns, with Tn expression first evident at 12 hr 
postwounding and reverting to normal by 5 days postwounding. The time at which Tn 
was first detected paralleled the rate of reepithelialization and wound closure, which 
was most rapid in the fetus and slowest in the adult. Similar results were obtained in 
healing fetal and adult sheep wounds (Whitby et al., 1991). Tn may play an important 
role in wound closure by reducing cell adhesion through cellular interactions with Fn, 
hence initiating cell migration. The rapid appearance of Tn in fetal wounds may 
underlie their rapid reepithelialization when compared to adults. Rapid deposition of 
Tn in the fetal wound mayaiso attenuate proinflammatory signals and so contribute to 
the poor inflammatory infiltrate seen in fetal wounds. 

3.4. Proteoglycans and Glycosaminoglycans 

The major glycosaminoglycans (GAGs) in skin are hyaluronic acid (HA), der
matan sulfate (DS), and chondroitin sulfate (CS), with a minor contribution from 
heparan sulfate (HS) (Mast et al., 1992a). HA does not have a protein core, but the 
other GAGs are covalently linked to proteins in the form of proteoglycans. HA is the 
most extensively studied GAG in fetal and adult wound healing. As yet, little is known 
about the possible role of other GAGs and proteoglycans in fetal wound healing. 

HA is a high-molecular-weight, nonsulfated GAG, consisting of alternating resi
dues of N-acetylglucosamine and glucuronic acid. It is present in the ECM of most 
animal tissues and is found at highest concentrations in soft connective tissues (Lau
rent, 1987). HA is a linear polysaccharide, although its macromolecular structure is that 
of an expanded coil, which makes it susceptible to enzymatic degradation, resulting in 
the release of low-molecular-weight oligosaccharides. 

It has long been known that the ECM becomes enriched with HA coincident with 
episodes of rapid cellular migration and proliferation. This has been well documented 
in developing, regenerating, and remodeling tissues and in tissues undergoing tumor 
cell invasion (Toole, 1991; Knudson et al., 1989). HA is involved in the detachment 
process within the cell cycle that allows cells to move, and the burst in HA synthesis 
before mitosis allows cells to become detached from neighboring cells (Tudey and 
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Torrence, 1984; Tomida et al., 1974; Mian, 1986; Brecht et al., 1986). HA is also 
known to inhibit cell differentiation (Kujawa and Tepperman, 1983; Kujawa et al., 
1986). It is thought to exert effects on the behavior of cells in several different ways. It 
is believed to stimulate cell proliferation and migration by creating a low-resistance 
hydrated matrix that removes cells from contact inhibition and restricted mobility 
(Brecht et al., 1986). HA-rich matrices are also thought to bind growth factors, thus 
influencing cell growth and differentiation by changing the local concentration of these 
cytokines (Ruoslahti and Yamaguchi, 1991).1t is also believed to regulate cell behavior 
by the provision of ligands for cell attachment and motility (Turley et al., 1991), mainly 
via CD44, identified as the principal cell surface receptor (Aruffo et al., 1990). 

HA is also thought to play an important role in angiogenesis. An ECM rich in HA 
is known to inhibit blood vessel formation in chick embryo limb buds and within 
granulation tissue (Balazs and Darzynkiewicz, 1973; Feinberg and Beebe, 1983). How
ever, HA oligosaccharides, considered to be degradation products of HA, stimulate 
angiogenesis in the chick chorioallantoic membrane assay (West et al., 1985). This 
stimulation of angiogenesis is associated with a marked up-regulation of collagen 
synthesis, suggesting that endothelial cells may require type 1 collagen as a substrate 
for cell migration (Kumar et al., 1992). 

HA affects collagen synthesis in a number of systems. Chandrakasan and col
leagues (1986) showed that HA stimulated the deposition of type III collagen by 
cultured human fibroblasts. Addition of HA to fetal rabbit fibroblasts in vitro signifi
cantly stimulated collagen deposition (Mast et al., 1993). Scott and Hughes (1986) 
studied the early development of chick and bovine tendons and found that fetal col
lagen fibrils were smaller in diameter when HA was more abundant and that fibril size 
increased concomitantly with decreasing HA concentrations. Fetal skin contains much 
higher levels of HA than adult skin. The ECM of fetal wounds is rich in HA compared 
to the transient up-regulation of HA at the adult wound site, a finding observed in the 
fetal rabbit (Depalma et al., 1989; Mast et al., 1991; Stern et al., 1992) and fetal sheep 
(Chiu et al., 1990; Longaker et al., 1991b). 

Estes et al. (1993) used Hunt-Schilling chambers to measure the HA content of 
fetaliamb wound fluid at 75, 100, and 120 days gestation and compared the levels to 
those found in adult sheep. HA levels were highest in wound fluid from lambs of 75 
days gestation, peaking at 7 days postwounding. Wound fluid from IOO-day gestation 
animals showed a similar profile, but with slightly lower HA concentrations at each 
time point. However, in the 120-day gestation animals, the HA levels detected were 
significantly lower than in the younger fetuses and by 14 days postwounding had 
decreased to near undetectable levels, contrasting with the high levels still present at 
this time in the 75- and l00-day-old fetuses. They suggested that high and prolonged 
levels of HA in fetal wounds promoted scar-free healing, and indeed the predicted 
decrease in wound HA content with increasing fetal age correlated with the onset of 
scarring in the 120-day-old fetus. They also investigated the hyaluronic acid stimulat
ing activity (HASA) present in the wound fluid and found a direct correlation between 
HASA and HA levels in the wound, with HASA virtually absent in the adult wound 
fluid. HASA, found in fetal serum, amniotic fluid, and urine (Longaker et al., 1990a) 
may be a mechanism by which HA levels remain high in the fetus. The levels of GAGs 
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in fetal, newborn, and adult sheep have also been investigated by Knight and col
leagues (1994), using PVA implants. These authors found that in uninjured skin, the 
contribution of HA to the total GAG content fell progressively with increasing fetal 
maturity. However, they reported no decrease in the wound HA content with gesta
tional age. The reasons for this anomaly are not apparent, but may be related to 
differences in the HA detection method or in the type of wound model used. 

In adult wound repair, HA is the first macromolecule to appear following forma
tion of the platelet plug, but this elevation is transient (Dunphy and Upuda, 1955) and 
the decrease in HA content of adult wounds corresponds to the appearance of hy
aluronidase at the wound site (Bertolami and Dunoff, 1978). Fibrinogen from a number 
of marnmalian species, including man, specifically binds HA (Le Boeuf et al., 1986; 
Frost and Weigel, 1990). It has been postulated that HA is brought to the wound site by 
fibrinogen in the circulation and platelets and that fibrin in the clot binds the HA to 
create a fibrin-HA matrix. This feature of the early ECM of the wound may make the 
clot more porous, increasing water retention and allowing cells to infiltrate the clot 
(Weigel et al., 1986). 

HA concentration may be an important factor in determining the inflammatory 
response at the wound site. Dillon and colleagues (1994) have exarnined the adherence 
of fetallymphocytes to a number of ECM components, particularly HA. Fetal1ympho
cytes were capab1e of binding a number of glycoproteins, including fibronectin, vit
ronectin, and collagen land III, early in their ontogeny. However, these cells showed 
no binding to HA, the most abundant component of fetal wound ECM. These authors 
propose that the minimal inflammatory response seen in fetal wound healing may be 
due in part to the inability of lymphocytes to adhere to HA. 

Degradation of HA and other GAGs by the addition of crude hyaluronidase to 
implants in fetal skin led to a direct increase in the numbers of inflammatory cells, 
fibroblast proliferation, angiogenesis, and collagen deposition (Mast et al., 1992b). 
However, as noted earlier, implants may represent more of a foreign body reaction 
rather than modeling the wound healing response. Therefore, it is still not known 
whether degradation of HA in fetal wounds causes them to heal with a scar. There are 
several possible mechanisms whereby high levels of HA could contribute to fetal scar
free healing. The inhibition of cell differentiation by high levels of HA may keep cells 
in a "fetallike" state, allowing wo und healing to occur by a process more similar to 
regeneration than repair. The less resistant HA-rich matrix could allow quicker cell 
infiltration into the wound site and high HA levels mayaiso enhance cell proliferation. 
The high HA concentration in the fetal wound mayaiso influence the amount and type 
of collagen deposited and the nature of the fibrils formed, thus resulting in a more 
reticular pattern of collagen deposition. The lack of HA degradation products at the 
fetal wound could contribute to the low levels of angiogenesis observed, while inhibi
tion of lymphocyte infiltration by HA is one of the possible mechanisms by which 
inflamrnation at the fetal wound site could be reduced. 

Proteoglycans (PGs) and GAGs have a ubiquitous distribution and their pattern 
and composition are different between species, tissue types of the same species, and 
even within the same tissues. PG function may be modulated by its particular GAG 
component, by the core protein component, or by both. Many functions are related to 



Fetal Wound Healing 577 

the binding of PGs or GAGs to other molecules, especially proteins (Sames, 1994). 
Many PGs are constituents of the ECM, including the large PGs versican, aggrecan, 
and perlecan and the small PGs biglycan, decorin, and fibromodulin. Some PGs, such 
as syndecan, have membrane-embedded core proteins. Small, large, and very large PGs 
may bind to collagen fibrils, maintaining space between them, resulting in tissue 
hydration and creating channels for the movement of water-soluble materials (Scott, 
1992). GAG chains are large, extended structures with highly charged sulfate and 
carboxylate groups. The high negative charge of PGs attracts counter ions and the 
osmotic imbalance caused by a high local concentration of ions draws water from 
surrounding areas, hence, PGs keep the matrix hydrated (Hardingham and Bayliss, 
1990). 

