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Preface

The aim of this volume is to provide protocols for isolating and maintaining human
adult stem cells in culture and methods for directing differentiation into specialized
cell types.

Human adult stem cells from each tissue are potentially capable of differentiating
into all the cell types within that tissue. Consequently there is considerable interest
in using these cells for the treatment of a wide variety of medical conditions. Careful
consideration needs to be given to the relative value of embryonic (described in
Human Cell Culture Volume 6), induced pluripotential stem cells and adult stem
cells. The development and optimization of techniques for growing human adult
stem cells are crucial for the clinical application of these cells and are the focus of
this volume.
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Chapter 1
Neural Progenitors

Dustin R. Wakeman, Martin R. Hofmann, Yang D. Teng
and Evan Y. Snyder

Abstract Several derivation techniques have been published [1–11] describing both
free floating aggregate and adherent human NSC/NPC cultures under a variety
of growth factor regimes [3, 12–45]. We describe here, a detailed reproducible
methodology for the successful isolation, expansion, and preservation of bona fide
human fetal (10–24 weeks) NPC that relies on a specific temporal combination
of mitogenic growth factors (EGF, bFGF, and LIF) and is independent of whether
cells are cultured adherent or as aggregates. We have implemented strict selection
and expansion criteria to further exclude more restricted cellular phenotypes from
the stem/progenitor pool during the initial derivation procedure. Selection criteria
ensure that cells fulfill both an operational definition of a stem cell as well as retain
engraftability in multiple experimental models. For simplicity sake, we will refrain
from the stem vs. progenitor debate [46–51] and simply refer to both neural stem
and progenitor cells as NPCs from here forward.

1.1 Primary Derivation and Selection of hNPC

In general, the primary goal while culturing hNPC is to minimize signals that pro-
mote maturation and maximize signals that promote maintenance of the cell-cycle
and active proliferation, while holding differentiation in abeyance. In a practical
sense, this means providing mitogens and minimizing extensively prolonged cell–
cell contact or unchecked adherence to surfaces. Throughout all hNPC derivation
and maintenance procedures, it is EXTREMELY important to adhere to the follow-
ing recommendations to ensure maximum cellular recovery. Excessive mechanical
force will shear fragile hNPC, therefore, they should always be triturated gently and
centrifuged at low speeds for short periods of time to minimize overall cell death,
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2 D.R. Wakeman et al.

maximize recovery, and increase the overall viability of hNPC cultures. In addi-
tion, anytime hNPC are centrifuged, the supernatant should be carefully removed
so as not to dislodge the cell pellet. The process is easily achieved by slowly tilting
the 15 mL conical tube and removing all but the lower 50–100 μl of supernatant
directly above and adjacent to the cell pellet (approximately 1 mm below meniscus
of supernatant).

Derivation and expansion of hNPC is a multifaceted, highly dynamic process
with many underappreciated intricacies. Although the procedures described here
may appear fairly clear-cut, hNPC cultures can be highly variable and often deviate
from the prototypical “normality” of standard tissue culture. As a result, it is often
necessary to adjust standard protocols “impromptu” to ensure the health and sta-
bility of progenitor cultures over time. Understanding how to cope with and adapt
to specific hNPC culture disparities will ultimately be learned through hands-on
experience in the tissue culture hood. The following procedures should be used as
the backbone upon which to learn the basic techniques of hNPC culture and more
importantly should be adapted to best accommodate the properties of each specific
hNPC line.

1.1.1 Determination of Fetal Age and Developmental Stage

The investigator typically comes into possession of fetal tissue post-mortem as
cadaveric material (Prior to 23 weeks of gestation, a fetus is non-viable outside
of the womb). Between the eighth and ninth week of development, the embryo
undergoes several distinct developmental transitions [52–67]. Both the feet and
hands lose their webbing and become separated into distinct digits, and the stubby
tail disappears. At 9 weeks post-fertilization, by convention, the embryo is called
a fetus. Estimation of fetal age can be extremely tricky without prior knowledge
of the last normal menstrual period or day of fertilization (which is rarely known
by clinicians); however there are a few decent methods to gauge estimated fetal
age and developmental stage. Fetal entities are most accurately staged using pre-
term ultrasound measurements [66, 68–70], however, these vital records are rarely
granted to the investigator, therefore, we must rely on post-mortem methods includ-
ing crown to rump length (CRL) [71–77], foot length, head to trunk, cheek to cheek,
and fetal weight for quantitative analysis (Table 1.1). When utilized individually,
these methods are often inaccurate, as fetal specimens are affected by stretching. A
combination of strategies, however, can be used to accurately determine fetal age
within several days of fertilization.

The most common and useful parameter for aging and developmental analysis
has remained CRL due to its high correlation with definitive gestational changes.
Starting at week 9 (from date of fertilization), the head contributes to almost half of
the CRL, which more than doubles by the end of week 12. From weeks 12 to 16,
fetal growth is rapid, albeit the head remains relatively stable, contributing less to
the total CRL than during weeks 9–12. Importantly, skull and long bone ossification
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Table 1.1 Fetal
developmental staging.
Determining the relative fetal
developmental age is crucial
for proper anatomical
assessment prior to dissection
of the brain. Specifically,
Crown Rump Length (CRL)
is used as an appropriate
measure for staging
post-mortem fetuses. All
measurements are averages
based on deviations from
Streeter’s original tables from
fixed fetuses based on the
time from fertilization and
intended as general reference
points to gauze
developmental staging of the
brain. Gestational age begins
2 weeks after fertilization
age. Fetuses born prematurely
after 22 weeks may survive
with artificial support but
have limited capacity due to
underdevelopment of both the
respiratory and nervous
systems

begins to set in and should be considered when deriving hNPC from fetuses of
this developmental period. By the end of the 16th week, the eyes are repositioned
anteriorly from anterolateral and overall fetal growth slows down considerably.

As development proceeds over the next four weeks, the CRL continues to
increase by about 50 mm, and the lower limbs reach their final proportions. By
20 weeks, hair and genitalia begin to develop and the mother will start to experience
fetal movements, or quickening. It is at this time that the fetal entity begins to fully
develop and take on substantial weight. Furthermore, between weeks 21 and 25,
the fetus develops blood filled capillaries, fingernails, and rapid eye movements
reminiscent of newborns. Several diagrams [78] and animations [79] of human
development [80] can be found online. A thorough and accurate assessment should
be made to properly identify the age of the fetus before dissection. All procedures
must be carried out in strict accordance with federal regulations. For example,
in the United States, federal law mandates that the latest time a woman may
legally terminate pregnancy to be roughly 24 weeks. Typically, cadavers become
available to the investigator at 9–15 weeks of age, a time at which landmarks are
admittedly hard to identify.
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1.1.2 Dissection and Digestion of Human Fetal
Periventricular Zone

Specific CNS anatomical features and their respective stereotactic coordinates highly
depend on the precise stage of development and age of the fetal cadaver (Fig. 1.1).
Therefore, the exact methodology and localization for initial surgical dissection will
largely depend on both the specific CNS region of interest as well as the overall
quality of the donor brain, which can be sub-optimal, especially when dealing with
pre-term aborted fetuses. In addition, careful tissue resection requires precise sur-
gical coordination coupled with an extensive knowledge of basic developmental
neuroanatomy to accurately delineate and specify defined anatomical boundaries.

Fig. 1.1 Fetal cerebral hemispheres and ventricular zone development
Sagittal anatomical rendering of the medial surface of the fetal brain at 13 and 21 weeks after
fertilization. As the brain develops, the cerebral hemispheres expand and meet at the midline,
giving rise to the corpus striatum and shaping the cerebrospinal fluid filled, C-shaped cavities
known as the lateral ventricles (A, B). As the cerebral cortex begins to differentiate, the corpus
striatum eventually divides into the horseshoe shaped caudate nucleus and the bulbous lentiform
nucleus, which houses the putamen and globus pallidus (B). At 13 weeks, the surface of the cerebral
hemispheres are smooth and underdeveloped, highly resembling lower order mammals, however
by 21 weeks, patterned convolutions (gyri) and grooves or furrows (sulci) form complex folds
increasing the total surface area with little change in cranial parameters. In addition, the lateral
sulcus begins to narrow as the insula becomes buried (not pictured). We generally dissect along the
dashed line and remove the periventricular zone adjacent to the head of the caudate nucleus



1 Neural Progenitors 5

A quality detailed description for the basic autopsy of post-mortem fetal brain has
been detailed previously [37] and is suggested as a preliminary anatomical outline
for primary dissection. Specifically, we refer the reader to anatomical coordinates
for the isolation of periventricular zone [61] telencephalic forebrain hNPC for which
culturing techniques will be described in detail here.

The following procedures are to be performed aseptically in a sterile, level-2
biosafety hood. Surgical tools are sterilized in a hot bead sterilizer, autoclave (250◦F,
2 h), or by gas sterilization prior to surgical resection of the brain. Tools are placed
in fresh 70% Et-OH when not in use throughout the procedure and briefly rinsed two
times in fresh sterile dPBS immediately following removal from Et-OH, just prior
to tissue exposure. The most frequently utilized basal medium for serum-free rodent
NPC culture has traditionally been DMEM/F-12 supplemented with N2, however,
we have adapted the recipe to best suit human NPC by utilizing specially formulated
Neurobasal medium [81–83] with B-27 supplement (without vitamin A) [84–88] to
enhance the long-term proliferative potential of hNPC in vitro. In addition, heparin
has been shown beneficial in stabilizing the binding of the heparin-sulfate pro-
teoglycan, basic fibroblast growth factor (bFGF), to its FGFR-1 receptor [89, 90],
potentiating cell–cell attachments that favor adherent hNPC growth [91, 92]. On the
day of derivation, prepare fresh NB-B27 growth medium (see Section 1.7.3) + (20
ng/mL) Epidermal Growth Factor (EGF), (20 ng/mL) basic Fibroblast Growth Fac-
tor (bFGF) and (4 μl/mL) (2X) Normocin as an anti-pathogenic agent (replaces
pen/strep/amphoB to deter mycoplasma, gram (+) and (−) bacteria, and fungal
contamination).

Upon removal of the fetus, a quick examination for overall integrity should
be undertaken. Specifically, freshly expelled normal healthy fetuses will display a
“shiny translucent appearance [93]” in contrast to their deceased counterparts that
generally take on a “tanned appearance and lack normal resilience [93]”. Only nor-
mal healthy intact forebrain should be utilized for proper anatomical assessment.
Following anatomical measurement and developmental staging, open the head cav-
ity and carefully remove the intact brain. Separate the cerebral hemispheres with
one midline sagittal cut, followed by region specific 1 cm coronal cuts from frontal
to occipital poles. Select and set aside the desired brain tissue slice and block for
subsequent dissociation. The remaining tissue should be fixed in Formalin (10%) for
a more extensive neuropathological examination to ensure no gross abnormalities
exist. A standard pathogen testing program for hepatitis B and C, HTLV-1/2, syphilis
RPR, HIV-1/2, cytomegalovirus, Hantaviruses (Hantaan, Seoul, Sin Nombre), West
Nile virus, Trypanosoma cruzi, and mycoplasma should also be performed before
autopsy and throughout the entire natural history of the NPC culture to ensure
proper safety. In addition, we recommend the h-IMPACT Profile pathogen test in
conjunction with the IMPACT Profile VIII– Comprehensive Murine Panel from
the University of Missouri Research Animal Diagnostic Laboratory (RADIL) to
thoroughly check hNPC population throughout long-term expansion.

With a fine surgical scalpel, carefully scrape or cut the ventricular wall and
adjacent subventricular zone region from the forebrain block of interest. Delicately
mince the dissected tissue into small pieces with the scalpel blade, and gently
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transfer to a 15 mL sterile conical tube containing 6 mL cold NB-B27 growth
medium+(20 ng/mL) EGF, (20 ng/mL) basic bFGF, and (4 μl/mL) (2X) Normocin.
Allow the minced tissue to settle by gravity (1–2 min), rinse three times with 8 mL
cold medium, and resuspend the tissue into 8 mL total medium. Primary dissection
should be performed as sterile as possible, but contamination is possible and thus
Normocin should be supplemented regularly (48-h half-life) to deter pathogens dur-
ing the initial derivation process. Normocin and any other antibiotics employed may
be weaned from the culture after an adequate period of time. We do not recommend
primary derivation without a pathogen control agent. In our hands, Normocin is
the most gentle yet potent and comprehensive single treatment application on the
market.

Gently triturate the fetal tissue suspension (10–15 times) with a fire polished
glass pipette or 5 mL pipette on medium speed (without introducing air bubbles)
against the wall of the 15 mL conical tube to dissociate the culture into a “milky”
solution of mainly single cells and a lesser portion of small cellular clumps that
may not completely dissociate. Earlier term CNS tissue is much softer than its fully
developed myelinated adult counterpart [1, 2, 9], therefore, later stage preparations
may need to be catalytically enhanced by the addition of an enzymatic agent such
as Accutase, Trypsin-EDTA, Papain-Protease-DNase I (PPD), Dispase, or any of
the other new commercially available agents to fully dissociate primary cultures for
initial plating. It is important that the primary tissue is not overzealously digested
into single cell suspensions due to the excessive period of time required and subse-
quent damage to the progenitor fraction within the culture. Any large undissociated
“brain bits” present after initial trituration can be removed by allowing them to
settle by gravity (2–3 min) followed by collecting the suspension of cells in the
top supernatant. The remaining undissociated cell clumps can then be subjected to a
second round of dissociation and pooled together with the originally dissociated cell
suspension. In general, fetal tissue dissociation averages around 5–10 min, while
adult tissue can take upwards to 45–90 min to generate the desired breakdown of
brain tissue. Enzymatic preparations are inactivated and centrifuged for 5 min at
400 rcf, followed by plating in 8 mL pre-warmed medium as described below.

1.1.3 Establishing Primary hNPC Cultures

Upon thorough dissociation, the primary cell suspension is brought to working vol-
ume with pre-warmed NB-B27 growth medium + (20 ng/mL) EGF, (20 ng/mL)
bFGF, (10 ng/mL) LIF, and (4 μl/mL) Normocin (2X) for a final density of approx-
imately (1 × 105 cells/cm2) and transferred to either non-TC treated culture flasks
for three dimensional (3D) mixed aggregate/adherent parameters or to fibronectin
coated TC-treated flasks for monolayer-like (2D) adherent growth (discussed further
[94]) and placed in a humidified 5% CO2 incubator at 37◦C. Cell viability counts
can be made utilizing either the propidium iodide or trypan blue exclusion assay
and hemacytometer to estimate the number of live cells for reconstitution, however
this can often be difficult due to the presence of sticky cellular debris and small
undissociated neural clumps.
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Although the majority of cells will either die or differentiate, the addition of (0.1–
1%) Fetal Bovine Serum (FBS) has been found to increase the initial NPC expansion
success and efficiency as well as promote adhesion [2]. Serum components promote
initial attachment of primary cultures at a relatively low cost to differentiation,
but bring the added cost of unwanted variability. It is generally accepted that
short periods of time in serum followed by replacement with serum-free defined
medium will not potentiate any unwarranted long-term side effects on hNPC. Care-
ful consideration should be made with regards to undefined serum formulations, as
newly derived stem cell lines are often desired to be established using serum-free
protocols.

Within 12–48 h, cultures containing serum are rinsed two times in dPBS and
switched to serum-free conditions in NB-B27 growth medium+ (20 ng/mL) EGF+
(20 ng/mL) bFGF+(10 ng/mL) LIF+(4 μl/mL) Normocin (2X). Three to four days
after the initial plating, primary cultures are supplemented by carefully removing the
top half of the culture medium from each flask, termed “conditioned medium” (CM),
and replacing with fresh NB-B27 growth medium + (40 ng/mL) EGF + (40 ng/mL)
bFGF + (20 ng/mL) LIF + (8 μl/mL) Normocin (4X) to achieve a final working
culture concentration of (20 ng/mL) EGF, (20 ng/mL) bFGF, (10 ng/mL) LIF, and
(4 μl/mL) Normocin (2X). To enhance recovery, the removed CM (containing free-
floating aggregates of remaining primary tissue) is then transferred to a new flask,
triturated thoroughly to redissociate the neural clumps, and itself supplemented
with fresh growth factors and antibiotics by the same procedure. Alternatively, you
may centrifuge unattached floating aggregates and cellular debris for 3.5 min at
400 rcf, aspirate, and either replate into 8 mL fresh pre-warmed NB-B27 growth
medium + (20 ng/mL) EGF, (20 ng/mL) bFGF, (10 ng/mL) LIF, and (4 μl/mL)
Normocin (2X) or add the cells back to the original parent culture flask for further
expansion (Fig. 1.2).

Fig. 1.2 Human neural progenitor cell primary derivation and expansion
Telencephalic forebrain tissue is dissociated and replated with(∗) or without serum supplementa-
tion. Primary hNPC are then supplemented 3–4 days later with fresh NB-B27 and growth factors
(GF) (bFGF, EGF, LIF), and every 2 days thereafter for around 10–14 days until cultures prolif-
erate and expand throughout the flask. After approximately 2 weeks, hNPC cultures are lightly
dissociated into single cells and small (4–8 cell) clusters
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During the first few weeks a primary culture will begin to proliferate and expand
throughout the flask. Initially, cultures are comprised of both free-floating and adher-
ent aggregates that can be easily detached from the surface by simple trituration.
Adherent monolayer-like hNPC will also actively proliferate within the primary
cultures and should be incorporated with the suspension aggregates during the
initial expansion. As cells continue to proliferate and overtake their differentiating
post-mitotic counterparts, confluent adherent hNPC cultures spontaneously give rise
to spherical blast like balls that break away from the initial culture and continue
to expand and self-renew as aggregates. Promising hNPC cultures that grow well
and continue to proliferate in a morphologically relevant manner are subsequently
dissociated into small clumps (3–8 cells/clump) or single cell suspensions with
Accutase or Cell Dissociation Buffer (CDB)/Cellstripper when cellular clusters
become greater than 12–15 cells in diameter and can no longer be mechanically
separated by simple trituration or when adherent cultures become greater than
75% confluent (Fig. 1.3) (see Section 1.2.5). Both free floating and adherent cells
may be pooled together, however, cultures that cannot be readily dissociated are
promptly excluded from the remaining pool of primary cells. The surviving hNPC
are then replated at a 1:1 or 1:2 ratio and grown as either adherent monolayers
(Fig. 1.3E,F) or as lightly adherent aggregates (Fig. 1.3A,B) (see Section 1.2.6) in
NB-B27 growth medium+(20 ng/mL) EGF, (20 ng/mL) bFGF, and (10 ng/mL) LIF
for two more weeks. During this period, 75% of the medium is exchanged every 2–3
days to replenish the growth factors [95] and antibiotics. Cultures are passaged (1:1
or 1:2) once per week or as necessary. After 2 weeks, LIF and EGF are excluded
and hNPC are switched to NB-B27 growth medium+(20 ng/mL) bFGF for mitogen
selection.