Decorin associates with type land 11 collagen, both in vitro and in vivo in fetal and 
adult skin (Fleischamajer et al., 1991; Scott, 1988). As decorin binds to the surface of 
collagen fibrils, the assembly of individual collagen molecules is delayed, resulting in 
reduction of the final diameter of the collagen fibers (Vogel et al., 1984; Vogel and 
Trotter, 1987). Schonherr et al. (1995) have mapped the collagen fibrillogenesis ability, 
TGF-ß binding, collagen fiber binding, and endocytotic functions of the decorin mole
cule to different domains within its protein core. Fibromodulin also binds to collagens I 
and 11 and inhibits fibrillogenesis in vitro (Hedbom and Heinegard, 1989). It binds 
collagen in vivo at different sites than decorin and may playa similar role to decorin in 
the ECM, by organizing fibril formation (Hedlund et al., 1994). Biglycan is also 
present in the skin, but has not been described as associating with collagen fibrils 
(Fleischamajer et al., 1991) or to show any specific effect on collagen fibril formation 
in vitro (Hedbom and Heinegard, 1989). Biglycan also has an abundant pericellular 
distribution in the layers of the epidermis, but little biglycan has been detected in the 
dermis (Tan et al., 1993). In fetal tissue, biglycan has also been identified at the cell 
surface, in a similar distribution to that seen in adult skin (Bianco et al., 1990). 

In addition to their effects on ECM structure, PGs are also important mediators of 
growth factor activity. They may function as receptors for growth factors, as protectors 
and storage ligands, or as inactivators. The role of heparan sulfate PGs in binding 
fibroblast growth factors (FGFs) and other heparan-binding growth factors is well 
documented (Ruoslahti and Yamaguchi, 1991). Binding öf growth factors to PGs in the 
ECM or at the cell surface may protect them from degradation and provide local 
reservoirs of growth factors (Damon et al., 1989). The local release of heparin (free 
HS) during acute inflammation may displace HS-bound growth factors such as FGFs 
(Thompson et al., 1990). Proteolytic cleavage of the PG may also mobilize PG frag
ments with the growth factors still attached (Saksela and Rifkin, 1990). Therefore, 
acute inflammation and proteolytic activity on wounding may result in a rapid avail
ability of growth factors in situ, to help promote early events in wound repair. FGF-2 
must be bound to HS side chains of a PG or to heparin in order to bind to its cell surface 
receptor (Yayon et al., 1991). A HS PG has also been identified as a FGF receptor, with 
higher affinity for FGF-l than FGF-2 (Sakaguchi et al., 1991). It is clear that the 
modulation of HS and HS PGs are important in the action of FGFs and other growth 
factors. 

TGF-ß also binds to PGs, but is distinct from the HS-binding growth factors in 
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that it binds to the core protein rather than to the GAG side chain. One of the PGs that 
TGF-ß binds to is betaglycan, the type III TGF-ß receptor (Andres et al., 1989). 
Betaglycan is able to bind all three mammalian forms of TGF-ß with relatively high 
affinity (Massague et al., 1990; Andres et al., 1991). Membrane-anchored betaglycan 
plays a critical role in TGF-ß action by binding TGF-ß and presenting it to the 
signaling type 11 receptor (Lopez-Casillas et al., 1993). The extracellular domain of 
betaglycan can be shed by cells in a soluble form that can act as an antagonist to TGF-ß 
binding and actions (Lopez-Casillas et al., 1994). Hence, the relative ratio of mem
brane bound to soluble betaglycan in vivo may be an important determinant of TGF-ß 
activity. Another PG that can bind TGF-ß is decorin, and this binding leads to the 
neutralization of TGF-ß activity (Yamaguchi et al., 1990). Hildebrand and colleagues 
(1994) found that decorin, biglycan, and fibromodulin could all bind to TGF-ß with 
slightly different affinities. These authors demonstrated that fibromodulin was a more 
effective binder of TGF-ß than decorin or biglycan, and that this was the only one of 
the three PGs that could bind, even slightly, the latent TGF-ß complex. ECM-bound 
decorin and fibromodulin may compete with receptors for TGF-ß, sequestering it into 
the matrix, and hence controlling its bioavailability in vivo. 

Growth factors can also affect the rate of PG synthesis. TGF-ß 1 markedly in
creases the expression of mRNA for biglycan and versican by normal human skin 
fibroblasts and inhibits the expression of decorin mRNA (Kahari et al., 1991). This 
response was also seen in human gingival fibroblasts, although the gingival cells were 
more responsive to TGF-ß 1 in terms of biglycan expression. Analysis of the produc
tion of 35S-labeled PGs confirmed the stimulation of biglycan and versican production 
and the inhibition of decorin synthesis. The enhancement of biglycan and versican was 
found to be coordinate with up-regulation of type I procollagen gene expression, and 
the authors suggested a possible role for these PGs in the activation of collagen 
formation stimulated by TGF-ß I. In contrast to TGF-ß 1, FGF-2 was found to up
regulate the expression of decorin mRNA in normal skin and in cultured dermal 
fibroblasts, the level of versican was not changed, and the amount of mRNA for 
biglycan was reduced, concomitant with a reduction in type I procollagen gene expres
sion (Tan et al., 1993). The relative levels of PG induced by growth factors may 
influence the rate at which collagen is deposited in wound repair. Divergent results 
have been reported on the effects of TGF-ß 1 on decorin expression. Border and 
colleagues (1990b) documented an up-regulation of both decorin and biglycan synthe
sis by TGF-ß 1 in kidney mesangial cells. It appears that the control of decorin synthe
sis is cell type specific and the molecular events controlling this expression are not yet 
fully understood. 

There have been few studies documenting PG alterations in fetal and adult wound 
healing and fibrosis. Yeo and colleagues (1991) demonstrated increased decorin pro
duction in adult guinea pig wounds at 7 days postwounding by immunohistochemical 
and biochemical techniques. Increases in both decorin and biglycan expression have 
also been reported in experimentally induced liver fibrosis (Meyer et al., 1992). The 
expression of the cell surface PG syndecan has been studied during the healing of 
cutaneous wounds in adult mice (Elenius et al., 1991). There was an enhanced expres
sion of syndecan in proliferating and migrating cells of the epidermis and hair follicles 
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and a limited expression on the surface of vascular endothelial cells within the granula
tion tissue. In their study of the ECM of fetal, neonatal, and adult lip wounds in mice, 
Whitby and Ferguson (1991 a) documented some changes in the levels of the GAGs HS 
and CS. These authors reported no differences between fetal, neonatal, and adult 
wounds in terms of HS localization. HS staining in normal skin was restricted to the 
basement membranes of the epidermis and oral mucosa, and at the wound site staining 
was also restricted to reforming epithelial basement membranes. There were, however, 
differences in the localization of CS staining between the fetus and the adult. CS was 
present diffusely in the fetal dermis but absent from neonatal and adult dermis, except 
for small areas around hair follicles and oral mucosal glands. At no time point studied 
was CS seen in the wounds of neonatal and adult mice, but in the fetal wound CS was 
detected at the wound site by 20 hr postwounding and had retumed to its normal 
distribution by 48 hr postwounding. The absence of CS staining in adult wounds 
contrasts with the up-regulation of CS in adult guinea pig wounds reported by Yeo and 
co-workers (1991). The differences in the reported results are likely due to differences 
in antibody affmities and the masking of CS binding sites by other GAG side chains. 

4. Fibroblasts 

Fibroblasts are critical to the wound-healing process, since these cells are respon
sible for the deposition and remodeling of most of the new ECM. The process of 
fibroblast recruitment to the wound site and ECM proliferation has been termed fi
broplasia (Clark, 1993). The study of fibroplasia is complex since the phenotype of the 
fibroblast changes during wound healing, as does the composition of the ECM that 
surrounds it. Growth factors are essential for the stimulation of fibroplasia and the 
wound environment stimulates fibroblasts to assurne a number of distinct phenotypes. 

Welch and colleagues (1990) have documented fibroblast behavior in porcine, 
full-thickness adult skin wounds. No fibroblasts were found at the wound site in the 
first 3 days after wounding, despite the presence of chemoattractant cytokines and the 
provisional matrix of the fibrin clot. However, during this time period, the fibroblasts in 
the subcutaneous septa below the wound proliferated in response to factors released 
during the initial injury. At day 4 postwounding, the fibroblasts migrated into the 
wound site, and by 7 days postwounding had completely filled the dermal defect. It was 
postulated that proliferation of fibroblasts was required for phenotypic change to mi
gratory cells and that this change may involve development of a motor apparatus, loss 
of receptors for attachment to the ECM, and the expression of new receptors necessary 
for motility. 

After migration into the wound space the fibroblasts assume a synthetic phenotype 
and begin to synthesize collagen and Fn. Welch and co-workers judged collagen 
production to be maximal at 7 days postwounding, and at this time the actin fibrils 
within the fibroblasts were seen to condense into bundles. Fetal fibroblasts can both 
proliferate and synthesize collagen simultaneously, in contrast to adult fibroblasts 
(Graham et al., 1984). This difference in fibroblast phenotype may directly contribute 
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to the faster rate of fetal healing. Welch el al. (1990) also observed the formation of 
intercellular junctions and cell matrix connections with the characteristics of Fn-rich 
links called fibronexis at 7 days postwounding. By 9 days postwounding, the synthetic 
phenotype had largely been replaced by fibroblasts containing tightly bundled actin 
fibrils, known as myofibroblasts, which aligned themselves across the wound. These 
myofibroblasts may bring about wound contraction, which occurs from 7 to 14 days 
after wounding. 

Distinct pathways and stages of cellular differentiation tend to be associated with 
specific cell surface antigen expression. Reuig and colleagues (1988) first described 
cell surface antigens that are differentially expressed by mesenchymal cells during 
normal development, proliferation, or malignant transformation. One such antigen, 
identified by a monoclonal antibody termed F19, was found to be expressed in normal 
fetal tissue, tumor tissue-cultured fibroblasts, and in adult wounds, but was not nor
mally expressed in adult connective tissues. These workers suggested that F19 is a cell 
surface marker for actively proliferating mesenchymal cells and that its expression may 
be induced by growth factors or during malignant transformation. The presence of F19 
antigen was subsequently confirmed to be present on the surface of adult fibroblasts 
from wounds, 7 to 21 days postwounding, but absent from normal adult skin fibroblasts 
(Garin-Chesa el al., 1990). This antigen has now been cloned and identified as fi
broblast activation protein a (FAP-a) and the authors speculate that the distinct phe
notype, FAP-a +, reflects differences in fibroblast activation state and function (Scan
lan el al., 1994). This work suggests that normal fetal fibroblasts are phenotypically 
different from normal adult fibroblasts and that adult fibroblasts must switch their 
phenotype during wound healing to express more fetallike characteristics. The need to 
activate this switch may be one reason for the initial lag period during normal adult 
wound healing, which is absent in fetal wound healing. Distinct fetal fibroblast phe
notypes may be important determinants of fetal scar-free healing. 

Schor and colleagues (1985) demonstrated that fetal fibroblasts will migrate into a 
three-dimensional collagen gel, whereas very few normal adult fibroblasts will do so. 
These authors proposed that a novel protein, migration stimulation factor (MSF), 
produced by fetal fibroblasts was the factor responsible for the migratory capacity of 
the fetal cells. They also found this factor to be secreted by tumor fibroblasts and by 
fibroblasts of the adult oral mucosa (Schor el al., 1988). MSF stimulated the migration 
of normal adult fibroblasts in culture, but the adult cells themselves did not secrete the 
protein. It is well documented that oral mucosa heals more rapidly than skin, with much 
reduced scarring, and it has been suggested that these cells represent a fetallike sub
population of adult fibroblasts (Sloan, 1991). MSF may increase cell migration by 
stimulation of the production of HA by fibroblasts (Schor el al., 1989). Addition of 
TGF-ßl to MSF-induced migrating fibroblasts inhibited MSF-induced cell migration 
and HA synthesis (Ellis el al., 1992). TGF-ß3, at low concentrations, showed some 
synergistic effects with MSF on HA synthesis and cell migration, but at high concentra
tions was antagonistic (Ellis, 1993). MSF has also been detected in adult wound fluid 
and may be synthesized by a small subpopulation of adult fibroblasts in response to 
wounding (Picardo el al., 1992). Secretion of MSF during wound healing may be a 
signal for migration of fibroblasts into the wound, effected by increased HA synthesis 
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(Picardo et al., 1992). In the fetal wound, high levels of MSF may accelerate fibroblast 
migration and maintain the high concentration of HA within the wound ECM, but in 
the adult wound, high levels of TGF-ßl (not found in fetal wounds) may quickly 
antagonize the action of any MSF present. The restriction of fibroblast motility and low 
HA concentrations in the adult wound may directly contribute to the scarring adult 
phenotype. This theory is further supported by the observation that adult oral mucosa, 
which secretes high levels of MSF and has many fetallike characteristics, does not scar. 
MSF may be similar if not identical to a domain of Fn and may be related to HASA 
detected in amniotic fluid and fetal serum, which has been suggested to be an important 
factor in maintaining the high concentrations of HA found in fetal tissue (Longaker et 
al., 1990a). 

There is still some dispute as to the mechanism of wound contraction and conflict
ing reports on wound contraction in the fetus. Gabbiani et al. (1972) first described the 
change in phenotype of fibroblasts in granulation tissue, with the expression of 
Cl-smooth muscle actin (ASMA), the actin isoform present in vascular smooth muscle 
cells. These cells were termed myofibroblasts and have also been observed to be 
permanently present in fibrocontractive diseases, such as hepatic cirrhosis and renal 
and pulmonary fibrosis (Schurch et al., 1992). The current prevailing hypothesis is that 
the myofibroblast is responsible for wound contraction. Stress fibers are presumed to 
be the force-generating element and these forces are thought to be transduced to the 
ECM through the fibronexus. However, the importance of the myofibroblast in wound 
contraction is disputed. An alternative hypothesis has been proposed by Erlich and 
Rajartnum (1990), who postulated that individual fibroblasts reorientate the collagen 
fibrils associated with them and this "stressed" matrix transmits the force necessary for 
wound closure. Erlich (1988) stated that the control of wound contraction was linked to 
the composition of the ECM and that a type III collagen matrix contracted faster than a 
matrix composed of type I collagen. Gross and colleagues (1995) have proposed 
another mechanism of wound closure. These authors removed the central granulation 
tissue and epidermis from adult, full-thickness porcine wounds daily and found that 
these wounds still closed at a normal rate. The authors concluded that wound closure is 
brought about by the fibroblasts at the wound margins, whieh undergo a fonn of 
directed migration. 

Not all fetal wounds undergo eontraction and this appears to be speeies dependent. 
Rabbit fetal wounds apparently do not contract until after birth (Somasundaram and 
Prathap, 1970), whereas fetal sheep wounds are known to eontraet in utero (Halloek et 
al., 1988). Ihara and Motobayashi (1992) found that fetal rat skin closes an open wound 
at 16 days gestation. They stated that the covering of the wound derives from "spread
ing" of the peripheral full-thickness skin surrounding the wound and no granulation 
tissue is required for wound closure, an observation similar to that made by Gross and 
colleagues (1995) in adult wounds. Martin and Lewis (1992), in contrast to other 
workers, suggested that the epidermis was important in fetal wound closure. They 
studied wound closure in fetal chickens and mice and proposed wound closure by a 
"purse string" mechanism, based on the observation of a continuous ring of actin cables 
within epithelial cells at the rim of the wounds. However, this method of wound closure 
is disputed by Gross and co-workers (1995), who found that wound closure was not 
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dependent on epidermal contraction and occurred at an unchanged rate, even if the 
actin cable was cut. 

Excisional wounds made on sheep fetuses at 100 days ge station do contract and 
contain myofibroblasts (Longaker et al., 199Ia). Estes and co-workers (1994) de
scribed the development and ultrastructural features of myofibroblasts in fetal sheep 
wounds from 75 to 120 days gestation. ASMA staining was absent from normal skin 
and wounds of 75-day gestation animals, except in vascular smooth muscle cells and 
pericytes. However, by 100 days gestation, substantial ASMA staining was observed, 
increasing from 3 to 7 days postwounding. ASMA staining was also strongly positive 
in the wounds of sheep of 120 days gestation. When the wound fibroblasts were 
cultured in vitro, all expressed ASMA, including those from 75-day gestation animals, 
indicating that the fibroblasts from the early gestation fetuses have the capability of 
expressing ASMA but lack the necessary signals to do so in vivo. Transition from scar
free healing to scarring in the sheep coincides with the appearance of ASMA expres
sion by wound fibroblasts and the lack of myofibroblasts in nonscarring fetuses may be 
due to the absence of an appropriate inducing stimulus, such as TGF-ß. 

The differences in phenotype between adult and fetal fibroblasts may have a 
significant influence on the speed of wound healing and subsequent scarring. Fetal 
fibroblasts are active, relatively homogeneous and may be able to respond more quickly 
to wounding, whereas adult cells must undergo proliferation and phenotypic change. 
The causes and consequences of wound contraction are not yet clear, but it is possible 
that the mechanism of wound contraction has a direct bearing on the degree of scarring. 
Fetal fibroblasts may lack the necessary signals, possibly from growth factors, to 
change to a myofibroblast phenotype, and hence wound closure may proceed differ
ently from that of the adult animal. 

5. Inflammation and Growth Factors 

One of the most fundamental differences between adult and fetal wound healing is 
the relative lack of an inflammatory response in the fetus and correspondingly low 
levels of inflammatory growth factors at the fetal wound site. In adult wound healing, 
one of the initial events is platelet degranulation, resulting in immediate release of a 
number of growth factors, including platelet-derived growth factor (PDGF), epidermal 
growth factor (EGF), and TGF-ß. Neutrophils are immediately attracted to the wound 
site, where they phagocytose bacteria and damaged tissue. Macrophage infiltration 
follows and neutrophils are injested by the invading macrophages. TGF-ß directly 
stimulates the influx of both neutrophils and macrophages (Wahl et al., 1987). Macro
phages at the wound site are activated by the growth factors released by degranulating 
platelets to produce a wide variety of growth factors themselves, including inter
leukin-I (IL-I), FGF-2, PDGF, TGF-a, and TGF-ß, forming a positive feedback loop 
for the recruitment of more macrophages to the wound site. Leibovich and Ross (1975) 
demonstrated severe inhibition of tissue debridement, delayed fibroblast proliferation, 
and general retardation of wound healing when adult wounds were depleted of mono-
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cytes and macrophages. TGF-ß and PDGF are potent chemoattractants for fibroblasts 
and stimulate them to proliferate and produce new ECM constituents. These stimulated 
fibroblasts also produce TGF-ß and PDGF in an autocrine feedback loop, similarly to 
macrophages (pierce et al., 1991). 

Angiogenesis is a key component of granulation tissue formation and is stimulated 
particularly by vascular endothelial growth factor (VEGF), FGF-l, FGF-2, TGF-a, and 
TGF-ß. The FGFs act directly on endothelial cells to stimulate their migration, prolif
eration, and tubule formation (Gospodarowicz et al., 1987), while TGF-ß appears to 
act indirectly, by the recruitment ofmore macrophages to the wound site, which in turn 
secrete angiogenic substances (Kiritsy and Lynch, 1993). PDGF-BB, secreted by mac
rophages and endothelial cells, mayaiso play an important role in neovascularization, 
by inducing endothelial cell chemotaxis (Fiegel et al., 1991). Concurrent with granula
tion tissue formation and inflammation is the process of reepithelialization. EGF and 
TGF-a directly increase the rate of reepithelialization, while keratinocyte growth factor 
(FGF-7) affects the rate of reepithelialization by the stimulation of keratinocyte prolif
eration (Brown et al., 1986; Schultz et al., 1987). Epithelial cells themselves are an 
important source of growth factors, which may function in an autocrine fashion on the 
epithelial cells themselves or in a paracrine manner to influence granulation tissue 
formation (Stadnyk, 1994). Indeed, it has been suggested that epithelial cells may be a 
more important source of PDGF and TGF-ß than macrophages in the first few days 
after wounding (Antoniades et al., 1991; Kane et al., 1991). The factors that bring 
about resolution of the inflammatory response and cessation of granulation tissue 
formation have not been studied in detail. The production of "anti-inflammatory" 
cytokines such as IL-lO, which has been shown to inhibit TGF-ß synthesis (Van 
Vlasselaer et al., 1994), may be significant in switching offthe inflammatory response, 
and collagens can attenuate the response of dermal fibroblasts to TGF-ß (Clark et al., 
1995). Gabianni and colleagues (Desmouliere et al., 1995) have demonstrated that 
fibroblasts are removed from the wound site by apoptosis, and this may be another 
important mechanism in the resolution of the wound-healing response. 