1.1.3.1 Mitogenic Signaling and Self-Renewal in hNPC

The successful expansion of hNPC requires optimal culture conditions and nutri-
ent balance to support proliferation and survival of newly derived progenitors.
Long-term in vitro self-renewal in serum-free defined medium requires addition of
mitogens [96, 97], activating the mitogen-activated-protein-kinase (MAPK) signal-
ing cascade to enhance hNPC division and offset the naturally occurring apoptotic
process in the developing telencephalon [98–100]. Although originally described
utilizing epidermal growth factor (EGF) alone [101–104], EGF was only half
as effective in replacing serum, whereas basic fibroblast growth factor (bFGF)
could entirely emulate the proliferative capacity of serum [105–125] in serum-free
medium at low concentrations (<1 ng/mL) serving as a survival and elongation
factor or at higher concentration (20 ng/mL) as a proliferative substitute [116, 126].
Both mitogens give rise to proliferative precursors, albeit at different efficiencies
[101, 126, 127], suggesting that separate or overlapping subpopulations [128] may
be mobilized by these growth factors. Developmentally, the most immature neural
progenitors are said to be first bFGF responsive and then acquire EGF responsive-
ness [129], therefore, we began with the assumption that the most immature cells
are responsive to both EGF and bFGF.
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Fig. 1.3 Human neural stem/precursor cells (hNSC/NPC) are propagated in vitro by a variety of
techniques
HNPC can be grown as loosely adherent aggregates (A, B), “neurosphere” aggregates (C, D),
or as monolayer-like, multilayer adherent networks3 (E, F), displaying variable morphologies.
Adherent aggregates typically display small neuritic extension processes (B) that are capable of
sampling the local microenvironment and reorganize in relation to spatial signaling molecules
(pictured here 48 hours post-dissociation, notice the heterogeneous presence that also includes
single-cells, floating spheres, and dead floating phase-dark cells). Some labs have tried to grow
NPC as large aggregated suspension spheres, or “neurospheres” (C, D). These suspension cultures
are heterogeneous in both their size and shape (C). In general, we dissociate aggregates when cells
become larger than 12–15 cells in diameter (D) to avoid necrosis and differentiation. For example,
we will typically not allow aggregates to grow past the size in panel (D). We have also developed a
new culturing technique in our lab, termed the multilayer adherent network3 (E, F). Under these
hybrid culturing parameters, hNPC display dynamic behavior and are able to maintain self-renewal
and a replication capacity several fold higher than their neurosphere counterpart. Multilayer adher-
ent networks are dissociated when cultures become greater than 75% confluent (F) to the surface of
the culture flask. Notice the meandering neuritic processes that predominate and demarcate small
boundaries between adherent networks. Time-lapse videomicroscopy (not shown here) confirms
that hNPCs migrate extensively along these processes as they expand and retract within the dense
network of precursors. Importantly, hNPC lines should maintain the capability to be propagated
interchangeably using any of these culturing methods and retain an antigen profile consistent with
stemness. In general we recommend growth as lightly adherent aggregates or multilayer adherent
networks due to their elevated growth rate and ease of use. Importantly, adherent cells and floating
aggregates are regarded as being equally valuable in containing neural stem-like cells

Results comparing NPC derived by similar conditions from different species
demonstrate that the characteristic cell properties of NPC are inherently different
depending on how they are manipulated in vitro [127]. Traditionally, bFGF and
EGF have been utilized for adherent monolayer or neurosphere growth respectively,
or utilized in combination to derive an overlapping population of hNPC from both
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progenitor pools [126, 130–143]. In addition, the neurotrophic leukemia inhibitory
factor (LIF) has been shown to regulate neurogenesis in vivo and generate GFAP+
progenitors with tri-potential morphology as well as NPC marker expression, cell-
cycle dynamics, and behavior in vitro (see Section 1.5). Furthermore, LIF can
improve viability, enhance telomerase expression, and extend the doubling capacity
and time until terminal senescence of hNPC when used in combination with bFGF
and/or EGF [144–149]. These cells have a greater neuronal differentiation potential
suggesting interplay between bone morphogenic protein (BMP) and LIF signaling
as a key regulator of stem cell fate [150, 151] and determination within the neu-
rogenic niche [152]. LIF signaling appears to have different downstream effects on
NPC from different species and has been shown by some laboratories to induce glial
specific differentiation in rodent NPC [144]. However, in our hands, LIF not only
enhances survival and doubling time of human NPC, it is absolutely essential and
required for maintenance of symmetric cell divisions in long-term hNPC cultures.
As a result, we have adopted a derivation regimen utilizing all three growth factors
in a temporally regulated fashion to enact extensive proliferation. This process is fol-
lowed by functional receptor selection, and finally, sustained proliferative expansion
of karyotypically normal undifferentiated hNPC in basal growth medium consisting
of bFGF and LIF.

1.1.3.2 Sequential Mitogen Selection of Primary hNPC

After several weeks of primary expansion, some hNPC colonies will proliferate
and establish healthy populations of undifferentiated progenitors. Thriving hNPC
cultures are then subjected to a 10-week sequential growth factor selection process
(Fig. 1.4) based on parameters of growth rather than markers alone [138]. Suc-
cessfully expanded primary cells are then grown as a mixed population of lightly
adherent clusters and suspension aggregate in NB-B27 growth medium+(20 ng/mL]
bFGF alone for 2 weeks with (1:1 or 1:2) dissociation approximately once per week

Fig. 1.4 Chronological order for primary hNPC sequential mitogen selection
The schematic represents the next series of steps after those depicted in Fig. 1. 2. Following expan-
sion of proliferative primary tissue, successful cultures are subjected to 10 weeks of sequential
growth factor selection to acquire hNPC responsive to both bFGF and EGF. Only a small percent-
age of the total primary population will ultimately survive and continue to proliferate for secondary
expansion and long-term maintenance. (∗) Fetal Bovine Serum can increase the derivation effi-
ciency but should be removed with 48 hours to deter differentiation. LIF is added to successfully
expanded cultures immediately following growth factor selection to protect telomeric integrity and
provide additional trophic support
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throughout the selection process as dictated by size exclusion and morphological
parameters. After 2 weeks, mitogens are substituted, and bFGF is replaced with (20
ng/mL) EGF alone for two additional weeks. The bFGF-EGF two-week rotation
schedule is maintained for 2–3 sequential rounds (10 weeks) and completed after
the final bFGF alone cycle. Upon completion of the entire cycle, a few primary
hNSC/hNPC cultures will successfully proliferate and display appropriate morphol-
ogy of hNPC worthy of further expansion. These flasks are then dissociated (see
Section 1.2.5) and pooled together into NB-B27 growth medium, including LIF, for
a final hNPC complete basal maintenance medium comprised of NB-B27 growth
medium + (20 ng/mL) bFGF + (10 ng/mL) LIF for secondary hNPC expansion.

1.2 Long Term Expansion and Maintenance of hNPC

Once a primary hNPC population has been successfully established, the next step
is to carefully and meticulously expand cultures into a larger secondary set of
daughter “sub-populations”. These cells can either be pooled together as one larger
“mother” population at time of passaging or maintained as separate sub-lines to
monitor for any phenotypic changes that exist or occur spontaneously during pro-
longed cell culture. We recommend maintaining many smaller sub-populations of
hNPC to decrease the chance for contamination of the entire population. After
five to ten passages, these cells can be re-pooled to ensure cultures remain simi-
lar in composition over time. Due to the relatively large “vault” of flasks that are
likely to develop in the incubator over the future months of culture, it is imper-
ative that primary hNPC expansions are appropriately documented for phenotypic
change qualitatively through imaging and quantitatively for any future comparisons.
Furthermore, genetic stability of these lines should be confirmed through periodic
karyotyping and gene microarray fingerprinting to demonstrate a normal chromoso-
mal complement and sustained expression of all classical stemness-associated genes
[153–159].

During the expansion process, a careful “eye-ball” examination of NPC cultures
at the phase-contrast microscope should be employed as a preliminary assay for
undifferentiated cell growth. While long-term hNPC self-renewal is impossible to
forecast, sustained multipotency can be assessed by a variety of in vitro and in vivo
functional screens (see Section 1.6) to ensure long-term expanded cultures do not
change phenotypically and become lineage restricted nuli- or uni-potent progenitors
over time. As successfully derived cultures continue to proliferate over the first 12–
15 weeks in vitro, it will become imperative to not only cryopreserve “batched”
aliquots of cells for later reconstitution (see Section 1.2.1), but also to continu-
ally test these newly derived hNPC for the cardinal operational characteristics of
NSC/NPC (long-term self-renewal and mutipotency). We recommend freezing large
“batches” of hNPC subpopulations, followed by thawing several vials for reconstitu-
tion to test for overall freeze-thaw success, cell viability and sustained multipotency.
In order to efficiently manage time, resources, and money invested, it is best to begin
testing primary hNPC lines as soon as possible to ensure the new cultures exhibit
functional NPC properties.
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1.2.1 Freezing hNPC Aliquots

Cryopreservation of hNPC is essential so that early passage “batched” cell popula-
tions can be easily thawed and expanded at a later time for experimental replication.
We recommend freezing aliquots of hNPC, at minimum, every five population
doublings to ensure low passage cells will be available in adequate numbers for
extended studies. It is our opinion that freezing cells as small aggregates versus sin-
gle cells results in the greatest recovery post-thaw. Although we have frozen hNPC
both with and without enzymatic dissociation immediately prior to cryopreserva-
tion, we find that single cell dissociation of hNPC (see Section 1.2.5) 48–72 h before
freezing, producing small (8–16 cells/aggregate) to medium (16–32 cells/aggregate)
size aggregates, yields the best post-thaw recovery. While 10–30% of hNPC may
actively divide in this period of time, active proliferation is offset by the cell death
associated with freeze-thaw cycles. As a result, we generally assume the same num-
ber of cells will survive from a frozen vial that is later thawed and thus, the number
of hNPC originally dissociated is generally equivalent to the number that survive the
subsequent thawing process. Exact measurements can be made using the following
equation:

Viable hNPC originally plated + [(10–30%) active proliferation 48–72 h
post-dissociation - (10–30%) hNPC death (freeze+thaw)] = Viable hNPC post thaw

Once the hNPC have been resuspended into freezing medium, the preparation
process should be completed as quickly as possible to reduce the amount of time
hNPC are exposed to the osmotic shock of DMSO. The ideal freezing duration
occurs at a slow rate to reduce shock from crystallization and subsequent shearing.
Freezing medium (see Section 1.7.3) is made fresh at time of use and cooled to 4◦C
on wet ice. Prior to cryopreservation, print labels for each cryovial, recording the
date, passage number, and any other information pertinent for proper identification
at later time of use. Inside the sterile TC hood (see Section 1.8), place each label
around the cryovial, wipe thoroughly with 70% Et-OH, close the TC-hood, and turn
the UV light on for 2 h to sterilize the working area. After 2 h, open the TC-hood
and allow it to equilibrate with the blower on for 15 min. Loosely untighten the caps
from the cryovials to allow for easy access when distributing cells.

Utilizing cultures that were dissociated 48–72 h earlier (see Section 1.2.5), gen-
tly dislodge any adherent aggregates from the flask by mechanical trituration of
medium (assume the number of cells originally plated at time of passage still rep-
resents the number of cells frozen). Transfer the contents of the flask into a 15 mL
conical tube, rinse the flask with 4 mL fresh pre-warmed NB-B27 growth medium,
and transfer the contents to the previous 15 mL conical tube. Centrifuge the tube
for 3.5–4 min at 400 rcf to pellet hNPC and aspirate the supernatant. Alternatively,
transfer the conditioned medium (CM) supernatant to a 15 mL conical tube and
process (see Section 1.3).

Gently resuspend the cell pellet by trituration with cold freezing medium (1mL
cell suspension/1.8 mL cryovial). We generally freeze at a concentration of
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(1–3 × 106 cells/mL) for medium to small aggregates respectively. In a timely man-
ner, distribute the hNPC suspension equally among the sterile cryovials and transfer
to a controlled-rate freezing device such that the cells are cooled at approximately
(1◦C/min). Human NPC clusters will quickly begin to fall by gravity to the bottom of
the cryovial, therefore it is best to freeze at maximum 10–15 vials at one time, min-
imizing time and subsequent clumping of cells at the bottom of the each vial which
may lead to a decreased thaw efficiency. Immediately place the freezing chamber
at −80◦C for 18–24 h then transfer the cryovials to a liquid nitrogen tank or to a
−140◦C freezer where they may be maintained indefinitely (We have successfully
thawed cells after 10 years [18] in storage without noticeable loss of stemness or
viability).

1.2.2 Thawing Cryopreserved hNPC

Unfortunately, some hNPC will differentiate or die during the freeze-thaw process,
yielding between 10–30 or 70–90% survival for single cells or small aggregates
respectively. Extremely delicate handling and processing of hNPC during this pro-
cess is essential for high efficiency thaws and sustained viability, as freshly thawed
hNPC are extremely fragile and highly susceptible to mechanical shear forces. Fur-
thermore, it can take several weeks after an initial thaw to expand and amass a
usable numbers of cells for experimentation. To aid in this process, conditioned
medium (CM) can be collected from previously growing cultures for future use (see
Section 1.3). Similar to cryopreservation, great care should be taken to minimize
the time hNPC are exposed to DMSO and the subsequent osmotic shock post-thaw.
Careful dilution of DMSO, gentle handling, and minimization of time from freeze to
thaw will ultimately determine the final freeze-thaw efficiency and overall expansion
success of newly thawed cultures.

Wearing appropriate face and hand protection, carefully remove frozen hNPC
vials from liquid nitrogen and place them onto dry ice. Thaw 1–2 vials (1–2 mL
frozen hNPC) quickly with constant shaking (until ice cube is almost cleared;
approximately 60–90 s) in a 37◦C H2O bath, rinse thoroughly with 70% Et-OH,
and place the cryovials into a sterile tissue culture hood. Carefully open the vial to
release built up pressure, gently triturate the cell suspension twice with a P1000
micro-pipette to resuspend, and immediately transfer the hNPC suspension to a
15 mL centrifuge tube (excessive trituration at this point will induce significant cell
death). Dropwise, add approximately 7 mL cold thaw (see Section 1.7.3) medium
(50% CM:50% fresh NB-B27 growth medium) to dilute DMSO from the freezing
medium. It is essential to transfer cells gently but quickly into cold thaw medium,
as extended incubation in DMSO will destroy hNPC by osmotic shock. Rinse the
cryovial once with 1 mL cold thaw medium, transfer the contents to a 15 mL con-
ical tube, and centrifuge for 3.5–4 min at 400 rcf. Alternatively, the tube is placed
vertically in an incubator at 37◦C for approximately 0.5–2 h. This step allows the
cell clusters to settle by gravity but is not conducive to differentiation. Larger aggre-
gates will require less time to equilibrate to the bottom of the tube. The mixture of
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freezing and feeding media can then be centrifuged for 1–2 min at 400 rcf and safely
aspirated (warning: attempting to aspirate the medium without centrifugation will
result in the loss of many cells). Resuspend the hNPC pellet by gentle trituration
with a 5 mL pipette in a mixture of 50% fresh NB-B27 growth medium and 50%
CM + (10 ng/mL) LIF + (20 ng/mL) bFGF and replate onto non-coated TC treated
flasks. After 1–2 weeks in culture, the percentage of CM may be reduced from 50
to 25% and eventually 0% CM when nicely expanded cultures are established (tip:
always thaw small to medium size hNPC aggregates (dissociated 48–72 h before
freezing) at a 2:1 or 1:1 ratio into the same or lesser volume/surface area from
pre-freeze culture density).

1.2.3 Establishing Secondary hNPC Cultures

No less than (1–2 × 106 cells/mL) should be thawed into a 25 cm2 surface area
for secondary hNPC expansion. In general, small aggregates will form then lightly
adhere onto the plastic surface if left undisturbed. Aggregate cultures must be gen-
tly triturated each day to detach any adherent cell clusters and supplemented with
(10 ng/mL) LIF + (20 ng/mL) bFGF every 2 days for 1 week past the initial thaw
date to reconstitute the frozen cells. Initially, proliferation may be slow, taking 2–3
weeks to double the population, however, once the hNPC have equilibrated and
recovered from the trauma of the initial thaw process, hNPC populations should
maintain a steady (4–7 day) doubling rate. As cultures expand, cells are triturated
routinely to deter extensive adherence and accumulation of large aggregates. These
cultures can then be dissociated and maintained as 3-D cultures on uncoated flasks
or subsequently induced into 2-D adherent cultures on ECM if desired [94].