Fetal wound healing is fundamentally different from wound healing in the adult, 
since little inflammatory response is required for repair. A direct consequence of the 
lack of inflammation in the fetus may be the absence of scar tissue formation. A 
growing body of evidence directly implicates high levels of specific growth factors and 
TGF-ßl and -ß2 in particular, with scarring during wound healing and with other 
forms of fibrosis. Three isoforms of TGF-ß are present in mammals, which have 
similar activities in vitra but display marked differences in their spatial and temporal 
distribution during wound healing. In adult wounds, TGF-ß2 and -ß3 were prevalent 
by 24 hr after wounding and were strongly associated with the epidermis. In contrast, 
TGF-ßl was not detected at significant levels in the dermis until5 days postwounding, 
when reepithelialization was complete (Levine et al., 1993). These results support 
individual in viva functions of TGF-ß isoforms in wound repair. TGF-ß 1 is the isoform 
most commonly associated with fibrosis, although isoform-specific effects have not yet 
been widely investigated. In vitra, TGF-ßl has been shown to function both as an 
agonist and antagonist of cell proliferation and inflammation; however, it consistently 
acts on cells to induce deposition of ECM constituents (Roberts and Sporn, 1990). 
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Excessive accumulation of ECM is the chief pathological feature of fibrotic disease, 
and abnormal organization of ECM in wound healing results in scarring. 

The exogenous addition of TGF-ß 1 accelerates the rate of healing in the rat, by 
increasing the rate of accumulation of total wound collagen (Sporn et al., 1983), 
resulting in greater tensile strength of the wounds at early time points and a greater 
influx of monocytes and fibroblasts into the wound site (Mustoe et al., 1987). Exog
enously applied TGF-ßs stimulate the expression of endogenous TGF-ßl, partly by 
increased recruitment and/or activation of macrophages and partly by positive induc
tion ofthe TGF-ßl promoter (Schmid et al., 1993). The fibrotic potential ofTGF-ß has 
been shown when levels remain elevated. Intravenous injections of TGF-ß in the rat 
produce marked fibrosis of the kidney and liver and also at the injection site (Terrell et 
al. , 1993). A marked systemic fibrosis was also observed in nude mice when TGF-ßl 
was applied intraperitoneally for 10 days (Zugmaier et al., 1991). High levels ofTGF-ß 
have also been implicated in a wide variety of human fibrotic diseases, including 
glomerulonephritis (Yoshioka et al., 1993), diabetic nephropathy (Yamamoto et al., 
1993), and lung fibrosis (Broeklmann et al., 1991). 

The distribution of growth factors in fetal wounds was investigated by Whitby and 
Ferguson (l991b), who studied the localization of PDGF, TGF-ß, and FGF-2 in fetal, 
neonatal, and adult wounds, using immunocytochemical techniques. PDGF was de
tected at the wound site of fetal, neonatal, and adult wounds within 1 hr of wounding. 
However, the rate of clearance of PDGF in the different wounds studied varied with 
age. In the fetal wound, PDGF was no longer detected 48 hr postwounding; in the 
neonate, staining had disappeared by 72 hr postwounding; but in the adult, PDGF was 
still detected at 72 hr after wounding but was not present after 120 hr. TGF-ßI and -ß2 
were not detected within the fetal wound or at the wound margins at any of the time 
points studied, but were seen at 1,6, and 12 hr postwounding at the wound surface and 
within the dot of both neonatal and adult wounds. Fetal wounds lack a fibrin dot and 
exhibit poor platelet degranulation. The initial release of growth factors on wounding 
and the storage of such factors in the dot prior to release is markedly different in the 
fetus compared to the adult. FGF-2 was not detected in the fetal wound, but was 
observed in both adult and neonatal wounds at 1 and 6 hr after wounding. The authors 
suggested that the continuing presence of PDGF at the adult wound site may be due to 
synthesis of this growth factor by cells such as macrophages recruited to the wound site 
but absent from fetal wounds. The lack of TGF-ß in the fetal wound mayaiso be due to 
the lack of an inflammatory response, a lack of degranulating platelets in the fetal 
wound, or a relative absence of TGF-ß from fetal platelets. They also suggested that 
the absence of FGF-2 may be secondary to absence of an inflammatory response in the 
fetal wound. Lack of staining for TGF-ß and bFGF does not mean an absolute absence 
of these growth factors from the fetal wound, but rather reduced levels below the 
detection limits of the antibodies employed. These results dearly illustrate major 
differences in the relative levels of these growth factors in adult and fetal wounds. 

The lack ofTGF-ßl and -ß2 in fetal wounds was supported by studies carried out 
on the rabbit by Nath and colleagues (1994a). The distribution of TGF-ßl in the 
wounds of fetal mice was also investigated by Martin and colleagues (1993) using in 
situ hybridization techniques. Transcripts for TGF-ß 1 synthesis were found to be 



Fetal Wound Healing 585 

rapidly induced in epithelial cells at the wo und margins within 1 to 3 hr of wounding 
and by 3 to 6 hr in the mesenchyme of the wound bed. No TGF-ß3 induction was 
observed in the wounds, and the levels of TGF-ß2 could not be determined due to 
limitations of the model used. TGF-ßl protein was detected by immunocytochemistry 
using an isoform-specific antibody, within 1 hr of wounding. However, the clearance of 
the staining was rapid, so that by 18 hr postwounding the levels of TGF-ßl had 
retumed to near background. This was in contrast to the adult wound where sustained 
levels of TGF-ßl protein were detected (Kane et al., 1991). Martin and colleagues 
(1993) suggested that the rapid appearance of TGF-ßl protein at the fetal wound site 
may not be due solely to gene expression, but to posttranslational release of intracellu
lar stores. They postulate that the fetal environment may provide a richer source of 
TGF-ß regulatory molecules than found in the adult and these may limit the availability 
of TGF-ß within the fetal wound. Martin and co-workers (Hopkinson-Woolley et al., 
1994) confirmed the lack of macrophage infiltration into the fetal wound, the cell type 
that is the most potent and sustained source of TGF-ß. Differences in the reported 
levels of TGF-ß in fetal wounds may be explained by the use of antibodies, often with 
unreported specificities, which may detect latent or active TGF-ß or both forms of the 
molecule. In general, it is accepted that TGF-ß is transiently expressed in fetal wounds 
but is present at higher levels and for prolonged periods in adult wounds. However, in 
both fetus and adult, the levels of active TGF-ß and their relative distributions are 
unknown. 

Krummel and colleagues (1988) investigated the effects of exogenous application 
of TGF-ß 1 on the response of 24-day gestation fetal rabbits to wounding. PVA sponges 
containing TGF-ß were implanted subcutaneously into the fetus and the histological 
responses documented. At 7 days postwounding, a grossly fibrotic reaction was ob
served in the fetus in response to TGF-ß, with marked fibroblast proliferation and 
collagen accumulation, reactions not observed in response to the implant alone. These 
observations demonstrate that TGF-ß can generate a fibrotic response and that the fetus 
is capable of responding to TGF-ß. Durham and co-workers (1989) investigated the 
binding ofTGF-ß to embryonic (14 days gestation), fetal (24 days gestation), and adult 
rabbit fibroblasts in order to test if the observed in vivo effect of exogenous TGF-ß in 
the fetal rabbit is due to a direct influence on the fibroblast. These authors demon
strated that embryonie and fetal fibroblasts possessed cell surface receptors for TGF-ß, 
as did the adult cells. Furthermore, they described a progressive reduction in the 
numbers of these cell surface receptors during development. Lack of TGF-ß-mediated 
fibrosis in fetal wound healing is therefore not due to the inability of the fetal fibroblast 
to respond to TGF-ß. Endogenous TGF-ß at the fetal wound site may be in the form of 
an inactive precursor, may be quickly inactivated, or may not be present in adequate 
quantities or for sufficient length of time to mediate a scarring response. The TGF-ß 
receptor iso form profile (Derynck, 1994) of the fetal fibroblasts mayaIso be different 
to that of the adult, so directing different responses to TGF-ß isoforms. 

Macrophage recruitment during wound healing in the fetal mouse has been inves
tigated using a macrophage-specific monoclonal antibody (Hopkinson-Woolley et al., 
1994). Embryos were wounded at gestation times of 11.5 to 14.5 days. Macrophages 
were not recruited to the wound site in the early embryo during wound closure, and the 
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onset of macrophage recruitment occurred at gestation day 14.5. This recruitment was 
coincident with the onset of scarring in the fetal mouse. The ability of gestation day 
11.5 macrophages to res pond to chemotactic stimuli was investigated by inflicting bum 
wounds, to produce localized cell necrosis (Hopkinson-Woolley et al., 1994). In these 
animals, a significant number of macrophages were recruited to the bum wound site. 
This illustrates that embryonic macrophages are capable of mounting an infiammatory 
response in the presence of appropriate stimuli. Hence, the severity of wounding is an 
important determinant in the degree of inflammatory response seen in the fetus and 
therefore the degree of scarring. A similar correlation between the ability to mount an 
inflammatory response and the onset of scarring was observed in the pouch young of 
the marsupial Monodelphis domesticus (Armstrong and Ferguson, 1995). 

It is evident that in fetal wounds, the absence of scarring correlates with a poor 
inflammatory response and that scar-free healing may be a consequence of low levels 
of active TGF-ß 1 and -ß2 at the wound site. The presence of other growth factors at the 
fetal wound site have not yet been extensively investigated, but these levels mayaiso 
have significant effects on scarring, either direct1y influencing collagen deposition or 
indirect1y as integral members of the complicated cascade of growth factors directing 
the initiation and maintenance of the inflammatory response and fibroplasia. 

6. Manipulation of Adult Wound Healing to Reduce Scarring 

Research into the fundamental differences between adult wound healing and scar
free fetal healing have suggested several areas in which the adult wound could be 
manipulated to resemble more closely particular characteristics of the fetus, in the hope 
of reducing scarring within the adult wound. The major areas in which attention has 
been focused are modulation of the inflammatory response and growth factors in the 
adult wound and manipulation of ECM constituents toward a more fetallike profile. 

6.1. Manipulation of the ECM 

Fibronectin is deposited more quickly in fetal wound healing than in adult tissue 
repair (Longaker et al., 1989c). Cheng and colleagues (1988) found that application of 
exogenous Fn to adult rat wounds accelerated the rate of closure of the wounds. They 
suggested that exogenously applied Fn may be a source of extra chemotactic fragments 
and may accelerate macrophage and fibroblast accumulation at the site of the injury. 
These results suggest that faster Fn deposition may be an important mechanism by 
which the fetus effects rapid reepithelialization. However, no advantageous effects on 
scarring of the adult wound were reported and the wounds were only examined for a 
short time after wounding (Cheng et al., 1988). 

The most striking difference between the ECM of fetal and adult wounds is the 
high concentration of HA at the fetal wound site; hence, a number of workers have 
attempted to reduce scarring after adult wounding by the exogenous application of HA. 
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Abatangelo and colleagues (1983) studied the rate of healing of wounds from normal 
and alloxan-diabetie rats, when treated with topieal applications of HA. These wounds 
were not full thickness, but scratch incisions, which did not result in scarring. These 
authors reported a marked acceleration of the normally reduced rate of healing of the 
diabetic rats but little effect on the healing rate of normal control animals. 

Hellstrom and Laurent (1987) applied 1 % HA to the edges of rat tympanie 
membrane perforations and found that the healing rate was accelerated from closure in 
an average of 12 days to healing in 7 days. In the HA-treated wounds, the epithelium 
bridged the gap in advance of the connective tissue layer, and the authors suggested 
that exogenous HA may facilitate this earlier cell movement. Further studies indieated 
that HA application also markedly affected the structural quality of the healed mem
brane, with beneficial effects on scarring seen within 1 month (Laurent et al., 1988). 
The closure time of perforations and reduction in membrane scarring correlated with 
the concentration of HA applied. 

The HA applied to wounds in these and other studies was extracted from rooster 
comb and is known not to be pure HA but a complex mixture. Burd and colleagues 
(1989) examined the composition of HA extracted from human skin. These workers 
found that HA was associated with collagen and sugars such as glucose and mannose. 
They reported that HA may also be complexed with elastin or other mierofibrilar 
proteins. These authors demonstrated that tissue-extracted HA inhibited fibroblast 
'replication in culture, whereas recombinant HA purified by fermentation did not, and 
the effect of tissue-extracted HA could not be abolished by the addition of hy
aluronidase (Burd et al., 1991b). They proposed that HA-protein complexes playa 
significant role in the in vivo organization of scar tissue. They suggested that HA may 
act as a protective carrier, delivering growth factors and other proteins to the wound 
site. Fermentation-produced HA added exogenously to adult rat cutaneous incisional 
wounds had little effect on scarring (R. L. McCallion et al., unpublished observations). 

6.2. Manipulation of Growth Factor Profile 

Fetal wound healing does not elicit a major inflammatory response and as such is 
fundamentally different from the process of wound healing in the adult. Leibovich and 
Ross (1975) attempted to make the adult wound response more fetallike by inhibiting 
the infiltration of monocytes and macrophages into the wound site. However, wound 
healing was significantly retarded by these treatments, and it was concluded that the 
presence of some monocytes and macrophages is required for the process of adult 
wound repair. Other general anti-inflammatory therapies have been equally unsuccess
ful in reducing scarring. In our laboratory, suramin, an antiparasitie drug known to 
inhibit the binding of a number of growth factors (e.g., TGF-ß, PDGF, bFGF, EGF) to 
their receptors, was applied intradermally to rat wounds (Chamberlain et al., 1995). 
The drug was found to have significant side effects and to inhibit wound repair. No 
benefit was conferred in terms of scar reduction. The general lack of success of anti
inflammatory agents in the reduction of scarring suggests that the causes of scarring are 
more complex than a simple consequence of the general inflammatory response. The 
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alteration of specific growth factor levels may be more important in terms of scar 
prevention. 

The significance of TGF-ß in scarring and fibrosis has been documented by many 
workers. Studies have been carried out in our laboratory to determine the contribution 
of TGF-ß to the scarring process, to establish the significance of the different isoforms 
of TGF-ß within the wound, and to investigate if areduction in the levels of TGF-ß at 
the wound site reduces scarring in adult wounds. In the initial experiments, a polydo
nal neutralizing antibody to TGF-ß was used to lower the concentration of active 
TGF-ß at the wound site. The antibody neutralized all isoforms of TGF-ß but with 
different affinities so that ß 1 and ß2 were bound to the greatest extent, but Httle 
TGF-ß3 activity was neutralized. Neutralizing antibody was injected intradermally into 
adult rat wounds, just prior to wounding and on days 1 and 2 postwounding. A 
significant effect on scarring was noted by 42 days postwounding when antibody
treated wounds displayed much reduced scarring, with collagen fiber orientation much 
more similar to unwounded dermis than the parallel, dense, aligned collagen fibers seen 
in untreated scarred wounds (Shah et al., 1992). Neutralizing antibody-treated wounds 
had a significantly reduced monocyte and macrophage profile compared to control 
wounds and substantially fewer new blood vessels. At 7 days postwounding, the 
antibody-treated wounds contained less collagen and fibronectin than untreated 
wounds, but measurements of tensile strength revealed no significant differences in the 
breaking strength of antibody-treated and control wounds. The lack of adverse effect of 
reduced collagen content on wound strength in the treated wounds was thought to be 
due to the more normal reticular pattern of collagen fiber orientation in these wounds. 
The neutralizing antibody must be administered at the time of wounding, or shortly 
thereafter, for significant anti-scarring effects to be observed. Neutralizing the TGF-ß 
levels immediately after wounding may prevent the induction of TGF-ß amplification 
at the wound site. This could result from modulation of monocyte and macrophage 
recruitment, inhibition of the TGF-ß promotor, or reduction of the amount of TGF-ß 
stored in the fibrin dot and elsewhere at the wound site. Neutralizing TGF-ß may also 
reduce the levels of plasminogen activator inhibitor, and hence the relative levels of 
plasminogen activator and plasmin may be increased, leading to increased fibrinolysis. 
This would make the fibrin scaffold less compact and may facilitate fibroblast migra
tion, and thus a more reticular orientation of collagen deposition (Shah et al., 1994). 
Application of neutralizing antibodies to TGF-ß have also proved effective in the 
reduction of fibrosis in conditions such as glomerulonephritis (Border et al., 1990a) 
and pulmonary fibrosis (Giri et al., 1993). 

Isoform-specific neutralizing antibodies were also applied to wounds to determine 
the contribution of each TGF-ß isoform to the scarring response (Shah et al., 1995). 
The addition of neutralizing antibody to TGF-ß2 alone had little effect on inflamma
tory cell infiltration, angiogenesis, or the resultant scar. Antibody to TGF-ß 1 alone 
resulted in some reduction of monocytes and macrophages at the wound site, but only 
marginal effects on scarring. Both TGF-ß 1 and -ß2 must be neutralized to significantly 
reduce scarring in adult rodent cutaneous wounds. This indicates a synergistic effect of 
neutralization of both TGF-ßl and -ß2 on scarring. Neutralizing antibodies to growth 
factors may have varying effects, depending on their concentration relative to the 
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ligand, their affinity for the ligand, and the number of epitopes that they recognize. 
Generally, a low-affinity antibody or one at low concentration may have an agonistic 
effect similar to a binding protein, whereas a high-affinity antibody or one at a high 
concentration usually has neutralizing activity. It is likely that the size of the immune 
complex formed is critical in determining whether the antibody-growth factor complex 
is cleared or circulates as a carrier complex. A similar phenomenon has been described 
in mice with antibodies to interleukin-6 (Heremans et al., 1992; Martens et al., 1993). 
This makes antibody therapy in wound healing an attractive therapeutic option since 
different antibodies to TGF-ß could be used to either accelerate wound healing or to 
reduce scarring. 

Surprisingly, exogenous addition of the growth factor TGF-ß3 at low concentra
tions was found to have marked antiscarring activity, similar to the effects of neutraliz
ing TGF-ß 1 and -ß2. However, angiogenesis was markedly increased by application of 
TGF-ß3 in contrast to the neutralizing antibody treatment. Addition of TGF-ß3 to adult 
rodent wounds resulted in a decreased monocyte and macrophage profile, reduced Fn 
deposition at 7 and 14 days postwounding, and a marked improvement in the orienta
tion and organization of the collagen deposited (Shah et al., 1995). This work clearly 
demonstrates isoform-specific differences in the roles of TGF-ß in wound healing and 
cutaneous scarring. In vivo, TGF-ß3 may act as a negative regulator of inflammation 
and of TGF-ßl and TGF-ß2 at the wound site. Decreasing the levels of TGF-ßl and 
TGF-ß2 by the addition of neutralizing antibody may result in a concomitant increase 
of TGF-ß3 levels. Scar prevention evidently depends on a subtle alteration in the 
relative levels of TGF-ß isoforms and it is the ratio of TGF-ß3 compared to TGF-ßl 
and -ß2 that is important in cutaneous scarring. This conclusion was supported by the 
finding that exogenous application of a panspecific antibody to TGF-ß, which neutral
ized all isoforms equally, had no advantageous effect on scarring (Shah et al., 1995). 
Preliminary experiments of neutralizing PDGF and adding exogenous FGF-2 at the 
time of wounding have shown some advantageous effects on subsequent scarring (Shah 
et al., 1992), reinforcing the hypothesis that it is the relative ratios of growth factors 
that are important in scarring. 

To investigate the importance of the relative levels of TGF-ß isoform transcription 
or translation in scarring, anti sense oligonucleotides to TGF-ß 1, -ß2, or -ß3 and 
appropriate sense or scrambled controls were applied to adult rat wounds (Chamberlain 
and Ferguson, 1995). In vitra, the anti sense oligonucleotides inhibited 70% of TGF-ß 
protein production in an isoform-specific fashion in a target cell line. Intradermal 
injection of the oligonucleotides before wounding was critical, since loading of the 
cells was achieved by exploiting the transient permeability of the cells at the wound 
edge upon incision. Antisense oligonucleotides to TGF-ßl and -ß2 reduced cutaneous 
scarring, but to a much reduced extent when compared to either neutralizing antibody 
or exogenous TGF-ß3 application. This may be expected, since anti sense oli
gonucleotides can have no effect on the activation of TGF-ß isoforms or on their 
release from cellular or ECM stores. 