1.2.4 General Feeding of hNPC

These instructions apply to hNPC grown without an extracellular matrix in tissue
culture treated 25 cm2 T-flasks with 6–10 mL of medium. We generally utilize
uncoated tissue culture (TC) treated (0.22 μm) vented cap T-flasks for expansion
of undifferentiated hNPC due to the low level risk for contamination in comparison
to standard petri-dish style culture vessels. In addition, it is easier to evenly dis-
perse the cells in rectangular T-flasks. Circular petri-style well dishes often lead to
aggregation of cells to the center of the well, causing premature merging of small
cellular clusters into large globular masses via integrins and self-secreted extra-
cellular matrix proteins [160–165]. The result of such events leads to an uneven
distribution of single cells, small NPC clusters, and large aggregates (Fig. 1.5A,B).
Cultures that exhibit these features need to be dissociated once again, despite the
fact that the smaller clusters of cells are still fragile and not in need of passaging.
The result of this “premature dissociation” ultimately leads to loss of hNPC through
the stresses involved with additional cycles of the enzymatic dissociation process
and should be avoided if possible.
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Fig. 1.5 Human NPC aggregate and merge
Human NPC cultures are disrupted and become unevenly distributed, following movement of the
culture vessel. Upon contact with neighboring aggregates, cellular clusters will spontaneously
merge into one large aggregate. This phenomena is most frequently encountered when culturing
suspension aggregates at medium to high densities (A, B), or following mechanical movement of
the culture vessel. HNPC have an incredible affinity for each other, and are quickly absorbed within
their neighboring cellular environment (A). Unfortunately, spontaneous merging can be very hard
to counteract, and often leads to a large pool of heterogeneous sized aggregates (B). Several large
aggregates have made contact and are merging into one large irregular cluster. Within 6–12 hours
the aggregate clusters will be completely merged into one very large aggregate. Furthermore, a dark
necrotic center is apparent by phase-contrast microscopy indicating that essential nutrients and gas
exchange are not available at the core of this aggregate (B). The dark central core is no longer
proliferative (i.e. will not take up BrdU) and tends to differentiate quickly. A culture displaying
these features is dissociated into single cells and any remaining aggregates discarded from culture

As hNPC colonies proliferate, the larger spherical aggregates will begin to dif-
ferentiate at the periphery [17] and may start to become necrotic at the central core
[166] (indicated by dark pigmentation in suspension aggregate masses under phase-
contrast microscopy) (Fig. 1.5B). These cells are much more difficult to dissociate,
do not continue to proliferate when isolated, and thus, should be discarded from
culture when possible. Although these phase-dark centers were originally described
as proliferative cores in neurosphere cultures [101], we believe they more accu-
rately reflect overly packed hNPC that are not receiving adequate gas exchange and
nutrients for normal metabolic activity and thus have begun to become necrotic.
In our hands, dark cores only appear when aggregates become extremely large
(>250 μm), such that the inner core cells are no longer bathing in extracellular
medium. If it were true that phase-dark cells were true bona-fide neural stem cells,
it would logically follow that cloned multipotent spheres would initially proliferate
as phase-dark cells, which clearly does not occur. In fact, several groups have shown
immature proliferative Nestin immunoreactive progenitors are dispersed throughout
both rodent and human neurospheres and not exclusively localized to the central
core of the sphere [20, 129, 167–169].

Ideally, hNPC are fed fresh medium 1–2 times per week depending on the density
and metabolic capacity of the culture. Cellular debris commonly seen after intense
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trituration, freeze-thaw, or enzymatic dissociation, as well as insoluble salt residues
that may develop with prolonged culture should be removed by the described
method as well. On occasions when medium is not exchanged, it is still necessary
to supplement medium with additional growth factors. Every two days or when
aggregates project processes adherent to the plastic surface, cells should be tritu-
rated gently with a 5 mL pipette and supplemented with growth factors for a final
concentration of (20 ng/mL) bFGF and (10 ng/mL) LIF. The growth factors, bFGF
and LIF, are only stable at 37◦C for 2–3 days [95] and must be supplemented as
needed, whereas, EGF should remain stable in solution for 4–6 days.

To supplement fresh medium, adjust the pipette to slow speed for intake and out-
take, and slowly triturate the surface of the flask with a 5 mL pipette (repeat 5–10
times) thoroughly but gently (minimizing bubbles) to detach any aggregates that
have attached and become adherent cell clusters. It is often helpful to tilt the flask
to expose the bottom surface while expelling the medium onto the plastic. Try to
triturate the entire surface by tilting the flask accordingly, paying careful attention to
the corners where cells tend to congregate and adhere preferentially (this is just like
triturating a flask of fibroblasts after trypsinization, but more gently). It is not neces-
sary to detach every extremely adherent cell, as excessive trituration will ultimately
lead to more significant cell loss from mechanical destruction of hNPC. When cells
become detached, transfer 4–6 mL of the cell suspension into a 15 mL centrifuge
tube, leaving 2–4 mL in the flask as conditioned medium (CM). Centrifuge the tube
for 3–4 min at 400 rcf and vacuum aspirate the supernatant. Alternatively, filter the
supernatant CM. It is recommended to leave 0.5 mL of supernatant in the conical
tube, but stay clear of the bottom of the conical tube as the cell pellet can be easily
dislodged and lost.

Resuspend the cell pellet in 2 mL fresh pre-warmed NB-B27 growth medium
with a P1000 pipette and gently triturate at a 45-degree angle against the wall of the
conical tube (6–8 times) until large clusters are no longer visible and the solution has
a homogenous “milky” and “sandy” appearance (warning: do not hold the pipette
tip firmly against the tube or triturate with excessive force to avoid shearing). It is
important to thoroughly break up the cell pellet, again gently, but thoroughly before
re-plating. To the cell suspension, add 2 mL of NB-B27 growth medium, evenly mix
the cells by simple trituration, and return the entire contents of the tube to its original
flask. Rinse the conical tube with 2–4 mL pre-warmed NB-B27 growth medium or
CM to the desired ratio and transfer the cell suspension to the flask. Add growth
factors to achieve the final concentrations of (10 μg/mL) LIF + (20 μg/mL) bFGF
and place back into humidified incubator at 37◦C, 5% CO2.

1.2.5 Dissociation of hNPC

The most influential procedure involved during all facets of hNPC culture is the dis-
sociation process involved during routine “passaging” of cells. Whether employed
enzymatically or through modified salt solutions, specific emphasis should be placed
on optimizing recovery of viable progenitors during this crucial procedure. We stress
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this point because single-cell or small cluster dissociation is a major component of
every in vitro handling technique employed utilizing hNPC, from basic derivation,
expansion, and maintenance, to cloning, genetic manipulation, chemical labeling,
and transplantation [94]. In fact, dissociation is truly the core procedural determi-
nant of success with any application involving hNPC. The long-term future success
of newly derived hNPC lines revolves around successful high viability primary
expansion minimizing stress involved throughout the duration of this process.

Many “dissociation” techniques have been employed and described for expan-
sion of hNSC including enzymatic treatments utilizing agents like Accutase or
Trypsin-EDTA as well as non-cleaving, non-enzymatic agents such as the Hank’s
based Cell Dissociation Buffer or Cell Stripper. In addition, Clive Svendsen’s group
pioneered an alternative, non-enzymatic, mechanical chopping technique [17, 170],
demonstrating an increase in hNPC viability and prolonged undifferentiated growth
in comparison to traditional trypsin-EDTA based single cell dissociation standards.
Each of these different techniques provides their own unique advantage, and the
most reasonable method for large-scale, long-term expansion of viable proliferative
undifferentiated hNPC should be determined based on the specific questions and
assays relevant to the particular study.

We prefer enzymatic dissociation of hNPC with Accutase for most applications
and Cell Dissociation Buffer (CDB) for special assays where surface receptor anal-
ysis is necessary (i.e. FACS). In addition, we agree that chopping large spheres into
smaller cellular clusters is highly beneficial so as not to destroy integral cell–cell
contacts crucial for continued proliferation, however, we can attain the same small
size cellular clusters by decreasing Accutase incubation times and inactivating the
suspension before clusters are fully dissociated into single cells. Furthermore, single
cells can easily be counted with a hemacytometer and accurately replated at higher
densities than conventionally employed for standard growth. High-density single
cell cultures rapidly induce cell–cell contacts and early aggregate formation through
premature merging, effectively resulting in small to medium size cell clusters within
6–24 h post-dissociation (Fig. 1.6A,B).

Human NPC are enzymatically passaged (approximately once a week) when
aggregates become larger that 12–15 cells (100–200 μm) in diameter (Fig. 1.3C,D)
and adherent clusters can no longer be readily dissociated by gentle trituration.
Accutase is designed to be less harsh than Trypsin-EDTA, although the dissociation
times are increased 1–2 min to achieve the same results. Similarly, non-enzymatic
Hanks based agents like CDB require up to 2–3 times longer incubation times to
achieve the same results. When using Accutase, the addition of serum or inhibitor
for enzyme inactivation is not necessary and may be substituted by simply diluting
the enzyme with basal medium. According to the Accutase product information
sheet, centrifuging the suspension to eliminate residual Accutase is also not nec-
essary, however, we have retained the final centrifugation step to remove cellular
debris and trace enzymes. Other dissociation agents such as TrypLE, Accumax, and
Collagenase are also acceptable, provided inactivation steps and incubation times
are adapted into the protocol as necessary. The remainder of the procedure remains
the same throughout.
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Fig. 1.6 High-density single-cell dissociation induces cellular aggregation and enhances viability
of hNPC.
To promote cell-cell contact and enhance recovery of hNPC after dissociation into single cells,
cultures are replated at medium to high density to quickly promote 4–8 cell clusters (A). Individual
hNPC sample their environment with 1–2 forked processes and migrate to each other forming small
evenly dispersed aggregates. After 12–24 hours the small individual clusters (B) are triturated to
induce suspended clusters or allowed to attach undisturbed to induce adherent aggregates and mul-
tilayer adherent networks. It is important to keep in mind that anytime cultures are disturbed, the
clusters will adhere to each other, as can be scene in (B). These cells were imaged just two minutes
after being removed from the incubator. They were evenly dispersed on the stage immediately fol-
lowing removal and allowed to settle by gravity, indicating how quickly and strong the interactions
can form between neighboring cells. In addition, cell clusters also migrate on the culture surface
towards each other via small microspike growth cones when maintained in the resting position

To dissociate hNPC, triturate the contents of a 25 cm2 T-flask gently with a
5 mL pipette to detach any adherent colonies from the plastic surface (8–10 times),
making sure to rinse the entire bottom surface of the flask. Transfer the contents
of the flask to a 15 mL conical tube, rinse the flask with 2 mL fresh pre-warmed
NB-B27 growth medium to collect any residual hNPC, and transfer the contents to
the conical tube. Centrifuge the tube for 3–4 min at 400 rcf, remove the supernatant
from the conical tube, and filter for conditioned medium (CM) (see Section 1.3) (tip:
be careful not to dislodge the cell pellet). To the cell pellet, dropwise, add 750 μl
Accutase using an extended length P1000 pipette and carefully triturate the pellet
3–5 times lightly against the wall of the tube to dislodge the cells. Be very careful
not to touch the pipette to the side of the conical tube while pulling the solution up
and down into the tip (tip: extended length pipette tips allow for easier access into
the conical tube and reduce the chance of contamination). Place the 15 mL conical
tube into a 37◦C H2O bath and incubate with constant swirling to avoid settling and
subsequent clumping of hNPC.

After 3–5 min, triturate the cell suspension gently at a 45-degree angle against
the wall of the conical tube by sucking the plunger of a P1000 pipette up and down
slowly (5–15 times) until large clumps are no longer visible and the dissociated
solution has a homogenous “sandy” appearance (tip: set the P1000 to 750 μl so
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that the cells do not reach the filter in the tip). It is important to gently but thor-
oughly break the cell cluster up before replating, therefore it may be necessary
to triturate a second time (5–10 times) with a P200 pipette until any large pellets
are not visible (tip: do not hold the tip firmly against the tube or triturate with
excessive mechanical force to avoid shearing, resulting in sticky DNA clumps and
poor overall cell viability). Inactivate the enzymatic reaction by diluting Accutase
with a total of 6 mL fresh NB-B27 growth medium, (tip: cell clusters will readily
stick to the meniscus (approximately 750 μL line) of the pipette tip throughout the
dissociation process. To recover these cells, adjust the pipette plunger from 750
to 1000 μl without removing the tip, rinse P1000 tip once with 1000 μl NB-B27
growth medium to dislodge residual clusters, and the transfer contents to the original
conical tube).

Large aggregates may not dissociate immediately and thus require a second
round of enzymatic treatment. In this case, place the conical tube vertically for
2–3 min until the visible clusters have settled to the bottom of the tube. Carefully
transfer the top portion of supernatant containing dissociated cells into 6 mL fresh
NB-B27 growth medium in a new 15 mL conical tube. With the remainder of undis-
sociated cells, add 1 mL pre-warmed Accutase, triturate twice, and incubate in a
water bath at 37◦C with constant swirling for an additional 2–4 min. Repeat the
trituration process and transfer the appropriately dissociated cell suspension to the
previous conical tube. Remaining clusters that have not dissociated efficiently after
the second round are considered “abnormal” and subsequently discarded. Centrifuge
the 15 mL conical tube for 4 min at 400 rcf, aspirate the supernatant, and resuspend
the cell pellet with 900 μl fresh NB-B27 growth medium using a P1000 pipette,
gently triturating (5–10 times) to break up the cell pellet. Dilute hNPC in the con-
ical tube with 6 mL fresh NB-B27 growth medium, repeat rinse of pipette tip as
previously described, and count the cells for replating.

Typically, the growth parameters of hNPC culture dictates passaging once per
week at a 1:2 dilution, however, accurate cell counts using a hemacytometer are
recommended for proper documentation and to ensure normal growth parameters
are maintained. As a general rule, more concentrated splits survive and proliferate
more effectively than their diluted counterparts. In some assays, it can be bene-
ficial to maintain cell–cell contacts, therefore, cells may be dissociated into 2–4
cell clusters by simply decreasing the incubation time and trituration frequency.
The specific timing is slightly different for each cell line, but generally reducing
incubation time by 30–45 s works well. In addition, inactivating the dissociation
process early generally results in a greater recovery of healthy rounded phase bright
hNPC, whereas extended single cell dissociation incubation times can lead to dra-
matic breakdown of the cell membrane and an increased susceptibility to mechanical
shearing. Overall, single cell dissociation generally requires a 1–2 h re-equilibration
phase before cells fully recover from the shock and stress of enzymatic dissociation.
These variables may be overcome by efficient expansion and rigorous attention to
detail throughout the dissociation process to minimize enzymatic incubation time
and mechanical stress.
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1.2.6 Replating Dissociated hNPC for General Expansion

We plate freshly dissociated hNPC at a minimum density (1–2 × 106 cells/25 cm2)
for standard expansion and maintenance, and a maximum density of (3–4 × 106

cells/25 cm2) to induce small to medium size aggregates within 24–72 h for cry-
opreservation (see Section 1.2.1). After counting, add 7 mL conditioned medium
(50% CM) to the conical tube and replate into new 25 cm2 T-flasks. Alternatively,
adjust the final fresh medium to CM ratio accordingly, bring cells to the desired
density and appropriate volume, and replate into new flasks. As a guideline, a 25 cm2

T-flask containing 1×106 cells is fed 50% CM, 2×106 cells fed 25% CM, and 3–4×
106 cells do not necessitate CM as they quickly condition the medium due to the high
density. Add growth factors to achieve a final concentration of (20 ng/mL) bFGF
and (10 ng/mL) LIF, gently swirl contents of flask horizontally to evenly disperse
cells, and place the flask in a humidified incubator at 37◦C, 5% CO2, without agita-
tion, to allow cultures to equilibrate and return to homeostasis. Subsequent culturing
methods will depend on the density of cells plated and method for further expansion.

Within 2–3 days, small to medium size (4–16 cell) clusters will form and may
begin to adhere to the plastic surface. Simply triturate any adherent cells from the
flask daily and feed every 2 days (see Section 1.2.4). Small cellular hNPC clusters
are extremely fragile during the first 48 h post-plating, therefore extra care should be
taken to minimize shear forces while triturating cells throughout the duration of this
time. When expanding small populations of hNPC at low densities, we recommend
utilizing these procedures, where cells generally fuse and form abundant cell–cell
contacts necessary for rapid expansion, in contrast to low-density adherent growth
parameters where cells will spread and migrate throughout the area provided.

1.3 Preservation of Conditioned Medium

It is often useful to have a stock of frozen “conditioned medium” (CM) to enhance
survival of hNPC during various procedural manipulations. Addition of CM to valu-
able low-density cultures, freshly thawed NPC aliquots, or as an aid in problematic
single-cell cloning can often be the key to a successful experiment. CM contains
paracrine effector molecules, which act in concert with growth factors to enhance
mitosis. We have applied a strict standard and limitations on the quality of cultures
that can be utilized to produce this paracrine enriched basal medium supplement.
Specifically, we only collect medium conditioned by healthy, highly proliferative
cultures that have been grown in fresh NB-B27 growth medium + (10 ng/mL)
LIF + (20 ng/mL) bFGF for 20–24 h. This timing allows the cells to adequately
secrete paracrine molecules into the medium but not become toxic due to metabolite
build up.

Approximately 20–24 h prior to collection of CM, replace 100% of the medium
in a healthy high density hNPC culture with 10 mL fresh NB-B27 growth medium+
(10 ng/mL) LIF + (20 ng/mL) bFGF. To harvest CM, carefully remove 10 mL CM
from 25 cm2 T-flask, centrifuge for 5 min at 500 rcf to pellet the cells, and transfer
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the supernatant CM to a new conical tube. Immediately filter 10 mL CM through
a sterile 0.22 μm filter into a 15 mL conical tube. Add (20 ng/mL) bFGF and
(10 ng/mL) LIF, mix by inversion, and freeze immediately at −20◦C to limit degra-
dation of valuable signaling molecules. Prolonged exposure to environmental gas
exchange, light, or room temperature conditions will rapidly degrade the CM, ren-
dering it toxic or unbalanced as a salt solution and therefore useless as a supplement.
To thaw CM, place the frozen tube at 4◦C overnight to slowly melt the contents. If
resultant thawed tube contains any insoluble particles, discard immediately and thaw
a new tube from a different batch. Once the CM has thawed, pre-warm to 37◦C, mix
accordingly with fresh NB-B27 medium and supplement growth factors to a final
concentration of (10 ng/mL) LIF + (20 ng/mL) bFGF.

1.4 “What About Neurospheres?”