TGF-ßs are secreted associated with a latency-associated peptide (LAP), as part 
of a biologically inactive complex (latent TGF-ß) unable to interact with cell surface 
TGF-ß receptors. Two of the three oligosaccharide side chains of the LAP have 
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mannose-6-phosphate (M6P) as their terminal residues. M6P binds specifically and 
with high affinity to the cation-independent M6P/insulinlike growth factor 11 (IGF 11) 
receptor and active TGF-ß does not contain M6P residues (Purchio et al., 1988). 
Binding of the inactive TGF-ß-LAP complex to the M6P-IGF 11 receptor appears to 
be required for activation of the latent TGF-ß complex (Dennis and Rifkin, 1991). This 
activation of TGF-ß also requires the presence of plasmin, plasminogen activator 
(Dennis and Rifkin, 1991), and transg1utaminase (Kojima et al., 1993). Studies carried 
out in our laboratory, utilizing rat and pig wounds, have investigated the use of M6P as 
an antiscarring agent. M6P was applied to the wounds by intradermal injection, in 
similar regimens to the application of neutralizing antibodies. M1P was administered 
as a control carbohydrate, which binds to the mannose receptor, as does M6P, but does 
not bind to the M6P receptor. At early time points, accelerated collagen deposition was 
observed in wounds treated with both M6P and M1P. Fewer monocytes and macro
phages infiltrated the M6P-treated wounds at 7 days postwounding compared to MIP
treated and control wounds. By 40 days postwounding, the dermal collagen architec
ture of the M6P-treated wounds was similar to unwounded skin and a reduction in 
scarring was evident, an effect not observed when MIP was applied (McCallion et al., 
manuscript in preparation). The mechanism of action of M6P in reducing scarring may 
involve (1) inhibition of activation of latent TGFß, (2) reduction in the cellular se
questration of platelet-released latent TGF-ß by cells at the wound site, (3) inhibition 
of formation of the large latent TGF-ß complex by prevention of latent TGF-ß-binding 
protein polymerization to the LAP at the M6P receptor, and (4) induction of changes in 
the number or state of activation of inflammatory cells recruited to the wound site. The 
diverse activities of M6P may result from binding to both the mannose (early modula
tion of collagen synthesis) and M6P receptors (antiscarring), making it an extremely 
attractive therapeutic agent for wound repair. 

Collectively, these adult manipulation studies suggest that there is a large thera
peutic window for improving the quality of adult wound repair by the prevention of 
scarring. Adult wound healing may have been optimized by evolutionary selection for 
speed of healing under dirty conditions. Consequently, the inflammatory response and 
cytokine profile is excessive, resulting in scarring. With contemporary hygiene and 
wound care, it becomes possible to manipulate this "overdrive" response and so mark
edly influence the quality of wound repair, without adversely affecting wound strength 
or the speed of repair. Such manipulations may include alterations of the concentration 
of a number of active growth factors, probably soon after injury. Identification of such 
factors will be facilitated by further careful comparisons between molecular mecha
nisms of scar-free fetal wound healing and scar-forming adult wound healing. Another 
great challenge for adult wound healing is the discovery of therapies that will improve 
the quality of an existing scar. 
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and angiogenesis, 360, 367, 368 
and cell migration, 378, 383, 385 
and FGF-I, 234 
and integrin function, 315-318 
and KGFIFGF-7, 237 
and keratinocyte integrins, 325-328 
and matrix metalloproteinases, 442, 454--456, 

460 
and myofibroblasts, 396, 400, 402, 404, 406--409 
and monocyte migration, 101, 103, 104 
and PDGF, 255, 257 
and plasminogen activators, 439 
and reepithelialization, 343-348 
and TGF-ß, 281, 282, 284--286, 28&--291, 293, 

294,298 
and thrombospondin, 74, 77 
and vitronectin, 72 
binding domain, 66, 67 
in basement membrane zone, 517, 522, 523, 542 
in early wound repair, 485 
in FGF treatment of dermal wounds, 239 
in fetal wound healing, 561, 562, 564--566, 56&--

571,575-577,579-581,584--590 
in granulation tissue formation, 208 
in matrix assembly regions, 69 
in models ofunimpaired healing, 221, 223, 224, 

226--229 
in tissue debridement, 11~116 
in tissue remodeling, 22-29 
in wound contraction and ECM reorganization, 

31-34 
in wound repair, 95, 96 
integrin-cytoskeletal interactions, 320 
regulated by growth factors, \18, 120, 123, 124, 

130 
restructuring, 198 

Collagen types 
fibrillar, 6, 7,26,31,32,35,496 

and cell migration, 378 
and reepithelialization, 341, 342 
in fetal wounds, 546, 568 
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type I, 12, 17,20,23,26,358,364,367,378, 
384,385,482 

and binding activities, 72 
and cell-matrix interactions, 324 
and chemotherapeutic agents, 288 
and integrin function, 317 
and keratinocyte receptors, 325, 327 
and matrix metalloproteinases, 442-446 
and myofibroblasts, 408 
and reepithelialization, 346 
and scarring, 295 
and wound strength, 286 
as connective tissue matrix protein, 103 
collagen (gelatin) binding domain, 66 
fetal wound healing, 56&--570, 575-577, 581 
in basement membrane zone, 517 
in wound contraction and ECM reorganiza-

tion,32-34 
in wound repair, 452, 454, 460 
influences on collagenase, 455, 457 
regulation of expression, 522, 544, 545 
stimulation by TGF-ß, 123 
structure, 494 
synthesis, 499-507 

type 11, 443 
and vitronectin, 72 
in fetal wounds, 568, 577 
in wound contraction and ECM reorganiza

tion,34 
structure, 494 

type I1I, 443, 482 
and angiogenesis, 358 
and cell motility, 384 
and fibroblast infiltration, 378 
and metalloproteinases, 457, 460 
and scarring, 295 
and vitronectin, 72 
in basement membrane zone, 517, 541, 546 
in fetal wound healing, 568, 570, 575, 576, 581 
in fibroplasia, 17 
in repair and fibrosis, 123 
in tissue remodeling, 23, 26 
in wound contraction and ECM reorganiza

tion, 32-34 
regulation during wound healing, 499, 500, 

505 
structure, 494 

type IV, 482 
and angiogenesis, 358 
and cell-matrix interactions, 325, 327 
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Collagen types (cont.) 
type IV (cont.) 

and cell motility, 384 
and epithelial migration, 346 
and fibrinogen, 56 
and fibroproliferative diseases, 296 
and gene expression, 323 
and matrix metalloproteinases, 444, 457, 546 
and myofibroblasts, 405 
and reepithelialization, 341, 342, 344 
and TGF-ß receptors, 279 
and vitronectin, 72 
in basement membrane zone, 517, 541, 543, 

551-552 
in fetal wound healing, 568, 570 
in matrix degradation, 111 
in neovascularization, 20 
in tissue remodeling, 449, 452 
in wound contraction and ECM reorganiza-

tion,34 
ligand-binding sites, 316 
regulation of expression, 502, 505 
structure, 497-498 

type V, 32, 482, 546 
and angiogenesis, 358 
and epithelial migration, 347 
and tube formation/stabilization, 365 
and vitronectin, 72 
in epithelialization, 12 
in fetal wound healing, 570 
in tissue remodeling, 23 
in wound contraction and ECM reorganiza

tion,34 
regulation of synthesis, 502, 505 
structure, 494, 496 

type VI, 32 
and ligand binding, 316 
and scarring, 295 
and vitronectin, 72 
in basement membrane zone, 541 
in fetal wounds, 570 
structure, 494-495 
synthesis, 499--502, 506 

type VII 
and epithelial migration, 341, 342, 345 
in basement membrane zone, 517-518, 537-

546,550-552 
in epithelialization, 12 
in wound contraction and ECM reorganiza

tion,34 
structure, 494, 497 
synthesis, 498, 504-505 

type IX, 476, 484, 546 
in wound contraction and ECM reorganiza

tion,34 

Collagen types (cont.) 
type X, 546 

Index 

in wound contraction and ECM reorganiza
tion,34 

type XI, 546 
in wound contraction and ECM reorganiza

tion,34 
type XII, 494,541 
type XIII 

in wound contraction and ECM reorganiza
tion,34 

type XIV, 494 
type XVII, 497, 515, 526 

Collagenases, 65, 66, 104,442-445,546 
and angiogenesis, 357, 358 
and EGF-R, 185, 187 
and epithelial migration, 346, 347, 349 
and FGF-2, 198, 223 
and gene expression, 323 
and PDGF, 255 
and reepithelialization, 344 
in epithelialization, 12 
in fetal wounds, 565 
in granulation tissue, 17, 18 
in inflammation, 9 
in matrix degradation, 111-113, 115 
in myofibroblasts, 400 
in repair and fibrosis, 123, 124, 130 
in tissue remodeling, 26, 29, 32, 34-35 
interactions with PA-plasmin system, 435-437 
role in collagen synthesis, 503 
role in wound repair, 448-461 

Cornea, 477 
and angiogenesis, 366, 367 
and epithelial migration, 347, 348 
and keratinocyte integrins, 329 
and proteoglycans, 30 
and reepithelialization, 343 
and TGF-ß, 282, 291 
basement membrane zone of, 517, 537 
collagen synthesis in, 505 
epithelialization, 10 
in neovascularization, 18-20, 1\ 7, 1\ 8, 187, 

198 
keratan sulfates and, 481 
role ofmetalloproteinases in healing, 460 
role ofproteoglycans, 486 

Cytokines, 5, 9, 10,482 
and angiogenesis, 356, 357 
and cell migration, 373, 380 
and epithelial migration, 346, 347 
and fibrinogen, 54-58 
and fibronectin, 61, 70 
and gene expression, 323 
and keratinocyte integrins, 329 



Index 

Cytokines (cant.) 
and matrix metalloproteinases, 443, 446-461 
and myofibroblasts, 394, 400-406, 408, 412 
and PDGF, 258, 260 
and proteoglycans, 483 
and TGF-ß, 275, 282, 293 
and tenascin, 80 
and vitronectin, 71 
EGFandTGF, 171-174, 177, 178, 180, 181, 

183-188 
in basement membrane zone, 518, 542-547, 

551,553 
in fetal wound healing, 562, 567, 572, 575, 579, 

583,590 
in granulation tissue, 13-15 
in inflammation, 145, 149, 157, 160, 162 
in integrin-cytoskeletal interactions, 321 
in PA-plasmin system, 433, 436-441 
in tissue remodeling, 23-25, 29, 30 
in wound contraction, 34, 35 
in wound repair, remodeling and fibrosis, 96, 

100,103,104,106,115-130 
regulation of collagen synthesis, 498-503, 

507 

Deconn, 29, 30,476,478 
and cell migration, 378 
and PDGF, 260 
and TGF-ß, 279, 292 
in early wound repair, 486 
in fetal wounds, 568, 577, 578 

Dermatan sulfate, 20, 27, 29, 30, 476-478 
in fetal wounds, 568, 574 
in wound repair, 482, 484, 487, 488 

Diabetes, 3 
and TGF-ß, 287 
antiscarring therapies and, 56l 
in wound healing, 178, 230, 231 

Elastase, 9, 428 
and provisional matrix, 77 
in fetal wounds, 565 
in inflammation, 157, 158, 165 
in PA-plasmin system, 435, 439, 446 
in wound repair, 103-105, 111-113,482 

Elastin, 9, 16,494 
and basement membrane zone, 545, 546 
and macrophages, 187 
and PA-plasmin system, 434 
in ECM, 427, 428 
in fetal wounds, 587 
in wound repair, 101, 103, 104, 110-113 
MMPs and, 443, 444, 452 
myofibroblasts and, 408 

Embryogenesis, 26, 27, 254 
Endothelial cells 

interactions with elastin, 408 
neovascularization, 18-23, 25, 32 

Enkapphalinase, 34 
Entactin,6 
Epidermal growth factor (EGF), 8, 278, 401 

and fibroblast migration, 402 
and keratinocyte integrins, 327 
and MMPs, 446, 456, 459, 460 
and PA-p1asmin system, 441 
and reepithelialization, 345 
and tenascin, 78-80 
and TGF-a, 171-194, 197 

605 

compared with plasminogen activators, 428, 
430 

domains on laminin, 531 
in epithelial migration, 346, 350 
in fetal wounds, 568, 582-583, 587 
in granulation tissue, 11, 14 
in integnn-mediated signaling, 321 
in tissue remodeling, 28 
in wound repair, remodeling and fibrosis, 116, 

123, 127, 128 
Epidermolysis bullosa, 547-550 
Epithelial cell, 10, 11, 12, 28 

and myofibroblasts, 408-409 
Extracellular matrix (ECM), 4, 6-9, 311 

and angiogenesis, 355, 356, 358-366 
and cell migration, 373, 377, 380-386 
and EGFrrGF-a, 172, 185 
and integrin function, 315, 318, 320, 321, 323 
and integrin structure, 312 
and MMPs, 442, 446, 448, 449 
and myofibrob1asts, 391, 392, 396, 400-409, 

412 
and PDGF, 259, 260 
and proteoglycans, 475, 478, 481-485, 487 
and reepithelialization, 341 
and scarring, 295 
and TGF-ß, 280, 282, 286, 293 
as provisiona1 matrix, 52, 55-58, 67, 69, 70, 73, 

74, 76-78 
basement membrane zone and, 513, 542-546 
celJ-matrix interactions, 324 
collagens and, 493, 502-507 
fetal wounds, 562, 564, 567-578, 586 
in granulation tissue, 13-25 
in modulation ofwound repair, 198, 199,202, 

207 
in tissue remodeling, 25-35, 427 
in wound repair, 112-114, 125 

Extravasation, 4, 5, 100, 293 
in wound repair, 438 
matrix metalloproteinases and, 461 
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Fetal wound healing, 561---600 
Fibrils, 12, 16, 17 

and cell migration, 377, 378 
and fibrinogen, 54 
and fibronectin, 58, 61, 62 
and reepithelialization, 345 
collagen,476,494-498,503-508 
fibronectin, 318, 320, 328 
in basement membrane zone, 517, 518, 537-

541,546,549-551 
in epithelialization, 12 
in fetal wounds, 568, 570, 575, 579-581 
in fibroplasia, 17 
in provisional matrix, 67-71, 76 
in tissue remode1ing, 23, 24, 26, 31-33 
in wound repair, 110 
proteoglycans and, 484 

Fibrillin, 71 
and EGFrrGF-a, 172 
and TGF-ß, 278 

Fibrillogenesis, 29 
and fibronectin, 62, 68, 69 
fetal wounds, 568, 570, 577 

Fibrin,4,6,7,503,542 
and angiogenesis, 356, 357, 364 
and cell migration, 373, 377, 378 
and epithelial migration, 342 
and integrin function, 317 
and keratinocyte integrins, 326 
and PA-plasmin system, 428, 429, 434, 43&-441 
and reepithelialization, 340 
and TGF-ß, 293 
in cell-matrix interactions, 324 
in fetal wounds, 565, 571, 579, 584, 588 
in inflammation, 151 
in modulation ofwound repair, 186 
in provisional matrix, 51-59, 65, 68, 70, 77 
in wound repair, 12-17,21,23-26,33 
MMPs and, 449 
myofibroblasts and, 402, 406, 409 
proteoglycans and, 486 

Fibrinogen, 6-8 
and integrin function, 316-318 
and myofibroblasts, 402 
and reepithelialization, 349 
in fetal wounds, 576 
in granulation tissue, 20, 24 
in provisional matrix, 51-57, 71, 77-S0 
in wound repair, 113 
PA-plasmin system and, 438 

Fibrinolysis, 54 
Fibroblast growth factor (FGF), 8, 10, 11 

in granulation tissue, 19-22 
in tissue remodeling, 30, 31 
in wound repair, 195-248 

Fibroblasts, 5, 6, 8, 10,399-410 
in fetal wounds, 579-581 
in granulation tissue, 12-34 
in tissue remodeling, 25-34 
in wound repair, 115 

Fibronectin, 6, 7, 9 
in fetal wounds, 571-572 
in granulation tissue, 12-17,20-25 
in tissue remodeling, 25-28, 31-34 
as part of provisional matrix, 55---62, 76 

Fibroplasia, 13-18,22 
Fibrosis, 3, 57, 95, 96,115-130,561 

and PDGF, 257-258 
and TGF-ß, 289, 292, 295, 296 

Index 

in fetal wounds, 566, 572, 578, 581-585, 
588 

in inflammtion, 143 
myofibroblasts and, 396, 403, 404, 406 
proteoglycans and, 488 

Filaggrin, 11 

Galactosaminoglycan, 478 
Gelatinase, 17, 34, 442-448, 460 

and angiogenesis, 357, 364 
and EGF, 185 
and plasminogen activators, 436 
in basement membrane zone, 546-547 
in wound repair, 111, 113 

Glomerulonephritis, and PDGF, 259 
Glycoprotein, 31, 35 

and angiogenesis, 361 
and cell-matrix interactions, 325, 328 
and fibronectin, 67, 70 
and MMPs, 446, 448 
and myofibroblasts, 427 
and p1asminogen activators, 439 
and proteoglycans, 481, 485 
and provisional matrix, 51, 52, 58 
and reepithelia1ization, 341, 342, 344, 347 
and thrombospondin, 74, 77, 78 
ECM, 493, 507 
fetal wounds, 568, 576 
in wound repair, 110, 112,201 

Glycosaminoglycan, 27-30, 574-578 
Granulation tissue, 4,5, 13-14, 18,23,25-34, 

427,438-441,542 
and cell-matrix interactions, 324 
and cell migration, 373 
and cell motility, 383-386 
and ECM, 377, 378 
and EGFrrGF-a, 186, 196-199 
and epithelial migration, 349 
and integrin function, 318 
and PDGF, 256 
and TGF-ß, 281, 282, 286-290, 296 
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Granulation tissue (cont.) 
collagenase and, 456-457 
control of collagen synthesis, 499-500 
in fetal wounds, 572, 575, 579, 581, 583 
in fibrosis, 123 
in wound repair, 207, 208, 210, 221, 223-225, 

227-235,237 
MMPs and, 449, 461 
myofibroblasts and, 391-413 
proteoglycans and, 486-488 

Granulocyte, 5, 30, 34 
in inflammation, 146-149 
and apoptosis, 155-163 

Growth factor, 3, 5, 7, 8,10,171-308 
and angiogenesis, 356, 362 
and cell migration, 384 
andEGFrrGF,171 
and epithelial migration, 345, 346 
and integrin-mediated signaling, 321 
and myofibroblasts, 396, 401-405, 410, 412 
and plasminogen activators, 428, 430, 434, 

436 
basement membrane zone and, 542, 545-547, 

551,553 
in fetal wounds, 564, 565, 567, 572, 575, 577, 

578, 580-590 
in granulation tissue, 20, 21 
ininflammation,162 
in wound repair, remodeling and fibrosis, 96-98, 

103, 104, 109, 115-119, 124-130 
influencing provisional matrix, 54-56, 61, 64, 

70,80 
MMPs, 443, 446 
proteoglycans, 476, 483, 485, 487 
regulation of collagen synthesis, 502, 505, 

507 

Hageman factor, 5-7 
and fibrinogen, 55 

Haptotaxis, 16, 17,375-376 
Heparan sulfate, 478-480 

in tissue remodeling, 27, 29-31 
Heparanase,30 

in wound repair, 204 
Heparin, II 

in granulation tissue, 20, 21 
in tissue remodeling, 29, 30 
and provisional matrix, 71, 76 

Histamine, 7, 29 
in wound repair, 102 

Hyaluronan, 13, 14,477-478 
in granulation tissue and tissue remodeling, 23-

30 
Hyaluronidase, 28 
Hypoxia, 349 

Inflammation, 3-10,29, 143-168 
and angiogenesis, 357 
and basement membrane zone, 545 
and cell migration, 375, 386 
and myofibroblasts, 406 
and PDGF, 258, 259 
collagen and, 503 
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in fetal wounds, 561-563, 566, 576, 577, 582-
585,589 

in tissue remodeling, 427 
in wound repair, 102, 104, 120, 122, 128 
MMP role in, 446, 448, 456 
plasminogen activator role in, 438-439 
proteoglycan role in, 484, 486, 488 

Insulin, 28 
and EGFrrGF-a, 172 

Insulin-like growth factor (IGF), 8, 10 
and EGFrrGF-a, 172 
and myofibroblasts, 40 I 
and PDGF, 256 
in fetal wounds, 564 
in wound repair, 116 

Integrin, 18-22,311-338,380-382 
aIßI, 6, 32, 33, 316, 317, 530 

expression on basal keratinocytes, 455 
a2ßI, 6, 32, 33, 67,316,324, 327, 328,344, 