For many years, some labs employed a technique known as “neurosphere” formation
[101, 171, 172] for the derivation and expansion of murine [173–180] and human
somatic stem cells (Fig. 1.3C,D) from various regions of the brain [181–186]. This
entailed the expansion of neural tissue aggregates, termed “neurospheres,” in serum
free medium to produce neural precursors in vitro. The basic technique relied on
the inherent ability of proliferative, BrdU incorporating cells to expand and form
cellular aggregates resembling spherical balls. Although each neurosphere was orig-
inally assumed to be a clonal population of multipotent, self-renewing NSC from
the small (< 0.1%) quiescent neural stem cell population, we now know that these
“neurospheres” are actually heterogeneous mixtures of stem, progenitor, and dif-
ferentiated cells that spontaneously migrate, merge and dynamically intermix with
each other [10, 187]. As a result, neural aggregate expansion can be a useful tool to
first select and expand proliferative primary cells, but it does not inherently assume
the criteria for stemness have been met. The ability to proliferate is the first, though
not the only criteria for a clonal self-renewing bona-fide NSC population. In fact,
true proliferative hNPC with characteristic progenitor and stem-like qualities can
be found within adherent monolayer populations as well, and may offer significant
growth advantages to the “neurosphere” expansion technique.

1.5 Characterization of Undifferentiated hNPC

Throughout hNPC culture, it is important to assay individual sub-populations for
expression of known stemness related genes to ensure normal undifferentiated
growth is maintained long-term. Unlike the hematopoetic system, there remains no
definitive lineage specific marker for NPC. Therefore, proper characterization of
hNPC relies on identification of combinatorial subsets of genes known to be acti-
vated throughout the continuum of neural development [188, 189]. Unfortunately,
characterization of undifferentiated cells based on antigenic profile reveals no direct
information as to the cardinal features of stemness, self-renewal and multi-potency.
The fact that neural stem cells have traditionally been characterized by their lack of
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expression of mature neuronal markers has plagued the neurodevelopmental field for
years and perhaps may be responsible for a variety of misleading results given that
hNPC tend to accumulate non-physiological gene expression patterns in vitro [190,
191]. In addition, in vitro cell culture conditions can confer homogenizing effects
on hNPC further complicating the distinction between cultured stem cells and their
in vivo counterparts. As a whole, in vitro derived stem cells have different properties
from their in vivo counterparts, therefore, direct comparisons cannot be made.

In our laboratory, proliferative (Ki-67+ [late G1, S, G2, and M] [192] or PCNA+
[G1, S] [193, 194]) hNPC must display an undifferentiated morphology and express
classic NPC markers including the nuclear transcription factor sox-2 [195, 196],
musashi-1/2 [197], as well as the filamentous cytoplasmic proteins Nestin and
Vimentin [198–204] in cellularly appropriate locations. Furthermore, in our hands,
fetal hNPC also express the glial fibrillar associated protein (GFAP) in morphologi-
cally appropriate (non-protoplasmic) locations, consistent with rodent data
[205–208], suggesting that GFAP may label hNPC or that astrocytes themselves, at
a particular stage, may be hNPC. Although expression of any of these markers alone
does not infer stemness, combinatorial multi-labeling techniques can be utilized to
confirm co-expression of sets of standard phenotypic markers.

In addition to these classic NPC markers, a small percentage of the hNPC pop-
ulation (derived in our lab) may also express the radial glial (RG) associated brain
lipid binding protein (BLBP) [209, 210], recently described as the in vivo unified
lineage link between early neuroepithelial stem cells and quiescent adult astrocyte-
like SVZ progenitors [208, 211–225]. Early reports demonstrated evidence that
these multipotent progenitors resumed stem cell-like behaviors when propagated
as monolayer cultures in vitro, retaining an immature radial glia phenotype similar
to hNSC cells in vivo. Furthermore, some progenitor populations also markedly
co-express the microtubule associated protein doublecortin (DCX) in the nucleus
and cytoplasm and polysialylated neural cell adhesion molecule (PSA-NCAM) on
the membrane surface of leading processes and growth cones of neurite extensions
[185, 226–230]. These cells are highly reminiscent of transiently amplifying type-C
cells and migratory type-A neuroblasts important for cell morphology and migration
within the in vivo neurogenic niche [231]. In both of these cases, the phenotypically
diverse cell types exhibit an altered morphology from their NPC counterparts as
either highly branched, elongated, bipolar radial glia [232–234] or small bipolar
type-A like cells that migrate by somal translocation (Data Not Shown), suggest-
ing an in vitro developmental continuum reminiscent of the SVZ neurogenic niche
in vivo. Moreover, as hNPC cultures mature and accumulate in vitro culture adapta-
tions, we have noticed the highly congruent colocalizaton of GFAP [235–239] with
the intermediate filament protein, beta-3-tubulin (Tuj-1) [240–244], that has been
described as an early marker for immature neuronally restricted NPCs.

We have verified these findings by both standard immunocytochemistry as well
as western blotting in three hNPC lines ranging from 10 to 22 weeks (from fertil-
ization date) and independently derived by outside laboratories (to be published
in a future research article) providing further evidence that hNPC cultures are
not homogenously composed of identical stem cells, but rather highly dynamic
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heterogeneous populations [245] of neural progenitors that adapt and respond
to local extracellular signaling cascades. In vitro, these morphological variants
maintain the ability to self-renew either symmetrically or asymmetrically and dif-
ferentiate into all three neuroectodermal lineages when provided with appropriate
cues. Clonal analysis and in vivo functional screens will be necessary to determine
how these highly coupled cell types interact, adapt, and regulate NPC survival.

It is still unknown if these individual phenotypes represent functionally distinct,
restricted sub-populations or highly plastic interchangeable progenitors capable of
prolonged self-renewal and multi-potential “trans/re-differentiation” or “reprogram-
ming” in response to the local cellular composition and complementary signaling
cues accrued during in vitro cell culture [205, 246, 247]. Further, the new wave of
research on induced pluripotent stem (IPS) cells [248–270] raises the notion that
any cell has the genetic capacity to serve as a functional stem cell within the cor-
rect genetic context. The incongruent gap between the “possible versus actual [48]”
further demonstrates the problematic divergence between in vitro and in vivo stem
cell dynamics when introduced to artificial culture conditions. Although there is
currently no precise definition sufficient to fully define hNSC, Morrison, Shah, and
Anderson’s borrowed phrase, “It’s hard to define, but I know it when I see it [271],”
has been appropriately adapted to the stem cell field as we forge forward in search
of better objective indicators of stemness.

1.6 Functional Diagnostics for Multipotency

Human NPC fate-determination is a multi-step process tightly regulated by cell-
cycle dynamics [35, 272–274] as undifferentiated neuroepithelial cells form and
develop into mature functionally competent CNS tissue, in vivo. Specific fate-choice
decisions are influenced by extracellular ligands, their receptors, and the cumulative
interplay of all extrinsic and intrinsic signaling inputs impinging on the cell. This
continuous process is highly dynamic and context dependent, exerting differential
effects on hNPC at different stages of development. As hNPC progressively mature,
they undergo nuclear reorganization, resulting in alterations in gene expression pat-
terns and morphology. Changes incurred over time are hypothesized to then be
measured and stored by the cells “biological sensor,” that in turn regulates the cells
functional properties [275, 276].

In much the same way, we can regulate stemness in vitro, by careful manipulation
of the cellular environment and critical molecular signaling pathways involved in
hNPC maintenance. What little we know about intrinsic maintenance of hNPC and
their differentiated counterparts in vitro, have produced variable results between
species and among the plethora of experimental paradigms and chemical regimes
employed. What is certain is that hNPC can be directed into all three neuroecto-
dermal lineages in vitro by a variety of techniques. The most simple differentiation
assay that can be employed on a relatively small population of NPC employs addi-
tion of a variety of chemical cues such as serum, forskolin [127], retinoic acid
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(RA) [277], valproic acid [278], PDGF [230, 279], IGF-1/2 [280], BMPs [281],
noggin, NGF, BDNF, GDNF, and CTNF [279, 282], or exclusion of mitogenic sig-
naling molecules (bFGF, EGF, and LIF) to trigger spontaneous or lineage directed
neural differentiation into mainly neurons and astrocytes, and a small number of
oligodendrocytes.

1.6.1 In Vitro Differentiation

The earliest “stemness” assay employed should assess in vitro multipotency before
expensive, time consuming in vivo assays are undertaken. Many newly derived
hNPC lines will ultimately fail to fulfill their operational NPC definition at this
early stage despite their apparent morphological relevance. In general, differenti-
ation times for human cells are much longer than their rodent counterparts. As a
result, it may be necessary to extend the following time periods to accommodate for
the species differences. Briefly, plate freshly dissociated hNPC (see Section 1.2.5)
onto an adherent substrate such as Matrigel or Collagen at low density (1–3 × 104

cells/well) on round glass-bottom coverslips (24 well-plate) in 0.75 mL differ-
entiation medium for 6–12 h to induce attachment. Upon adherence, add 1 mL
differentiation medium (see below) slowly to the top of each well so as not to
disturb the fragile cellular attachments. Replace 50–75% differentiation medium
every 3–4 days or as cellular metabolism dictates. Medium with phenol red should
be utilized to determine appropriate time for medium change.

Prolonged exposure to acidic culture conditions can promote gliogenesis over
neurogenesis. Even short-term exposure can induce an initial commitment down the
astroglial lineage. Furthermore, we can utilize these conditions to preferentially pro-
mote fate restriction of astrocytes and oligodendrocytes in vitro (Araceli Espinosa,
unpublished personal communication). Initial differentiation will occur within 1–2
weeks, while mature differentiation can take up to 3–6 months to achieve synap-
tically active mature CNS cell subtypes. In addition, Studer et al. have shown that
lowered oxygen levels, more closely resembling the in vivo microenvironment, can
enhance the proliferative capacity and differentiation potential of CNS precursors
[283]. In concert with these findings, we have seen enhanced differentiation of
hNPC in 3–5% oxygen (Unpublished Data), suggesting a similar effect could be
attained for human cells.

1.6.1.1 Differentiation Medium

Add the following components to NB-B27 growth medium without growth factors
unless specified otherwise.

1. Neuronal differentiation:

Method 1: Add 5 μM forskolin + 1% Fetal Bovine Serum (FBS) + 1μM RA
(optional) for 4–6 days [127]. To fully mature hNPC, replace medium
with NB-B27 + (20 ng/mL) BDNF + 1% FBS for 6 days [277] then
increase to 100 ng/mL BDNF + 2% FBS for 7–8 days [284].
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Method 2: Add 1 mM valproic acid for 4 days [285].
Method 3: Add (10 ng/mL) PDGF-AA, AB, or BB isoforms for 2 days with

bFGF followed by 6 days without bFGF [279].

2. Astrocyte differentiation:

Method 1: Add 50 ng/mL LIF + 50 ng/mL BMP-2 for 6 days [285].
Method 2: Add 5–10% FBS for 6 days
Method 3: Add (10 ng/mL) CNTF for 6 days [279].

3. Oligodendrocyte differentiation:

Method 1: Add (500 ng/mL) IGF-1, IGF-2, or insulin in insulin-free N2 supple-
mented Neurobasal medium [285].

Method 2: Add 10 mM T3 thyroid hormone for 6 days [279].

1.6.2 In Vivo Differentiation

Of the few NPC subpopulations that pass the initial in vitro differentiation screen,
many will fail the ultimate in vivo functional screen that includes the ability to
engraft, migrate, and differentiate following implantation into the developing lateral
ventricles and cerebella of newborn (P0) wild-type or immunodeficient mice. Tech-
niques for preparation and transplantation of hNPC into neonatal and adult mice are
covered elsewhere [94, 286, 287]. After 2–6 weeks, transplanted mice are sacrificed
and assayed histopathologically for donor hNPC derived neuronal integration and
differentiation yielding cytoarchitecturally appropriate glia in the cortex, olfactory
bulb neurons or cerebellar granule neurons, respectively. Upon completion of this
extensive in vivo screen, a very small portion of original NPC primary cultures,
such as those we and our colleagues have published including (H1, HFT-13, and
HFB-2050) [18, 31, 42, 45, 288, 289] are ultimately expanded, frozen, and stored as
multiple aliquot early passage “batches” for future developmental and large animal
transplantation studies [290].

In general, it is best to establish multipotency of hNPC populations from undif-
ferentiated clonal populations. However, pre-differentiation of cells into restricted
progenitors in vitro is often helpful in testing hNPC for in vivo multipotency
and assaying the functionality of specifically derived neural cell types of inter-
est. Furthermore, the in vivo adult environment may not be suitable or adequate
for differentiation of undifferentiated hNPC into specialized cell types, generating
a limited subset of mature neuronal phenotypes. As a result, the global cell fate
potential of newly derived lines must often be supplemented with lineage specific
in vitro differentiation assays. It should be noted that in vitro potential often sur-
passes that seen in vivo when transplanted into the developing CNS, suggesting
either in vivo assays are not sensitive enough to fully detect multipotentiality or
that the environmental differences between the two systems have different inductive
potentials on stem and progenitor cells. Furthermore, in vivo survival and engraft-
ment success of progenitors transplanted into pathologically relevant models has
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been reported to improve following specified in vitro pre-differentiation of undiffer-
entiated hNPC prior to transplantation. These cells do not migrate as extensively
into non-pathological areas as their undifferentiated counterparts and have been
suggested to improve functional output in relevant disease paradigms [291].

1.7 Equipment, Supplies, Chemicals, Reagents, and Media

1.7.1 Equipment and Consumable Supplies

Item Supplier Catalog number

Aspiration pipette, 2 mL BD Falcon 357558
Centrifuge tubes, 15 mL Corning Life Sciences 430790
Centrifuge tubes, 50 mL Corning Life Sciences 430828
Cryovial, 1.8 mL Nunc 377267
DMSO-Safe acrodisc sterile syringe

filter (0.2 μm)
Pall Corporation 4433

Freezing device Fisher Scientific 15-350-50
Kimwipe, 11.8 in × 11.8 in Fisher Scientific 06-666-1A
Pipettes, serological 2 mL BD Falcon 356507
Pipettes, serological 5 mL BD Falcon 357543
Pipettes, serological 10 mL BD Falcon 357551
Pipettes, serological 25 mL BD Falcon 357525
Syringe (10 ml) Normject 53548-006
Tissue culture flask, 25 cm2 BD Falcon 353109
Tissue culture flask, 75 cm2 Corning Life Sciences 430641
Tissue culture flask, 225 cm2 Corning Life Sciences 431082
6-Well TC microplates, costar Corning Life Sciences 3516
Vacuum filter/storage bottle system,

500 mL (0.22 μm)
Corning Life Sciences 431097

1.7.2 Chemicals and Reagents

Item Supplier Catalog number

Accumax Millipore SCR006
Accutase Millipore SCR005
B-27, Vitamin A-free, 10 mL Gibco 12587-010
BDNF, human recombinant Millipore GF029
Cell dissociation buffer, 100 mL Gibco 13150-016
Cellstripper, 100 mL Cellgro 25-056-CI
CNTF, human recombinant Millipore GF109
D-MEM/F12, 500 mL Gibco 10565-018
Dispase II, 5g Roche 165859
DMSO, 100 mL Sigma-Aldrich D2650
DNase, 25 mg Worthington 2138
dPBS, w/o Ca++ Mg++ Mediatech 21-031-CM
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Item Supplier Catalog number

Epidermal growth factor (EGF), human
recombinant; (100 μg)

Invitrogen 13247-051

Fetal Bovine Serum Gibco 16140-071
Fibroblast growth factor-basic (bFGF),

human recombinant; (50 μg)
Chemicon GF003

Fibronectin, human plasma (0.1%) Sigma-Aldrich F0895
Forskolin Sigma-Aldrich F6886
GlutaMAX Gibco 35050-061
Heparin Sigma-Aldrich H-3149
IGF-I Sigma-Aldrich I3769
Insulin Sigma-Aldrich 91077C
Laminin, murine Sigma-Aldrich L2020
Laminin, human Sigma-Aldrich L6274
Leukemia inhibitory factor (LIF), human

recombinant; (10 μg)
Millipore LIF1010

Matrigel (growth factor reduced) BD Bioscience 354230
N2 supplement Gibco 17502-048
Neurobasal, 500 mL Gibco 21103-049
Normocin Invivogen ANT-NR-1
Papain, 100 mg Worthington 3126
PDGF-AA Sigma-Aldrich P3076
Poly-d-lysine Sigma-Aldrich P6407
Poly-l-ornithine Sigma-Aldrich P4957
Retinoic acid Sigma-Aldrich R2625
3,3’,5-Triiodo-l-thryonine sodium salt

(T3 Thyroid hormone)
Sigma-Aldrich T5516

TrypLE Invitrogen 12605-036
Valproic acid Sigma-Aldrich P4543

1.7.3 Media

Medium name Item Concentration Amount in 50 mL

NB-B27 growth Neurobasal 97% 48.4 mL
medium B-27 w/o Vitamin A 2% 1 mL

GlutaMAX 1% 0.5 mL
Normocin (optional) 0.2% 0.1 mL
Heparin 8 μg/mL 400 μg
LIF (added after filtering) 10 ng/mL 500 ng

Freeze medium NB-B27 growth medium 40% 20 mL
Fetal Bovine Serum 50% 25 mL
DMSO 10% 5 mL

Thaw medium NB-B27 growth medium 50% 25 mL
Conditioned medium 50% 25 mL

1.7.4 Preparation Notes

Media: Media and components should always be stored at 4◦C and away from
light until time of use. The formulations above are to be made as needed from
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stock solutions. Due to the high molecular weight of LIF, it must be added
to NB-B27 growth medium after filtering. We have found 50 mL to be a
convenient working volume. Substitute any omitted Normocin volumes with
Neurobasal. To aliquot stocks, thaw B-27 Supplement, Glutamax, Normocin,
and FBS at 4◦C overnight, aliquot 1 mL, 0.5 mL, 100 μl, and 25 mL volumes
respectively, and store at −20◦C till use. Slow thaw aliquots overnight at 4◦C
on the night before use.

Leukemia Inhibitory Factor (LIF): Human recombinant. The working concentra-
tion for LIF is (10 ng/mL); as packaged it is in solution at 1000X the working
concentration. We recommend generating 500 μL aliquots in sterile cryovial
tubes, remembering to spray the stock container with 70% Et-OH before
drawing with a sterile insulin syringe. Store at 4◦C.

Basic Fibroblast Growth Factor (bFGF): Human recombinant. The working con-
centration for bFGF is (20 ng/mL). Prior to opening the stock container,
briefly centrifuge lyophilized bFGF to pool any residual powder sticking
to the walls and spray with 70% Et-OH. Sterile filter dPBS (+ 0.1% BSA
as a carrier protein optional) through a 0.2 μm filter and reconstitute the
lyophilized powder to (40 μg/mL) (2000X) and store 100 μl aliquots at
−20◦C for up to 6 months. Do not repeat freeze-thaw cycles. Stable at 4◦C
from thaw for 1–2 weeks.

Epidermal Growth Factor (EGF): Human recombinant. The working concentra-
tion for EGF is (20 ng/mL). Briefly, follow directions above for bFGF. Make
(500X) stock solution in dPBS (+ 0.1% BSA optional) and store 100 μl
aliquots at −20◦C. Do not repeat freeze-thaw cycles. Stable at 4◦C from
thaw for 1 to 2 weeks.

Heparin: Reconstitute lyophilized powder to (50 mg/mL) in sterile water and filter
through a 0.2 μm filter before using. The working concentration in medium
is (8 μg/mL). Store at 4◦C for up to 2 years. Do not freeze.

Accutase: Slow thaw stock bottle at 4◦C or on wet ice. Aliquot 2–5 mL aliquots in
sterile conical tubes and store at −20◦C. Thaw aliquot overnight at 4◦C then
place in 37◦C water bath for 5 min before use.

1.7.5 Normal Plating Volumes

Dish Area (cm2/well) Normal plating volume

20 mm 3 1 mL
25 mm 8 2.5 mL
60 mm 25 8 mL
100 mm 78.5 18 mL

Plate
6 well 9.6 3.5 mL
12 well 3.8 2 mL
24 well 2 1 mL
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Dish Area (cm2/well) Normal plating volume

48 well 0.75 500 μL
96 well 0.32 250 μL

Slide
1 well 9.4 3 mL
2 well 4.2 2 mL
4 well 1.8 1 mL
8 well 0.8 250 μL

Flask
T-25 25 8 mL
T-75 75 16 ml
T-225 225 40 mL

1.8 Introduction to the Tissue Culture (TC) Hood

The tissue culture (TC) hood serves as a sterile environment that protects both the
cultures from contamination and the lab worker from harm or infection from chem-
icals, reagents, or biological material. In the pursuit of this goal, all tasks to be
performed in the hood should be carefully planned with regards to the equipment,
chemicals, and reagents needed. The first step in reducing the risk of contamination
comes with foresight and deliberate action.

1.8.1 Preparation of the Tissue Culture (TC) Hood

Before undertaking any culture work, it is important to prepare the tissue culture
hood so that it may be both sterile and clean, reducing the risk of contamination.
The following steps are to be executed with standard personal protection equip-
ment (including a lab coat, gloves, and goggles). Turn the UV light on for 12 h
(turning it off prior to beginning work), open the hood, and turn the vent on. Just
outside of the hood, soak one large Kimwipe by spraying it multiple times with a
70% ethanol solution. Starting from the back, wipe all surfaces of the tissue culture
hood with the ethanol soaked Kimwipe (use new wipes as necessary). With a new
ethanol soaked Kimwipe, wipe down all instruments that are in the tissue culture
hood (pipettors, aspirators, etc.) (tip: micro-pipettors should be extensively wiped
due to their propensity for use at close distances to working solutions). Allow all
ethanol to evaporate and the ventilation system to run for 15 min before introducing
any new materials into the tissue culture hood (tip: It is important to both start in the
back and avoid reaching too far with your body to reduce the chance of introducing
contaminants into the hood).

1.8.2 Notes on Sterility and Methods of Sterilization

The sterility of the tissue culture hood is an important aspect when undertaking any
culture work. The goal should be to maintain a level of sterility through careful work
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habits, cleanliness, and appropriate knowledge on how to counteract the introduc-
tion of possible contaminants to the TC hood. Below is a brief listing of the three
most common methods to maintain sterility in the tissue culture hood. Refer to your
facility’s safety department for specific instructions.

1. Liquid bleach (sodium hypochlorite solution): Used at a concentration of 10%
liquid bleach is one of the most powerful sterilization agents used. After soaking
the area with 10% liquid bleach, it must be left for 20 min before rinsing with
water. Although 10% bleach has the advantage of killing a broad spectrum of
microorganisms, it is also corrosive to metal and fairly toxic. Generally, it is
only used when contamination is suspected.

2. Ethanol: A 70% ethanol solution is the most commonly used cleansing and steril-
ization agent in the tissue culture hood. Although its rapid evaporation eliminates
the need for rinsing, it also reduces contact time and therefore sterilizing abil-
ity. Additionally, ethanol is flammable and has no effectiveness against bacterial
spores.

3. Ultra-violet light: Most tissue culture hoods are equipped with ultra-violet lights
to be turned on when the hood is not being used. Although ultra-violet light has
been shown to be an effective sterilizing tool, it has no effect on microorganisms
that are sheltered from light by dust particles or instruments. Therefore, the use
of ultra-violet light should not be fully relied on to ensure sterility.
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Abbreviations

BFGF Basic Fibroblast Growth Factor
BLBP Brain Lipid Binding Protein
BMP Bone Morphogenic Protein
CDB Cell Dissociation Buffer
CM Conditioned Medium
CRL Crown Rump Length
DCX Doublecortin
ECM Extracellular Matrix
EGF Epidermal Growth Factor
FBS Fetal Bovine Serum
GF Growth Factor
GFAP Glial Fibrillar Acidic Protein
iPS Induced Pluripotent Stem (Cell)
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LIF Leukemia Inhibitory Factor
MAPK Mitogen-Activated-Protein-Kinase
NPC Neural Precursor Cell
NSC Neural Stem Cell
PPD Papain-Protease-DNase I
PSA-NCAM Polysialylated Neural Cell Adhesion Molecule
RA Retinoic Acid
RG Radial Glia
SVZ Subventricular Zone
TUJ1 Beta-3-Tubulin
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Chapter 2
Multipotent Stromal Cells (hMSCs)

Margaret Wolfe, Alan Tucker, Roxanne L. Reger and Darwin J. Prockop

Abstract The existence of the non-hematopoietic stem/progenitor cells from bone
marrow known as mesenchymal stem cells, marrow stromal cells, or multipotent
mesenchymal stromal cells (MSCs), was first suggested over a hundred years ago.
Definitive evidence that bone marrow contains cells that can differentiate into
fibroblasts as well as other mesenchymal cells has been available since the mid-
1970s. Over the last three decades, a great deal of research has been conducted
on MSCs in laboratories worldwide. It has been found that these cells are easily
isolated from small volumes of bone marrow, can be expanded to large numbers
in a relatively short period of time with basic tissue culture techniques and can
undergo differentiation into several different tissue types. In addition, it has been
shown that MSCs are a part of the body’s natural repair mechanism and, thus, there
has been great interest in using MSCs for treatment of various diseases and injuries,
such as diabetes, chronic heart failure, Parkinson’s disease, Alzheimer’s disease,
and spinal cord injury, to name just a few. Although the knowledge of these cells
has grown exponentially and interest in MSCs has increased proportionally, each
lab has developed their own protocols and methods of isolation, culture and char-
acterization, thus, making it difficult to compare the results from experiments with
MSCs from different labs. In spite of the ease with which these cells are isolated
and cultured, there are some important criteria for the culture of these cells which
must be observed in order to produce MSCs which have the capability to expand,
multidifferentiate, form colonies and also to perform well when used for in vitro
and in vivo studies and in clinical therapies. This chapter will cover human MSC
isolation, expansion, characterization and potential therapeutic uses.

2.1 Introduction

The existence of stem/progenitor cells from bone marrow known as mesenchy-
mal stem cells, marrow stromal cells, or multipotent mesenchymal stromal stem/
progenitor cells (MSCs) was first suspected in 1867 when Cohnheim, a German
pathologist, studied inflammation and wound repair by injecting an insoluble analine
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dye into the veins of animals and then looking for the appearance of dye-containing
cells in wounds he created at a distal site [1]. He concluded that most, if not all, of the
cells appearing in the wounds came from the bloodstream, and, by implication, from
bone marrow. The stained cells included not only inflammatory cells, but also cells
that had a fibroblast-like morphology and were associated with thin fibrils. There-
fore, Cohnheim’s work raised the possibility that bone marrow may be the source
of fibroblasts that deposit collagen fibers as part of the normal process of wound
repair. Although Cohnheim’s thesis was initially controversial, definitive evidence
that bone marrow contains cells that can differentiate into fibroblasts, as well as
other mesenchymal cells, has been available since the pioneering work of Alexander
Friedenstein, beginning in the mid-1970s [2]. Friedenstein placed samples of whole
bone marrow in plastic culture dishes, and, after several hours, poured off the cells
that did not adhere to the plastic. In essence, he discarded most of the hematopoietic
stem cells (HSCs) and their hematopoietic progeny that are important in the field
of bone marrow transplantation. He reported that the small number of adherent
cells were heterogeneous in appearance, but the most tightly adherent cells were
spindle-shaped and formed foci of two to four cells. The cells in the foci remained
dormant for 2–4 days and then began to multiply rapidly. After passage several times
in culture, the adherent cells became more uniformly spindle-shaped in appearance.
The most striking feature of the cells, however, was that they had the ability to
differentiate into colonies that resembled small deposits of bone or cartilage. These
cells were initially referred to as colony forming unit fibroblasts (CFU-F).

Originally, MSCs were primarily identified by their ability to: (1) adhere to tissue
culture plasticware; (2) form colonies; and (3) differentiate into several different
tissue types, such as adipocytes, osteoblasts, chondrocytes and rarely into other cell
types [3–8]. Also, although there is no single cell surface epitope that can specifi-
cally identify MSCs, there is a pattern of markers that can help distinguish MSCs
from other bone marrow cell populations, such as hematopoietic stem cells. Over the
years since their initial discovery, many research laboratories have studied MSCs.
However, each lab has developed their own protocols for isolation, expansion in
culture, and characterization, making it difficult to compare experimental results
among laboratories, leading to confusion in the field. The need for standardization
of terminology and defining attributes, including surface epitopes and differentia-
tion capacity, of MSCs has become quite clear in recent years and has led to the
publication by the International Society for Cell Therapy of two position papers:
“Clarification of the nomenclature for MSC: The International Society for Cellu-
lar Therapy position statement” [9] and “Minimal criteria for defining multipotent
mesenchymal stromal cells. The International Society for Cellular Therapy position
statement.” [10]. The nomenclature position statement recommended the term “mul-
tipotent mesenchymal stromal cells” in order to move away from the term “stem”
cell. The main criteria that have been established in order for stem/progenitor cells
from bone marrow to be classified as MSCs are the following: (1) must be plastic-
adherent when maintained in standard culture conditions; (2) must express CD105,
CD73 and CD90; (3) must lack expression of CD45, CD34, CD14 or CD11b,
CD79a or CD19 and HLA-DR, a HLA Class II antigen; and (4) must differentiate
into osteoblasts, adipocytes and chondroblasts in vitro.
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MSCs have become a focus of interest for use in clinical therapies for various
diseases and injuries. They are considered good candidates for clinical treatments
because: (1) they are easily obtained and isolated from bone marrow aspirates, either
from the patient for autologous use or from normal donors for allogeneic use; (2)
they are easily grown and expanded under normal culture conditions; (3) they can be
genetically altered ex vivo to provide therapeutic proteins or correct genetic defects
[11, 12]; (4) they are non-tumorigenic when grown under normal, unstressed culture
conditions [13]; (5) they are part of the body’s natural repair mechanism and thus
home to damaged tissues to achieve repair [14–16]. Although, the exact mechanism
of their repair ability is not clear, it appears they can accomplish this by several
different means. These include: (1) secretion of cytokines to enhance repair [17–19];
(2) modulation of immune [20–23] and inflammatory responses [24, 25]; (3) stim-
ulation of the proliferation of tissue endogenous stem cells [26, 27]; and (4) rescue
of damaged cells, by fusion or possibly mitochondrial transfer [28, 29]. Although
it is tempting to believe that because MSCs have the ability to differentiate into
several different tissues types, engraftment and subsequent differentiation into tissue
specific phenotypes may be a mode of rescue and repair in vivo, functional improve-
ments do not correlate with transplanted MSC engraftment and differentiation in
most animal models of disease [30–32].

Our laboratory has developed standardized protocols that can generate 120–
200 × 106 MSCs in multilevel cell culture chambers (CCC) within approximately
2 weeks from just 1–4 ml of bone marrow aspirate. We have established proce-
dures for CFU and multidifferentiation capabilities and have also developed panels
of flow cytometry antibodies to determine surface cell markers. Also, through a
National Institutes of Health/National Center for Research Resources grant (Grant
# P40RR017447), we have created a center for distribution of frozen vials of stan-
dardized early passage MSCs to researchers worldwide. In addition to distributing
the cells, we also provide detailed protocols and Product Specification Sheets with
characterization data to the requesting scientists. This resource allows researchers
from many different laboratories to study MSCs that are prepared the same way
and, thus, makes data, results, and conclusions easier to compare. The protocols for
MSC isolation and expansion [33], freezing and recovery [34], colony forming unit
(CFU) assay [35], osteogenic, adipogenic and chondrogenic differentiation [36],
and surface epitope analysis by flow cytometry [36], are presented here with slight
modifications from previous publications [33–36].

2.2 Bone Marrow Procurement and Processing

2.2.1 Biohazard Safety and Universal Precautions

Although all donors are pre-screened for infectious diseases (ID) before aspirates
are taken, there is always a possibility that: (1) an ID is either present in early stage
and does not yet show up as positive on the screen or (2) it is an ID for which there
are no tests available. Therefore, researchers should acquaint themselves with the
FDA Code of Federal Regulation 29 CFR, Subsection 1910.1030 (US Department
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of Labor, Occupational Health and Safety Administration, Bloodborne Pathogens).
It is imperative to follow universal precautions whenever dealing with human sam-
ples, whether the samples are body fluids, cells or tissues. This includes gloves,
preferably double gloves, disposable lab gowns, face shields or safety glasses and
face mask. Also, there should be no eating, drinking or mouth pipetting in labora-
tories where processing of samples of human origin is performed. Samples should
be processed aseptically in a Class II biosafety cabinet (BSC). Careful and regular
cleaning with appropriate disinfecting agents should be done on all equipment used
in the processing of human samples.

2.2.2 Bone Marrow Aspiration Procedure

Bone marrow aspirates are obtained from normal healthy male and female volunteer
donors with informed consent under a protocol approved by the Institutional Review
Board. All donors are screened using a basic panel for IDs before bone marrow
aspirates are taken. The ID screen includes testing for presence of HIV, Hepatitis
B, Hepatitis C, Cytomegalovirus, HTLV I/II, Syphilis and Mycoplasma. Potential
donors must be negative on all tests before bone marrow aspirates are obtained. Our
donors range in age from 18 to 66 years and several have donated multiple times.
The eligibility criteria are normal body mass index (BMI), no physical disabilities
or health problems and not pregnant. There must be 8 weeks between either a pre-
vious bone marrow donation or other medical donation before another aspirate can
be taken. Labeled sterile blood drawing tubes, one per aspirate, containing hep-
arin are sterilely preloaded with 2 ml of phenol red-free Alpha Minimum Essential
Medium (α-MEM). Under local anesthesia, aspirates of 1–4 ml each of bone mar-
row are withdrawn from the right and left iliac crests, using a stylet-fixed sterile
16-gauge needle and a sterile syringe, rinsed prior to use with Heparin Sodium
(1,000 units/ml). Each bone marrow aspirate is transferred to one of the pre-labeled,
pre-filled sterile heparinized blood collection tubes. The aspirates are transported to
the laboratory on cold packs and processed. The bone marrow aspirates obtained
under these conditions can be held at 4◦C for up to 24 h.

We have found that we can obtain just as many MSCs from a small volume
(< 5 ml) of bone marrow as we can from a larger volume (≥5 ml). We compared
the yields of the primary cultures of hMSCs (passage 0; P0) obtained from small and
larger volume aspirates taken from the same donor at the same time (unpublished
data). In some instances, the cultures were discarded because of slow or no growth
in 7 days. This happened with both categories of aspirate, but of 23 small volume
aspirates, only four were discarded, whereas of 23 large volume samples, 13 were
discarded due to slow growth. The results are shown in Table 2.1.

Regardless of how discarded samples were analyzed, there is no statistical differ-
ence between small versus large volumes of aspirates. Since there is no difference in
cell yields, and because bone marrow aspiration is a rather uncomfortable procedure,
we decided to take the smaller volume (1–4 ml) of aspirate. The smaller volume
takes less time to draw and causes less discomfort for the donor.
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Table 2.1 P0 hMSCs from <5 cc and ≥ 5 cc bone marrow aspirates

Including discarded samples recorded as “0.00 × 106” P0 hMSCs:
Aspirate vol Average P0 hMSCs SD of P0 hMSCs N T value, df
<5 cc 1.28 × 106 0.797 23

0.036, 44≥ 5 cc 0.71 × 106 0.995 23

With discarded samples left out of analysis:

Aspirate vol Average P0 hMSCs SD of P0 hMSCs N T value, df
<5 cc 1.56 × 106 0.576 19

0.769, 27≥ 5 cc 1.63 × 106 0.861 10

2.2.3 Isolation and Initial Expansion of MSCs

Because of sampling variability in obtaining aspirates of bone marrow, we have
found that about two-thirds of bone marrow aspirates are adequately enriched for
stem/progenitor cells. The protocol, in brief, consists of isolating the mononuclear
cells (MNCs) on a density gradient, plating them at high density for incubation for
4–12 days, harvesting them and then re-plating them at low density for incubation
for 6–14 days. The procedures for isolation and expansion of MSCs have been
developed in the Tulane Center for Gene Therapy over the last seven years. All
procedures are carried out under sterile conditions in a Class 100 BSC following
Universal Precautions. All media should be pre-warmed to room temperature (RT)
or 37◦C before use.