346,364,530 
collagen interactions, 408 
MMPs and, 460 
on basal keratinocytes, 454-455 
on fibroblasts, 507 

a3ßI, 6,25,324, 327-329,342,345, 530 
interaction with laminin 5, 533 
on basal keratinocytes, 454 

a4ßI,6, 15, 16,26,64,65,315,317,323,329, 
358,382 

a5ßI,6,16,25,33,63-65,68-71,314-317, 
322-327,342,343,361,382 

and MMP expression, 456 
on granulation tissue fibroblasts, 408 
on migrating keratinocytes, 454 

a6ßI, 6, 317 
a6ß4, 6,329, 330 

and lunctional Epidermolysis Bullosa, 550 
and laminin 5, 533 
and TGF-ß, 551 
association with hemidesmosomes, 515 
on basal keratinocytes, 454 

a7ßI,6 
a8ßI,6 
a9ßI, 6, 81 
aIIbß3,6, 7,24,53,63, 71, 72, 75,315,317, 

324 
aLß2, 6, 316, 317 
aMß2,6,318 
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Integrin (cant.) 

avßI, 6,69,326, 343 
avß3, 6, 21, 22, 71, 75, 77, 80, 316, 317, 326, 

343,364,381 
on migrating keratinocytes, 454 

avß5, 6, 71, 326,327,343, 349,381 
avß6, 6, 315, 327, 343 
aXß2,6 

Interferon-y, 10, 17, 543 
Interleukins 

and tenascin, 80 
IL-I, 10, 145, 149, 160,202 

and myofibroblasts, 412 
influence on collagen synthesis, 502 

IL-3,30 
IL-4, 16, 17 
IL-5, 146, 161 
IL-8, 19, 101, 145, 146, 149 

Involucrin, 11 

Juxtacrine, 11 

Keloid, 3, 18 
and angiogenesis, 366 
and myofibroblasts, 396, 407, 410, 412 
and TGF-ß, 295 

Keratan sulfate, 481 
Keratin, 11 

and EGF/TGF-a, 182 
keratin-8, 210 
keratin-14, 329 

Keratinocyte, 8, 10-12,25, 30, 31, 44S--455 

Laminin,6, 12,20,31,427,482 
and angiogenesis, 365 
and cell-matrix interactions, 325, 326, 328, 329, 

330 
and cell migration, 376, 383 
and EGF/TGF-a, 172, 186 
and fibrinogen, 56 
and integrin function, 315, 317, 320 
and MMPs, 443, 444, 449, 454, 457 
and myofibroblasts, 405 
and PAs, 428, 434, 439 
and reepithelialization, 341-346 
and TGF-ß, 278, 296 
and tenascin, 81 
and thrombospondin, 77, 80 
in basement membrane zone, 530-534, 546 
in ECM, 505 
in fetal wounds, 568, 573 
in wound repair, 110, 112, 113 

Laminin 1, in basement membrane zone, 517, 530-
534,541,551 

Laminin 5, 530 

Laminin 5 (cant.) 

and cell-matrix interactions, 328 
and reepithelialization, 341, 345 

Index 

in basement membrane zone, 518, 530-534, 
543,545,550 

Leukocytes, 5, 7-10, 22, 541 
and angiogenesis, 358 
and cell-matrix interactions, 324 
and cell migration, 375 
and inflammation, 146, 149, 160, 164 
and proteoglycans, 485 
in fetal serum, 564 
MMPs,443 
macrophages, 96 
plasminogen activators, 428 

Leukotrienes 
LTB4, 8,101,146 
LTC4,7 
LT04,7 

Macrophages 
and myofibroblasts, 407--408 
in wound repair, 5, 7, 9-15, 19-22,25,28,30, 

33,34 
in wound repair, modeling and fibrosis, 95-141 
in inflammation, 158-160, 164 

Matrix metalloproteinase (MMP), 442--461, 545-546 
Mediators, 4, 5, 7,196,202,236 

and basement membrane zone, 542 
and gene expression, 323 
and keratinocyte integrins, 329 
and MMPs, 446, 455, 456 
and myofibroblasts, 400, 401, 407, 408 
in apoptosis, 160-162, 164 
in ECM, 507 
in fetal wounds, 577 
in inflammation, 144--148, 151, 155, 157, 158 
in modulation ofwound repair, 202, 236 
in provisiona1 matrix, 77 
in wound repair, 105, 128, 129 

Meprin,34 
Mesenchymal cells, 27, 117 
Metalloproteinase 

in tissue debridement, 115 
in tissue remodeling, 22, 26, 29 
in wound contraction and ECM reorganization, 34 

Microfibrils, 71, 494, 495 
cell-matrix interactions, 452 
in collagen biosynthesis, 500 
in ECM, 587 

Monocytes, 5-10, 97-109, 111 
cessation of emigration, 146-149 
in granulation tissue, 12, 13, 15, 19,21,25 
in wound contraction and ECM reorganization, 

34 
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Myofibroblasts,391-423 
in granulation tissue, 15, 23 
in wound contraction and ECM reorganization, 

32-35 

Necrosis,153-154 
Neutrophils, 4,5,7-9, 16,72,77 

and cell migration, 375, 379 
and integrin-cytoskeletal interactions, 319 
and myofibroblasts, 403 
and PDGF, 255, 256 
and TGF-ß, 281, 293 
attachment to collagen, 503 
in apoptosis, 160-165 
in fetal wounds, 582 
in inflammation, 143-158 
in wound repair, remodeling and fibrosis, 95, 

96,98, 100, 102-104, 109, 111, 113, 
118,123 

MMP production by, 443, 446, 460 
regulation by glycosaminoglycans, 485, 485, 

488 

Osteopoutin (SPARC), 20 

Paracrine, 10, 11, \3, 18,22,249,250,254 
and angiogenesis, 362 
and EGF/TGF-a, 186, 187 
and PDGF, 260, 261 
and TGF-ß, 285 
in fetal wounds, 583 
in inflammation, 160 
in wound repair, 106, 110, 121, 125, 198,202, 

236 
myofibroblast interactions, 407 

Parenchymal cells, 3-5, 11, 13, 20, 23, 95, 427 
migration into wounds, 373-390 

Phagocyte, 110-115 
Plasmin, 5, 6, 8, 17,21,428,430,432-441 

and angiogenesis, 357,358 
and TGF-ß, 280 
activation ofMMPs, 446 
in fetal wounds, 588, 590 
in provisional matrix, 54, 55, 66, 76 
in wound repair, 112, 119, 120, 202 
inhibitors 

a 2-plasmin inhibitor, 24, 54 
Plasminogen,5, 12,21,24,428-441 

and angiogenesis, 358 
and TGF-ß, 280 
in provisional matrix, 54, 55 
in wound repair, 112, 127 

Plasminogen activators (PAs), 5, 6,12,17,18,21, 
22,24,428-441 

and angiogenesis, 358, 360 

Plasminogen activators (PAs) (cont.) 
and EGFITGF, 172 
in modulation of wound repair, 198, 202 
in provisional matrix, 54, 55, 59, 72, 76 
in wound repair, 105, 112, 127 
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Plasminogen activator inhibitor (PAI), 5, 24, 433-
435,437,439,440,442,482,588 

and angiogenesis, 356-358, 360, 366 
and TGF-ß, 283 
in provisional matrix, 54, 55, 72 

Platelet-derived growth factor (PDGF), 7-10,249-
273 

and angiogenesis, 359, 360, 362, 363 
andEGFITGF-a, 172, 186, 187 
and integrin-mediated signaling, 321 
and MMP expression, 456, 459, 460 
and myofibroblasts, 401-403 
and TGF-ß, 286-289 
in fetal wounds, 582-584, 587, 589 
in granulation tissue, 14-17, 19,20 
in modulation ofwound repair, 224 
in provisional matrix, 54, 57, 73 
in tissue remodeling, 24, 25, 30, 34, 35 
in wound repair, 101, 103, 104, 109, 115-117, 

119,121, 123-125, 129, 130 
Platelets, 4, 5, 7-8 

and PDGF, 257 
in granulation tissue, 13, 14, 19,20,22,24 
in provisional matrix, 53 
in tissue remodeling, 34 

Pleiotrophin, 30 
Procollagens, 123 

and basement membrane zone, 538-539 
and TGF-ß, 288 
in collagen synthesis, 498, 505, 506 

Procollagen types 
type I, 23, 185,286,288 

in collagen synthesis, 502 
in fetal wounds, 570, 578 

type II, 185 
type 111, 26, 502 
type IV, 31, 435 
type VII, 538 

Procollagenase, 21, 29, 32, 111 
and angiogenesis, 358 
and PA-plasmin system, 435 
stromelysin-2 and, 461 

Prostacyclin, 5, 22 
Protease, 5, 8, 13, 14, 18,21,24-26,482 

and angiogenesis, 356, 357, 360, 364 
and fibrinogen, 54-56 
and fibronectin, 61, 62 
and integrin function, 317, 322 
and reepithelialization, 343 
and TGF-ß, 279, 280, 282 
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Protease (cont.) 
and thrombospondin, 76 
and vitronectin, 72 
basement membrane zone, 539 
collagens, 503 
fetal,565 
functional domains, 64, 67 
in wound repair, 105, llO, 111, 120, 199, 

208 
~~Ps,444,446,449,455 

PA-plasmin system, 433 
proteoglycan interactions, 483, 488 
See also ~atrix metalloproteinases (~~P) 

Proteinase, 427-474 
Proteoglycan, 20, 22, 23, 28-31, 34, 475-492 

in fetal wounds, 574-578 
Provisional matrix, 5, 6, 12, 17,20-35,51-93 

Reepithelialization, 4, 8, 30, 339-354 
and cell--matrix interactions, 324, 327 
and EGF/TGF, 182, 184 
and PDGF, 256 
and TGF-ß, 284, 287, 288 
basement membrane zone and, 542, 543, 553 
in fetal wounds, 566, 571, 574, 583, 586 
in modulation ofwound repair, 196-198,205, 

209,210,221,223,224,226-229,232, 
233,236,237,239 

in wound repair, 103, 124 
myofibroblasts and, 391, 406 
proteoglycans and, 486 
re-establishing a cutaneous cover, 10-13 
role ofplasminogen activators, 438, 441, 448-

451,456,460,461 

Scar, 3, 18, 22-35 
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