Fetal Bovine Serum (FBS) is an essential ingredient of culture medium for
MSCs. FBS is lot-selected by requesting several lots of premium FBS from various
vendors. The first stage of testing involves doing low density culture of frozen vials
of P1 cells from a well-characterized MSC preparation from a single donor using
the different test lots and the current lot of FBS concurrently. We use MSCs from
a single donor preparation in order to remove differences in results due to donor
variability. After the completion of the first stage of testing, cell counts, viability,
morphology and surface epitopes by flow cytometry of the cells cultured in the
different lots are compared. Only those lots of FBS which give comparable results
to the current lot of FBS are selected for second stage of testing. We then do Colony
Forming Unit (CFU) assay, osteogenic and adipogenic differentiation using the lots
chosen from the first stage and the current lot of FBS. We then compare the second
stage of testing results and pick the FBS which gives results as good as or better
than the current lot we are using. If none are as good as the current lot, we see what
the difference(s) are and make a determination whether to purchase one of the lots
we tested or to request new lots for testing.

Preparations enriched for mononuclear cells (MNCs) are isolated by density gra-
dient centrifugation of the bone marrow aspirates. Each bone marrow aspirate is
transferred to a sterile 50 ml conical tube and then diluted to approximately 20 ml
with sterile Hank’s Balanced Salt Solution (HBSS) at RT and gently mixed by inver-
sion. In a fresh 50 ml conical tube, each of the diluted bone marrow aspirates is
overlaid onto 16.5 ml sterile Ficoll-Paque density gradient solution (at RT). Take
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care not to disturb the interface between the Ficoll and the HBSS-MNC suspension.
If the Ficoll and HBSS-cell suspension layers are admixed, the mononuclear cells
will not completely separate out during centrifugation. The samples are centrifuged
in a swinging bucket rotor at 450–480g for 30 min with the Brake set to “Off”. This
decreases the chance of the interface layer getting mixed by the braking effect. After
centrifugation, each MNC-rich “buffy coat” layer (interface between the HBSS and
Ficoll layers) is collected by using a sterile transfer pipet. Remove the cells in as
small a volume as possible. This enhances the removal of Ficoll by dilution. The
MNC-rich buffy coat is transferred to a fresh 50 ml conical tube and resuspended
in approximately 25 ml sterile HBSS (the volume ratio of diluent to sample should
be at least 3:1). Gently mix by inverting the tube 3–5 times. The MNCs are then
centrifuged, 1,000g for 10 min. Remove the supernatant by aspiration and resus-
pend the cells with 5 ml of pre-warmed Complete Culture Medium (CCM), which
consists of αMEM, 16.5% FBS, and additional glutamine, 2 mM final. Although the
αMEM that we use already contains L-glutamine, we add additional L-glutamine
because of its instability. Antibiotics (100 units/ml of penicillin; 100 μg/ml of strep-
tomycin) can be added to the medium, if desired. We do not usually add antibiotics
to our CCM because the presence of antibiotics can mask a low level contamination.
Remove an aliquot for cell count and viability for each MNC pellet.

Before performing cell count and viability, add approximately 25 ml CCM to
each 5 ml MNC suspension to give a final volume of 30 ml. Add the 30 ml of each
MNC suspension to a T-175 flask with filter cap. Incubate the cells at 37◦C with 5%
humidified CO2 for 24 h to allow the adherent cells to attach.

Cell count and viability can be done by flow cytometry using propidium iodide
(PI) and Annexin V. Using PI and Annexin V will not only give viability, but will
also indicate those cells undergoing apoptosis. We consider viable cells to be those
that are both PI and Annexin V negative. Viability of the cells can also be checked
using 0.4% Trypan Blue and a hemacytometer. To 250 μl of trypan blue, add 150 μl
HBSS and 100 μl cell suspension (dilution factor = 5). Wait 5–15 min. (If cells
are exposed to trypan blue for extended periods of time, viable cells, as well as
non-viable cells, may begin to take up the dye). Non-viable cells will stain blue and
live cells will be unstained. Count both the blue and clear cells. Count cells in at
least 5 large squares on each side of the hemacytometer and calculate number of
cells per ml using the formula:

(Total cells counted) × (Dilution factor) ×(104) = Number of cells/ml

(Number of large squares counted)

Total number of cells: (Number of cells/ml) × (Total mls of cell suspension)

Viability (%) :

(
Total viable cells (unstained)
Total cells (stained and unstained)

)
× 100

Approximately 24 h later, remove the plate or flask from the incubator and
remove the media and non-adherent cells by aspiration. If the non-adherent cells
are not removed, hematopoietic cells may become attached and contaminate the
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hMSC culture. Add 10 ml of pre-warmed 1X PBS (without Ca++ or Mg++, pH
7.4) to the culture, rock gently to cover the entire surface area, and then remove
the 1X PBS. Repeat the wash two additional times. Add 30 ml of fresh CCM to
the flask and return to the incubator. Incubate the cells at 37◦C with 5% humidified
CO2 for 5–12 days. Examine daily by phase microscopy to assess confluence and
morphology of the cells. Every third day, remove the media, rinse the cells with
10 ml of pre-warmed 1X PBS, remove the PBS, and feed with a fresh 30 ml of
CCM. Continue until the cells are between 60 and 80% confluent.

It is critical to harvest the cultures before they become confluent. We have
observed decreased growth, decreased CFU, and decreased multidifferentiation on
harvested confluent cultures. Levels of confluence can be difficult to estimate. MSCs
can tend to grow in colonies and, even though the overall culture may not be con-
fluent, the colonies can become quite dense and thus may start down the default
differentiation pathway (bone) [11, 12], grow slowly on subsequent passage, change
surface epitopes, and/or develop the flat morphology associated with older MSCs.
Thus, cultures should be harvested before the colonies become too dense. In MSC
cultures, it is often a balance between generating a large number of cells and keep-
ing the stem/progenitor aspect of the cells, which could be lost if the cells become
confluent in culture. In addition, it is shown that human MSCs cannot be passaged
indefinitely because they lose their ability to make CFUs, multidifferentiation, and
expansion.

Once the cells have reached 60–80% confluence, they should be harvested
for either freezing or for further expansion. It is recommended that the cells be
expanded for another passage to generate a large number of cells to develop a
seed bank of early passage MSCs. The cells can be expanded in flasks, dishes
or multilevel cell culture chambers (CCC), such as Nunc Cell Factories or Corn-
ing Cell Stacks. The method of expansion in flasks and CCCs will be discussed
below.

At harvest, remove the media and rinse the cells gently but quickly with 30 ml
PBS twice. Remove the PBS after each wash. Add 5 ml of pre-warmed sterile 0.25%
Trypsin-1 mM EDTA·4 Na solution to the flask. Distribute the trypsin across the
surface area of the flask and monitor the trypsinization on a microscope at room
temperature. After about 2–3 min, 80–90% of the cells will have become detached.
Gently tap the sides of the flask to dislodge any remaining attached cells, and add
10 ml CCM to the flask. Rock the flask back and forth to swirl the media around
flask, and transfer the cell suspension into a clean 50 ml conical tube. Rinse the flask
with 30 ml of CCM and combine with the cell suspension.

Centrifuge at 450–480g for 10 min at room temperature in a swinging bucket
rotor with the BRAKE ON. Remove the supernatant and resuspend the cells with
1–2 ml of PBS or HBSS. Count the cells and determine viability using a hemacy-
tometer and trypan blue or flow cytometry using Propidium Iodide (PI) and Annexin
V. These cells are considered Passage 0 (P0) MSCs, the initial isolation from the
bone marrow aspirate.

These cells can either be frozen or can be passaged immediately at low density
(60–100 viable cells/cm2) into dishes, flasks or multilevel cell culture chambers
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(CCCs) in CCM. hMSCs can usually be successfully expanded through Passage
4–5 without significant loss of stem cell phenotype.

2.3 Freezing and Recovery of MSCs

Since human MSCs are not immortal cells and can not be passaged for more than
about 6 passages, it is important to maximize the use of early passage cells by freez-
ing them down for future culture and expansion. It is a good idea to freeze down
harvested P0 and/or P1–P2 MSCs and create a cell bank of as many vials of low
passage MSCs as possible. We have kept hMSCs in vapor phase LN2 storage for
over 4 years without loss of viability and defining characteristics.

2.3.1 Freezing Harvested MSCs for Long Term Storage

Before processing cells for freezing, prepare Freezing Medium (FM) and label
appropriate number of sterile 2.0 ml cryovials. Depending on number of cells/vials
to be frozen and how many vials can be aliquoted within 15–20 min, prepare either
1X FM for just a few vials (αMEM, 30% FBS, 5% DMSO, tissue culture tested, no
additional L-glutamine) or, if freezing a large number vials of MSCs, prepare 2X
FM (αMEM, 60% FBS, 10% DMSO, no additional L-glutamine). Filter the FM in
a 0.2 μm unit that is filter-safe for DMSO.

After the cell count and viability have been determined for the harvested cells,
pellet the cells at 450–480g for 10 min. Aspirate the supernatant and gently resus-
pend the cell pellet up to a concentration of 1×106 MSCs/ml in either 1X FM (small
number of cells) or in αMEM to a concentration of 2 × 106 MSCs/ml (large number
of cells). Ensure that cells are resuspended completely before aliquoting into the
cryovials. It is also important that the cells are not left in FM at room temperature
for longer than about 20 min. DMSO can be detrimental to the cells if left in FM
longer than this (Table 2.2).

If cells are in 1X Freezing Medium, pipet 1 ml of cell suspension into each
cryovial. If a large of number of cells are to be frozen, pipet 0.5 ml 2X Freezing
Medium into each of the cryovials first, then pipet 0.5 ml of cell suspension in
αMEM into each vial. Cap vials tightly and give each vial a slight shake to mix.
The cells can be frozen using either a 5,100 1◦C Freezing Container (“Mr. Frosty”;

Table 2.2 Scheme for freezing vials of MSCs

Time to aliquot cells Bring cells up in/cell conc Add to cryovials

<15–20 min 1X FM (αMEM, 30% FBS,
5% DMSO, no additional
L-glutamine)/1 × 106/ml

1 ml 1 × 106 MSCs in 1X FM

≥ 15–20 min αMEM/2 × 106/ml 0.5 ml 2X FM, 2 × 106 MSCs
in 0.5 ml αMEM
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Nalge) or in a controlled rate freezing apparatus. The 1◦C Freezing Container uses
100% isopropyl alcohol, has space for 18 vials and freezes at a rate of approximately
−1◦C/min when placed in a −80◦C freezer overnight.

Place the 1◦C Freezing Container containing the vials of MSCs in FM in a −80◦C
freezer overnight and then transfer vials to the vapor phase of a liquid nitrogen
(LN2) storage unit.

If using a controlled rate freezing apparatus, freeze using the following freezing
profile:

Step 1 Wait at 4.0◦C
Step 2 −1.0 C/m Sample Temperature to −40◦C
Step 3 −10.0 C/m Chamber Temperature to −90◦C
Step 4 End

Once the freezing process has halted, transfer the vials to the vapor phase of an
LN2 storage unit.

2.3.2 Recovery of Frozen MSCs

Before removing vials of MSCs from LN2 storage for recovery, for each vial to be
recovered, add 30 ml CCM to a 15 cm diameter plate. It is best to label each plate
with the date, sample number and “Passage # Recovery”. For instance, if recovering
P0 cells, label the plate “P0 Recovery”. To recover MSCs that have been frozen
in vials and stored in LN2, remove vial(s) from LN2 storage unit, spray well with
70% ethanol, and immediately place in a 37◦C waterbath. If the LN2 unit is some
distance away from the waterbath, transfer the vial(s) onto dry ice to transport to the
waterbath. Leave the vial(s) in the waterbath until there is just a small piece of ice
remaining in the vial. Using a 5 ml sterile pipet, immediately add the thawed cells
to the plate by dripping the cell suspension in a spiral over the surface of the dish
to evenly distribute the cells. Do not be too forceful with the pipetting in order not
to shear the cells or cause bubbles. Using the same 5 ml pipet, remove 1.0 ml of
media from the plate and add it to the vial to wash out any remaining cells and then
transfer that 1.0 ml back into the 15 cm plate.

Place the plate(s) into the incubator at 37◦C with 5% humidified CO2 at least
overnight and preferably for 24 h. At the end of the incubation time, remove CCM
with aspiration. Add 20 ml 1X PBS (without Ca++ and Mg++) to plate to wash off
any residual CCM containing FBS. (Since FBS can neutralize trypsin, it should
be removed before the addition of trypsin). Remove PBS with aspiration. Add
3 ml 0.25% Trypsin-1 mM EDTA·4 Na solution to the plate. Start monitoring cell
detachment immediately using an inverted microscope. When cells are about 90%
detached, add 5 ml CCM to inactivate the trypsin. Do not let trypsin go beyond
5 min. If cells are still not detached within 5 min, trypsin may be old or has lost
activity.
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Transfer cell-trypsin-CCM solution to a sterile 50 ml conical tube. Add 10 ml
CCM to 15 cm plate to wash off any remaining cells and transfer that to the 50 ml
conical tube containing the neutralized trypsin-cell suspension. Centrifuge at 450–
480g for 10 min.

Remove the supernatant and gently resuspend the cells with 1–2 ml of CCM.
Count the cells with a hemacytometer and trypan blue or other method, such as
Annexin V and PI using a flow cytometer.

2.4 Expansion of Harvested MSCs in Flasks or Cell Culture
Chambers (CCCs)

After harvest of either P0 MSCs (initial isolation), early passage (P1 or P2) low
density MSCs cultures or the recovery plate of early passage MSCs from frozen
vials, the cells can then be expanded to fairly large numbers in flasks, plates or
multilevel cell culture chambers (CCCs). This can be done by plating many tissue
culture flasks or plates at low density (60–100 cells/cm2).

The procedure for expansion in plates or flasks is similar to the isolation culture
to obtain hMSCs. However, instead of starting with the MNC fraction from Ficoll,
harvested cultured or recovered cells are plated at low density in flasks or dishes.

2.4.1 Low Density (LD) Expansion of hMSCs in Plates
or Flasks

To expand the cells by plating at an initial density of about 60–100 cells/cm2 in
a 15 cm dish or T175 flask, dilute 0.1 ml of harvested cell suspension to a con-
centration of about 10,000 viable cells per ml. For example, if the cell count and
viability indicates concentration is 500,000 viable cells/ml, dilute 0.2 ml in 9.8 ml
of CCM = 10,000 cells/ml. Add 24 ml fresh CCM to the 15 cm dish (or 29 ml to
T175 flask), and then about 9,000 (10,500 for T175 flask) of the diluted viable cells.
For example, if the diluted sample contains 10,000 viable cells/ml, add 0.9 ml of the
cell suspension (1.05 ml for T175 flask). Every 3 days, remove spent media with
gentle aspiration and replace with fresh CCM (25 ml for 15 cm2 plate, 30 ml for
T175 flask).

Monitor cells by phase microscopy. When they have reached 60–80% conflu-
ence, usually in 7–10 days, remove medium, wash cells with 10 ml PBS twice,
aspirate and discard the PBS after each wash. Add 3–4 ml for a 15 cm2 plate, 5 ml
for a T175 plate of 0.25% trypsin/1 mM EDTA·4 Na solution that was pre-warmed
to 37◦C and incubate for 2–5 min at RT. Immediately monitor lifting of the cells
carefully by phase microscopy on an inverted microscope. Stop the incubation in
trypsin/EDTA when about 90% of the cells have been lifted. The time needed can
vary with the lot of trypsin/EDTA, so monitor detachment closely. Tap sides of
dish/flask to help loosen the cells.

Stop the incubation with trypsin/EDTA by adding 6–8 ml (10 ml for T175 flask)
CCM. Gently swirl the media around plate, aspirate detached cells and transfer them
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to a sterile 50 ml plastic conical centrifuge tube. The FBS in the CCM stops action
of trypsin. Wash the plate with 15 ml CCM (30 ml for T175 flask), aspirate and add
this wash to the tube containing the detached cells.

Centrifuge for 10 min at 450–480g at room temperature with BRAKE ON. Aspi-
rate and discard the supernatant. Add 1.0 ml CCM to cell pellet. Resuspend cells by
gently drawing cells up and down in a 5 ml pipette to disperse clumps. These cells
are then counted and viability determined. These cells can be either used for in vitro
or in vivo experiments, frozen for future use, or passaged into new plates/flasks, if
they are early passage cells (P1–P4).

2.4.2 Low Density Expansion in Multilevel
Cell Culture Chambers (CCCs)

Another way to generate large numbers of cells is to expand P0 MSCs in large cell
growth surface vessels, such as multilevel cell culture chambers (CCCs). CCCs are
used for large-scale cell culture and production of biomaterials such as vaccines,
monoclonal antibodies and interferon. CCCs provide a large amount of growth sur-
face in a small footprint with easy handling and low risk of contamination. They are
designed for static cultures and can be used for anchorage dependent cells or cell
suspensions. There are two major types of CCCs – Nunc Cell Factories (1, 2, 4, and
10 levels) and Corning CellSTACK R© (1, 2, 5 and 10 levels) CCCs with multiple
levels, assembled by sonic or electronic welding, that are treated to produce a sur-
face for enhanced cell attachment. The chambers are connected by two port tubes
for input and output of reagents, etc. The tubes have openings located in the upper
half of each chamber. By having these openings high in the chamber, they are above
media level during incubation. Turning the CCC on its side puts the Fill/Drain port
tube at the lowest point of the unit. In this position, the unit can be filled or drained.
See Fig. 2.1.

There are websites for both of these products that have a great deal of infor-
mation and instructions about the CCCs. For Nunc Cell Factories, the website
is: http://www.nuncbrand.com/en/page.aspx?ID=304. For Corning CellSTACKS R©,

Vent portFill/Drain port

Fig. 2.1 Generic diagram of a 10 level cell culture chamber (CCC)
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Table 2.3 Culture growth surface area for CCCs

Number of levels Nunc cell factory Corning CellSTACK

1 632 636
2 1,264 1,272
4 2,528 NA
5 NA 3,180
10 6,320 6,360

the website is: http://www.corning.com/lifesciences/products services/features/
cstackportal.asp

See Table 2.3 for the different culture growth areas of the Nunc and Corning
multilevel CCCs:

There are two basic methods for loading, feeding and harvesting the CCCs – an
Open System and a Closed System. Because the Closed System is more expensive
and involves specialized equipment (tube welders and sealers) and special consum-
able supplies (transfer bags, couplers, spikes, plasma transfer sets, septum caps,
welding wafers, etc.), this chapter will not cover this particular method of culture in
CCCs. The less expensive, but more hands-on method is the Open System, which
involves filling and draining the CCC using either a large sterile glass aspirator bottle
for CCCs with 10 levels or a pipet or reagent bottles for CCCs with 1–5 levels. The
large glass aspirator bottle has a bottom opening port that accepts tubing that then
connects to the CCC. In addition, we have found that we can increase the cell growth
by either pre-incubating the CCC for 48 h in the culture incubator or by actively
gassing the multilevel (4, 5, and 10) CCCs for 20 min right before they are seeded
with MSCs. See Fig. 2.2.

There are CCCs that are specially made for active gassing. This requires a vari-
able air flow pump, that can be purchased from various scientific product vendors

BA

Fig. 2.2 Yield of MSCs from CCCs under Different Aeration Conditions. (A) CCCs that were
cultured under different aeration conditions: not gassed, not pre-incubated (Non-gassed), pre-
incubated in incubator for 48 h (Pre-incubated), and gassed for 20 min at 0.5 L/min (Gassed)
and then cultured until the first CCC reached 60–80% confluence. When the first CCC was ready
for harvest, all three CCCs were washed with PBS and then stained using Crystal Violet and then
photographed. (B) Indicates cell counts from another three CCCs that were cultured with the same
cell preparation under identical conditions and at the same time as the stained CCCs
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Table 2.4 Volume of media for CCCs

Number of levels αMEM (ml) FBS (ml) 200 mM L-glutamine (ml)

1 100 20 1.2
2 200 40 2.4
4 400 80 4.8
5 500 100 6
10 1,000 200 12

or, instead, a variable flow aquarium pump can be used, that can deliver between
0.5 L and 2 L/min of air. This can be fitted with a flow meter to monitor rate of air
flow into the CCC. This section describes how to perform cell culture in multilevel
CCCs using the Open System. This is a description for 10 level CCCs, which can
be supplemented by using the instructions provided by the manufacturer, and can
be downloaded from the product website. Only minor modifications are needed to
culture in 1, 2, 4, or 5 level CCCs.

If active gassing of the CCCs is not possible, 48 h before seeding CCCs, place
them in the cell culture incubator with 0.2 μm air vent filters or vented caps on both
ports of the CCC. Before seeding a 10 level CCC, be sure 2 L glass aspirator bottle
with tubing, connector and clamp have been autoclaved and are sterile. Be sure
tubing end with connector and bottle mouth are covered with foil when autoclaving.

In order to monitor growth in a CCC with more than 1 level, an inverted phase
microscope fitted with a Super Long Working Distance Condenser (SLWDC) is
necessary. If microscope with a SLWDC is available, the growth on the bottom level
of a multilevel CCC can be monitored directly without the preparation of a control
plate or control CCC. If there is no phase microscope with a SLWDC available, a
control plate or flask must be made in order to monitor the approximate cell growth
in the CCC, using a plate or flask from the same manufacturer with the same culture
surface as the multilevel CCC. The other option, which may be preferable, is to
prepare a control single layer CCC, from the same manufacturer with the same
culture surface and plated at the same density as the multilevel CCC. This control
plate/flask or CCC is used to monitor the MSC culture microscopically to estimate
MSC growth in the CCC.

Depending on the number of levels of CCC used, determine volume of CCM and
number of cells needed for each CCC. See Tables 2.4 and 2.5. Before beginning
culture, prepare media.

Table 2.5 Number of cells needed for seeding CCCs

Nunc cell factory Corning CellSTACK

Number of levels 60 cells/cm2 100 cells/cm2 60 cells/cm2 100 cells/cm2

1 37, 920 63, 200 38, 160 63, 600
2 75, 840 126, 400 76, 320 127, 200
4 151, 680 252, 800 NA NA
5 NA NA 190, 800 318, 000
10 379, 200 632, 000 381, 600 636, 000
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Filter CCM using the appropriate size of 0.2 μm sterile filter unit. Place in 37◦C
waterbath until use. Before adding cells to CCCs, hook the variable air flow pump
to the port on the CCC using tubing fitted with an in-line 0.2 μm air-vent filter
(accessory for CCC) filter. Be sure to thoroughly wipe the CCC, the pump and the
outside of the tubing and flush the inside of the tubing with 70% alcohol before
placing them into the incubator. Place the CCC and the pump and tubing inside
the incubator and turn the pump on. Actively gas for 20 min at the appropriate rate
(0.5 L/min for 10 level Nunc Cell Factories and 0.1 L/min for 10 level Corning
CellSTACKs).

From harvested cell suspension, withdraw the necessary volume to give the
appropriate number of cells needed to seed each CCC with a pipettor (i.e. 100–
1,000 μL) at a density of 60–100 cells/cm2 culture surface area and dispense the
cells directly into bottle of pre-warmed 1.2 L CCM. If a control culture needs to be
prepared for CCC monitoring, be sure to leave enough cell suspension to prepare
cells for the control plate, flask or single level CCC. Replace cap and mix by gently
inverting, taking care to avoid bubbles.

To prepare a control plate or flask, to 10 ml (for 10 cm diameter plate, with a
culture area of approximately 55 cm2) or 15 ml (for T75 flask) CCM, add cells
from harvested cell suspension to give a seeding density of 60–100 cells/cm2 (about
3,300–5,500 cells for 10 cm plate and 4,500–7,500 cells for T75 flask) and add this
to the control plate or flask. To prepare a control single level CCC, to 100 ml CCM,
add cells from the harvested cell suspension to seed at 60–100 cells/cm2 with a
sterile pipette and carefully add to the single level CCC with a 100 ml pipette (See
Table 2.5 for number of cells needed to seed a single level CCC).

Making sure the clamp on the tubing is closed, add the CCM containing the
MSCs to the sterile glass aspirator bottle fitted with the tubing, tube connector and
clamp. Mix thoroughly by swirling, taking care to avoid bubbles.

For a complete detailed description of procedure, please refer to the manufac-
turer’s instructions for the specific CCC being utilized. In general, the procedure
is as follows: To load the CCC, attach the tubing from the aspirator bottle via the
connector to the Fill/Drain port on the left side of the CCC. Lay the CCC on its side
and place the aspirator bottle of CCM containing the cells above the CCC. Open the
clamp and let the cells drain into the CCC by gravity. Once filling is complete, rotate
the CCC so that the filling and venting ports are up (stand on its end) The medium
should be evenly dispersed throughout the CCC, but it is normal for the medium
level in the bottom chamber to be slightly higher. Remove the tubing from the Fill
port and replace with either a vented cap or a filter. Lower the CCC to horizontal
position and, if necessary, rock it gently side-to-side and back-to-front to evenly
wet all levels of the CCC. When transporting CCC, hold it slightly tilted with the
ports up.

Carefully, place the CCC (and control vessel, if applicable) into the incubator,
ensuring that the CCC is level with equal distribution of the media and that there is
clearance for the filters. Incubate the CCC(s) (and control cultures, if applicable) at
37◦C with 5% humidified CO2 for 5–14 days. Examine the CCC(s) and the control
culture, if applicable, daily by phase microscopy.
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Every third day, remove the media from CCC by draining it through the Fill/Drain
port using either the aspirator bottle with tubing and connector or by carefully
pouring the spent CCM into a large beaker. Feed the CCC with 1.2 L of fresh, pre-
warmed CCM, following CCC filling instructions mentioned above. Rotate CCC
on end with ports up (as with initial filling) and then down to horizontal position
and rock it gently side-to-side and back-to-front to evenly wash all levels of the
CCC. Feed a 10 cm diameter control plate, the T75 flask or the control CCC with
12 ml fresh CCM, 15 ml fresh CCM or 100 ml fresh CCM, respectively. Continue
incubation of CCC (and control plate/CCC) culture, feeding every third day, until
the cells are between 60 and 80% confluent.

When cells have reached 60–80% confluence, either determined directly from
examining the CCC itself or by using the “control” plate/CCC as an estimate, har-
vest the CCC (and the control plate/CCC). Be sure to have several aspirator bottles
with tubing, tubing connectors and clamps sterilized.

To harvest the CCC, drain culture media from CCC into a 2 L waste beaker. (To
harvest the control plate, remove culture media from plate by aspiration or by pipet-
ting and discarding into the 2 L waste beaker or remove culture media from CCC by
pouring off CCM into the waste beaker). Add 200 ml warmed PBS (without Ca++

and Mg++) to CCC using the sterile aspirator bottle with tubing and connector. For
the control plate, add 5 ml PBS to a 10 cm diameter dish (10 ml PBS to a T75
flask) or for control CCC, add 30 ml PBS, using a pipette. Rotate CCC to upright
position and then lower it to horizontal position and rock it gently side-to-side and
back-to-front to evenly wash all levels of the CCC.

Drain PBS from the CCC into the 2 L waste beaker. Remove PBS from control
plate using aspiration or a pipette or remove PBS from control CCC by carefully
pouring it into waste beaker.

Add 200 ml of pre-warmed 0.25% Trypsin in 1 mM EDTA to CCC using aspi-
rator bottle and tubing. For control plate, add 3 ml trypsin/EDTA to 10 cm diameter
dish (or T75 flask) or for the control CCC, add 15 ml trypsin using a pipette. Place
CCC (and control plate/CCC) in 37◦C CO2 incubator for 3–5 min. After 2–3 min,
monitor cell detachment microscopically either on the CCC itself or by using the
control plate/CCC as a monitor. When about 90% of the cells are detached, stop the
reaction.

Add 200 ml pre-warmed CCM to the CCC using the aspirator bottle and tubing.
Rotate the CCC to stand-up position and then to horizontal and rock it gently side-
to-side and back-to-front to evenly cover all levels of the CCC. For control plate,
add 6 ml pre-warmed CCM to 10 cm diameter dish (or T75 flask) or add 15 ml
CCM to control CCC.

Drain the contents of CCC (cells in CCM-neutralized trypsin) into a sterile con-
tainer with a 1 L capacity. Transfer the contents of the control plate to a 15 ml plastic
sterile conical tube or transfer contents of the control CCC to a 50 ml conical tube.

Add 200 ml CCM to CCC using aspirator bottle and tubing. Rotate the CCC to
upright and then to horizontal position and rock it gently side-to-side and back-to-
front to evenly cover all levels of the CCC. For control plate, add 3 ml CCM to a 10
cm diameter dish (or T75 flask) or add 15 ml CCM to a control CCC.
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Drain CCM into the 1 L sterile container containing the neutralized trypsin-cell
suspension. For control plate, add CCM wash to 15 ml conical tube containing har-
vested cells. For control CCC, add CCM wash to 50 ml conical tube containing
harvested cells.

For cell suspension from harvested CCC, distribute equally into four 175–200 ml
sterile plastic conical tubes. Centrifuge at 480g for 10 min at room temperature in a
swinging bucket rotor with the BRAKE ON. For control plate, centrifuge the 15 ml
conical tube containing the cell suspension with a balance tube or for control CCC,
centrifuge 50 ml conical tube containing harvested cells with a balance tube at these
parameters.

Remove and discard the supernatant and resuspend each pellet from the harvested
CCC in 5 ml of HBSS without Ca++ and Mg++. Resuspend the pellet by drawing
the cell suspension gently into and out of the pipet 10–15 times. Repeat for the
remaining tubes. For control plate, remove supernatant from 15 ml conical tube or
for control CCC, remove supernatant from 50 ml conical tube. Add 1 ml HBSS and
resuspend cell pellet by gently pipetting.

Combine the contents of the four 200 ml tubes into one. Rinse each tube with
25 ml of HBSS and combine with the cell suspension.

Centrifuge (with a balance tube) at 480g for 10 min at room temperature in a
swinging bucket rotor with the BRAKE ON.

If a centrifuge with carriers that can hold the 200 ml tubes is not available, an
alternative method is to distribute the cell suspension over 50 ml conical tubes.

a. Pipet 50 ml aliquots of mixed cell suspension into twelve (12) 50 ml conical
centrifuge tubes.

d. Centrifuge (Brake ON) at 480g, RT for 10 min.
c. Aspirate supernatant. Add 1 ml HBBS to each tube and resuspend cells. Combine

all cell suspensions into one 50 ml conical tube.
d. Wash each tube with 2 ml HBBS and add the washes to the 50 ml conical tube

containing the cells.
e. Centrifuge (with balance tube) at 480g, RT for 10 min with Brake ON.

Remove the supernatant. Resuspend the cells in a small volume (typically
2–5 ml) of CCM (if continuing to expand) or HBSS. Count the cells with a he-
macytometer and Trypan Blue or other method as described above in Section 2.2.3.
If the CCCs were seeded using P0 MSCs, then, on harvest, these are considered P1
MSCs. If CCCs were seeded using recovered (P#) MSCs, then, on harvest, the cells
are considered (P#+1) MSCs. For example, if P1 cells were recovered and used to
seed CCCs, on harvest from the CCCs, the cells would be considered P2 cells.

At this point the cells can be: (1) used for experimental purposes, (2) further
expanded at a seeding density of 60–100 viable cells/cm2, or (3) cryopreserved as
described above in Section 2.3.1.

Assess hMSC characteristics and quality by: Colony Forming Units (CFU), FACs
analysis of selected cell surface markers, and the ability of hMSCs to differentiate
to osteoblasts, adipocytes, and chondroblasts in vitro.
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2.5 Characterization of MSCs – Colony Forming Unit Assay
and Differentiation

Two of the main hallmarks of MSCs are their ability to form colonies from a
single cell [35] and to differentiate into multiple cell lineages, such as osteocytes
[37–39], adipocytes [37, 40, 41], and chondrocytes [37, 42]. When cultured under
defined conditions, the cells can be induced to differentiate into numerous other
cell types. However, if hMSCs cultures are allowed to become over-confluent in
CCM, some of the cells will progress down their default pathway and exhibit
characteristics of osteocytes or adipocytes, as evidenced by production of min-
eral or presence of lipid containing vacuoles, respectively. The protocols given
here are for the colony forming unit (CFU) assay and the basic differentiation
procedures for inducing osteogenesis, adipogenesis and chondrogenesis in cultures
of hMSCs.

2.5.1 Colony Forming Unit (CFU) Assay Procedure

Harvest low density culture plates when cells are between 60 and 80% confluent.
Determine cell count and viability using a hemacytometer and trypan blue or using
a flow cytometer with Annexin V and PI staining of the cell suspension.

Serially dilute the cell suspension to obtain 100 viable cells in about 500 μl. Add
12 ml of sterile CCM to each of three 10 cm diameter dishes (about 60 cm2 culture
area). Add the 100 viable cells to each dish by dripping the cell suspension in a
spiral over the surface of the dish to evenly distribute the cells. Place the cells in a
37◦C incubator with humidified 5% CO2 for 14 days without feeding. After 14 days,
remove the media, wash the cells with 10 ml 1X PBS and discard the PBS. Add
5 ml 3.0% Crystal Violet in 100% methanol to each dish. Swirl the solution around
to cover bottom of dish. Incubate for 5–10 min at room temperature. Gently flush
the dish with tap water until background is clear. Examine dish under an inverted
microscope to verify cell staining and, using the naked eye, count the number of
colonies that are 2 mm or larger in diameter in each dish. Calculate % CFU for
each plate:

Total Number of Colonies (> 2 mm) Counted

Total cells plated (100 in this case)
×100 for each dish = % CFU

To determine “average % CFU” for the preparation, add up the % CFU for each
of the three dishes and divide by 3.

The % CFU is an important characteristic of these cells and should be recorded
at each cell passage. The % CFUs for early passage hMSCs expanded at low density
should be greater than 40%. However, the number of CFUs decreases as the cultures
expand from low density cultures enriched for RS-MSCs to high density cultures
enriched for SR-MSCs [43]. Plating only 100 cells per dish in this assay provides
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enough cells for analysis and increases the probability that the colonies formed are
derived from single cells.

2.5.2 Adipogenesis and Osteogenesis Differentiation Procedure

We perform osteogenic and adipogenic differentiation assays in 6 well tissue cul-
ture plates. The 6 well plates allow for 2 wells each for control, osteogenic and
adipogenic cultures. See Fig. 2.3 for layout of plate.

Label the plates with sample number, passage, date and any other pertinent
information. Add 2 ml CCM to each well. Add 100,000 cells in a volume of approxi-
mately 100–200 μl (∼10,000 cells/cm2). If you have an insufficient number of cells,
a lower density can be substituted as long as each well receives the same number of
cells. Incubate cells in humidified incubator at 37◦C with 5% CO2. Every 3–4 days
before the cells reach 100% confluency, aspirate media from each well, rinse with
2 ml of PBS, and add 2 ml of fresh CCM. Return to incubator. After the cells have
reached between 70 and 80% confluency in 2–8 days, aspirate media from each well
and rinse each well with 2 ml of PBS. Do not change to differentiation media before
cells have reached 70% confluence or they will not differentiate and do not let the
cultures attain greater than 85% confluency.

Add 2 ml CCM to the 2 control wells for no differentiation. To the 2 osteogenic
differentiation wells, add 2 ml Osteogenic Differentiation Media (ODM), which

Fig. 2.3 Suggested Layout of 6 well plate for differentiation of MSCs. After MSCs become 60
and 80% confluent in CCM, induce differentiation with specific media. The first column of wells
(1 and 4) gets MSCs + ODM (bone medium), second column of wells (2 and 5) get MSCs plus
ADM (fat medium) and the third column of wells (3 and 6) gets MSCs plus CCM (control). The
first row of wells (1, 2 and 3) gets rinsed with DI water, and then stained with Alizarin Red S. The
second row of wells (4, 5 and 6) gets rinsed with PBS and then stained with Oil Red O. Alizarin
Red staining for osteogenesis should be strong in Well 1 and absent to light in wells 2 and 3. Oil
Red O staining for adipogenesis should be strong in Well 5 and absent to light in the wells 4 and
6. This arrangement allows for controls of media and staining specificity [36]
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consists of 192 ml CCM with 10 nM dexamethasone, water soluble (200 μl of
1:100 dilution of 1 mM stock solution in DI water); 20 mM β-glycerolphosphate
(8 ml of 0.5 M stock in CCM); 50 μM L-ascorbic acid 2-phosphate (200 μl of
50 mM stock solution in DI water) to the 2 wells for osteogenic differentiation.
To the 2 adipogenic differentiation wells, add 2 ml Adipogenic Differentiation
Media (ADM) which consists of 200 ml CCM; 0.5 μM dexamethasone (100 μl of
1 mM stock in DI water); 0.5 μM isobutylmethylxanthine (20 μl of 5 mM stock
in methanol); 50 μM Indomethacin (333 μl of 30 mM stock in methanol) to the
2 wells for adipogenic differentiation. All media should be filtered through a 0.2 μm
sterile filter unit and stored at 4◦C for the duration of the differentiation culture
period.

Continue to incubate cells in humidified incubator at 37◦C with 5% CO2. Every
3–4 days, for up to 21 days, wash each well gently with 2 ml PBS and replace
the appropriate differentiation or control media. Monitor progress of differentiation
using the inverted phase microscope. As the osteogenic cultures start to produce
mineral, the cultures will appear cloudy or contaminated. It is just the presence
of the externalized mineral that gives it that appearance. The mineral can be ver-
ified by focusing on the floating material in culture with the microscope on 20X
power. If there is no Brownian movement noted, then this is probably not bacterial
contamination.

2.5.3 Staining Osteogenic and Adipogenic
Differentiation Plates

At the end of 21 days, or when definitive mineralization and fat deposition is evident,
the wells should be stained with Alizarin Red S to visualize bone/mineral and Oil
Red O to visualize fat. Alizarin Red S (1% solution) consists of 1 g Alizarin Red S
(Sigma) in 100 ml DI water. Adjust pH of solution to 4.1–4.3 using 0.1% ammonium
hydroxide. Filter stain through sterile filter unit and store tightly capped at room
temperature (RT) protected from light for up to 3 months. Oil Red O working stain
is made from a 0.5% stock solution which is 2.5 g Oil Red O (Sigma) in 500 ml iso-
propyl alcohol. Dissolve completely. Store in a tightly capped bottle at RT protected
from light for up to 3 months. Oil Red-O Working Stain should be made fresh for
each use. The Oil Red O working stain is three parts 0.5% Oil-Red-O Stock and two
parts PBS. Mix and wait 10 min. Filter stain through sterile filter unit. Wait 10 min
before use. Discard any unused stain.

Aspirate media and rinse each well with 2 ml PBS. Add 2 ml of neutral buffered
formalin (NBF) to each well and incubate for 1 h at room temperature. Aspirate
NBF from each well and discard. Rinse one control, bone and fat well (top row)
to be stained with Alizarin Red S with 2 ml of DI water and aspirate. Rinse one
control, bone and fat well (bottom row) to be stained with Oil Red O with 2 ml of
PBS and aspirate.

Add 2 ml of Alizarin Red S to each the 3 wells across one row: 1 non-
differentiated well (negative control), 1 fat well (specificity control) and 1 bone
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A B

Fig. 2.4 Microscopy of Unstained Bone and Fat Differentiation Cultures. (A) Mineral deposition
in MSCs in culture in osteogenic medium as seen under phase contrast. Dark areas indicate mineral
that has been manufactured by the cells. Mag: 10X. (B) Evidence of fat formation in MSCs cultured
in adipogenic medium as seen under phase contrast. Bright round circles are fat globules within
the cell. Mag: 10X [36]

differentiated well for actual sample. Add 2 ml of Oil-Red-O to each of the 3 wells
across one row: 1 non-differentiated well (negative control), 1 bone differentiated
well (specificity control) and 1 fat well for actual sample. Incubate for 20 min at
room temperature and then aspirate.

Rinse the wells stained with Alizarin Red S with 2 ml of DI water and aspirate.
Repeat two times or until background is clear. Rinse the wells stained with Oil Red
O with 2 ml of PBS and aspirate. Repeat two times or until background is clear. Add
a final 2 ml of DI water to the Alizarin Red S stained wells (Wells 1–3). Add a final
2 ml of PBS to the Oil Red O stained wells (Wells 4–6).

Examine plate under inverted microscope for evidence of fat and/or bone differ-
entiation. Negative control wells should not stain at all. Also, fat differentiated cells
should not stain with Alizarin Red S and bone differentiated cells should not stain
with Oil Red O. See Figs. 2.4 and 2.5 for illustration of osteogenic and adipogenic
cultures, unstained and stained.

A B C

Fig. 2.5 Microscopy of Stained Bone, Fat and Cartilage Differentiation Cultures. (A) Mineral
deposition by MSCs cultured in osteogenic medium indicating early stages of bone formation.
Stained with Alizarin Red S. Mag: 20X. (B) Fat globules seen in MSC culture grown in adipogenic
medium indicating differentiation into adipocytes. Stained with Oil Red O. Mag: 20X. (C) MSC
micromass pellet, grown in chondrogenic medium and stained with Toluidine Blue Na Borate.
Mag: 10X [36]
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2.5.4 Chondrogenesis Differentiation

MSCs can be induced to differentiate into chondrocytes by utilizing micromass cul-
tures [44]. There are two media needed: Chondrogenic Media without Cytokines
(CMwoC) and Chondrogenesis Media with Cytokines (CMwC). CMwoC consists
of 500 ml bottle of high-glucose DMEM (GIBCO) supplemented with: 50 μg/ml
L-ascorbic-2-phosphate (Sigma; 500 μl of 50 mg/ml stock in DI water); 40 μg/ml L-
proline (Sigma; 500 μl of 40 mg/ml stock in DI water); 100 μg/ml sodium pyruvate
(Sigma; 500 μl of 100 mg/ml stock in DI water); 5 ml ITS+ Culture Supplement
(B&D Biosciences) which consists of 6.25 μg/ml insulin, 6.25 μg/ml transferrin,
6.25 ng/ml selenious acid, 1.25 mg/ml bovine serum albumin, 5.35 mg/ml linoleic
acid. CMwoC can be stored for the duration of the chondrogenic culture at 2–8◦C.

CMwC is made using the needed volume of CMwoC supplemented with 10
ng/ml rhTGF-β3 (R&D Systems; from 10 μg/ml stock in 4 mM HCl); 10−7 M dex-
amethasone (Sigma; from 1 mM stock in DI water); 500 ng/ml BMP-2 (rhBMP-2,
CHO-derived, R&D Systems) OR BMP-6 (rhBMP-6, CHO-derived R&D Systems)
from 10 μg/ml stock in PBS.

Before harvesting the cells, place a clean, autoclaved test tube rack that is suffi-
ciently large to hold all of the 15 ml conical tubes for chondrogenesis cultures and to
allow an empty space on all four sides of each tube into the incubator. Never remove
the rack from the incubator during the course of the assay. Use another clean rack
to transport the tubes between the incubator and hood.

To begin chondrogenesis cultures, harvest low density MSC cultures when 70–
80% confluent. Cells which are lifted during early to mid-log of growth or those that
have reached 100% confluence will not differentiate as well, if at all.

Wash harvested MSCs in 10 ml PBS (centrifuge at 450–480g for 10 min at RT)
and resuspend the cell pellet in 1.0 ml CMwC. Do cell count and viability. Adjust
to a concentration to 400 viable cells/μl with CMwC. For example, if cell count of
1 ml of cell suspension gives 1,000,000 cells/ml, add 1.5 ml CMwC to give 2.5 ml
of 400 cells/μl. Thus, 500 μl should contain 200,000 cells.

Transfer approximately 200,000 MSCs in 500 μl CMwC into a 15 ml conical
polypropylene tube. Screw caps on tightly while in hood (sterility is of the utmost
importance as no antibiotics are added to the media). Centrifuge the 15 ml conical
tube at 450g for 10 min. DO NOT resuspend the pellet and DO NOT aspirate the
medium.

Place the conical tubes into the cell culture incubator, which is humidified at
37◦C with 5% CO2. Loosen the caps on the tubes so that they are simply placed on
the top of the tubes, without screwing on, allowing for full air exchange. Be sure to
screw the caps on tightly before removing the conicals from the incubator.

Change media every 3–4 days by using a P-1000 pipette to remove the old media
and add fresh CMwC, paying close attention to detach pellet from plastic with each
media change. Take care not to aspirate the pellet when removing old medium.
Pellets should be visible within 24 h.

At 21 days, chondrocyte pellet should be 2–4 mm in diameter with BMP-2 or
1–2 mm with BMP-6. The chondrocyte pellet may be fixed with NBF, embedded in
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paraffin, cut into 5 μm sections onto slides, and stained with 1% toluidine blue/1%
sodium borate.

2.5.5 Preparing and Staining Paraffin Sections
of Chondrogenesis Pellets

Deparaffinize the pellet in Clear-rite 4 times for 5 min each at RT. Hydrate in
descending grades of alcohol from 100, 95%, dH2O, 2 × 1 min each at RT. Incubate
slides in 1% Toluidine Blue/1% Na Borate solution for 5 min at RT [Working: 1 g
of Toluidine Blue (Richard-Allan Scientific); 1 g of Sodium (Na) borate (Sigma);
100 ml distilled H2O (dH2O). First, make 1% Na Borate solution (1 g/100 ml dH2O).
Dissolve completely until water is clear. Once clear, add 1 g Toluidine Blue, dissolve
completely. Pre-filter using Whatman #1 filter paper and then filter using sterile
filter unit. Store tightly capped in an amber bottle for up to 1 month at RT]. Rinse
the slides in several changes of tap water, until water becomes clear. Rinse slides in
dH2O for 1 min at RT. Dehydrate sections in ascending grades of alcohol from 95
to 100%, 2 times for 1 min each at RT. Clear in four changes of Clear-rite, 1 min
each, at RT. Coverslip in Permount mounting media. Examine by microscopy. To
assess chondrogenesis staining, purple color indicates the presence of proteoglycans
(cartilage) and the blue color indicates negative for proteoglycans. See Fig. 2.5C for
stained chondrogenesis pellet.

2.6 hMSC Surface Epitope Analysis by Flow Cytometry

Although there is still no single specific antigen that will define hMSCs, a com-
bination of surface epitopes can help define MSCs and distinguish them from
hematopoietic stem cells. The “Minimum Criteria for Multipotent Mesenchymal
Stromal Cells” position paper published in Cytotherapy in 2006 by the ISCT listed
the following criteria for surface markers in order for cells to be classified as
“MSCs”: Greater than 95% of the MSC population must express CD105, CD73 and
CD90, as measured by flow cytometry. Additionally, these cells must lack expres-
sion (<2% positive) of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA
DR, an HLA Class II antigen.

The utility of flow cytometric analysis of hMSCs for surface proteins lies in
determining the type of cells obtained and establishing continuity of results among
cell preparations and over time in culture. Due to the large number of antibodies
needed to evaluate hMSCs, a very large number of cells is needed to complete the
procedure. This problem can be alleviated in part using a panel of antibodies in each
analysis thus reducing the number of cells needed from 1 million to 500 thousand
per panel. The number of antibodies that can be mixed is determined by the type
of flow cytometer, the number of channels that instrument has available and the
cross-reactivity of the antibodies with each other. The list of surface antigens that
can be examined on hMSCs is extensive.
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A protocol is presented for the flow cytometric analysis utilizing a series of anti-
body panels which we have developed in our lab over the last 8 years for surface
epitope analysis of MSC preparations. The analysis of these surface epitope patterns
can assist in the isolation and characterization of hMSCs.

Start up the flow cytometer and perform quality control (QC) checks. The instru-
ment procedure for startup and quality control should be performed as described
by the manufacturer. This should include the analysis of fluorescent beads to vali-
date the function of the lasers, flow systems, and detection systems. Any problems
encountered during this phase should be corrected before proceeding with the
analysis of prepared samples.

Following the antibody manufacturer’s recommendations, the appropriate vol-
ume of reagents should be dispensed into a series of nine (9) 1.5 ml microfuge tubes
(one tube for each panel of antibodies) as follows:

Tube 1: CD36 FITC, CD34 PE, CD19 ECD, CD11b PeCy5, CD45 PeCy7
Tube 2: CD166 PE, CD90 PeCy5
Tube 3: CD49b FITC, CD105 PE, CD184 APC, CD3 PeCy7
Tube 4: CD147 FITC, CD49c PE, CD29 PeCy5
Tube 5: CD59 FITC, CD146 PE, CD79a PeCy5
Tube 6: HLA-Class I: ABC FITC, CD271 PE, CD49f PeCy5, CD117 PeCy7
Tube 7: HLA-Class II (DR, DP, DQ) FITC, CD73a PE, CD106 PeCy5
Tube 8: CD49d PE, CD14 ECD, CD44 APC
Tube 9: Isotype controls: IgG1 FITC, IgG2a PE
Tube 10: MSCs only (no antibodies, no isotype controls)

The tubes containing the antibody cocktails can be made ahead and stored at 4◦C
in the dark until needed.

Harvest cells at 60–80% confluence and count using Trypan Blue or other method
to determine viability. In addition, the MSC only tube may be used to evaluate the
viability of the cells after it is used to check for autofluorescence using Annexin-V
FITC and Propidium Iodide (PI) (refer to AnnexinV-PI manufacturer’s instructions
for procedure). Resuspend cells in PBS at a final concentration of 1 × 106 viable
cells/ml. Approximately 3–4 × 106 cells will be required to complete this protocol.

Aliquot between 2 × 105 and 5 × 105 cells per panel tube set up. Additionally,
set up a 10th tube containing only cell suspension as a control for autofluorescence.
Gently vortex to mix and incubate in the dark for 20 min at RT.

Wash the cells by adding PBS to the 1.5 ml mark on each tube. Pellet the cells
at 110g for 3 min at RT in a microcentrifuge. Remove the supernatant, resuspend
the pellet in 1.5 ml PBS and centrifuge again. Repeat one more time for a total of
3 washes. Resuspend the final pellet in 500 μl PBS and gently vortex. Be sure no
aggregates are present.

Using a transfer pipette, place the cell suspensions into the 12 × 75 mm culture
test tubes (or recommended device) and analyze on the flow cytometer. Analyze the
unlabeled cells (Tube 10) first, followed by the isotype control (Tube 9). Use the
results of these two control tubes to set the gates and analysis regions. Then read



68 M. Wolfe et al.

Table 2.6 Flow cytometry MSC panels

Expected /
Panel Antibody Tag Ig type Vendor Catalog∗ Required on MSCs†

1 CD36 FITC IgG1 Coulter IM0766 Negative
CD34 PE IgG1 Coulter IM1871 ≤ 2%
CD45 PeCY7 IgG1 Coulter IM3548 ≤ 2%
CD11b PeCY5 IgG1 Coulter IM3611 ≤ 2%
CD19 ECD‡ IgG1 Coulter IM2708 ≤ 2%

2 CD166 PE IgG1 Coulter A22361 Positive
CD90 PeCY5 IgG1 Coulter IM3703 ≥ 95%

3 CD49b FITC IgG1 Coulter IM1425 Positive
CD105 PE IgG1 Coulter A07414 ≥ 95%
CD184 APC IgG2a BD 555976 Dim positive
CD3 PeCY7 IgG1 Coulter 6607100 Negative

4 CD147 FITC IgG1 BD 555962 Positive
CD49c PE IgG1 BD 556025 Positive
CD29 PeCY5 IgG1 BD 559882 Positive

5 CD59 FITC IgG1 Coulter IM3457 Positive
CD79a PeCY5 IgG1 Coulter IM3456 ≤ 2%

6 HLA-I FITC IgG1 BD 555552 Dim positive
CD271 PE IgG1 BD 557196 Negative
CD49f PeCY5 IgG1 BD 551129 Dim positive
CD117 PeCy7 IgG1 Coulter IM3698 Negative

7 HLA-II FITC IgG2a BD 555558 ≤ 2%
CD73a PE IgG1 BD 550257 ≥ 95%
CD106 PeCY5 IgG1 BD 551148 Negative

8 CD49d PE IgG1 BD 555503 Positive
CD14 ECD IgG2a Coulter IM2707 ≤ 2%
CD44 APC IgG2a BD 559942 Positive

Controls Isotype FITC IgG1 Coulter A17599 Negative
PE IgG2a Coulter A17599 Negative

∗ Number of cells needed for 8 panels = 3–4 × 106 in 1 ml PBS
† Numbers in bold indicate required result for markers as per ISCT position paper. Unbolded text
indicates the expected results on MSCs.
‡ ECD is equivalent to PE-Texas Red

each of the antibody cocktail-labeled cells. See Table 2.6 for expected expression
levels of the panels of antibodies on MSCs.

2.7 Potential Therapeutic Applications

The stem cell-like ability of MSCs to differentiate into multiple cell types in vitro
was thought to underlie their observed therapeutic effects when delivered to various
animal models of diseases and injury. This may, in fact, be the case for treatment
of bone and cartilage defects, because one of the defining characteristics of human
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MSCs is their innate ability to differentiate into osteocytes and chrondrocytes in
culture. However, functional improvements do not correlate with transplanted MSC
engraftment and differentiation in most other animal models of disease including
Parkinsonism, spinal cord injury, stroke and myocardial infarction [reviewed in
30–32]. In fact, when delivered systemically in animal models, MSCs can no longer
be detected by various assays of the host tissues after a few days, yet therapeutic
effects of the cells are observed. Thus, there must be other mechanisms MSCs utilize
to exert their therapeutic effects [see 31].

It is now believed that MSCs provide therapeutic effects unrelated to their ability
to replace damaged cells and tissues through differentiation. The ability of MSCs to
support hematopoietic cell growth in culture [45] is being revisited to explain some
of these effects. MSCs secrete numerous cytokines and chemokines which can con-
tribute to their ability to home to sites of injury when delivered systemically and also
support recovery of the damaged/diseased cells [17–19]. MSCs can also stimulate
the proliferation and differentiation of endogenous tissue-specific stem cells [26]
and this stimulation may in part underlie the observed ability of human MSCs to
stimulate production of mouse insulin in immunodeficient mice made diabetic with
Streptozotocin [27].

The ability of MSCs to modulate immune responses has been demonstrated
in vitro and in vivo in various animal models [20–22]. This property of MSCs is
already being utilized clinically in the treatment of graft versus host disease and
may also underlie their therapeutic efficacy in trials of Crohn’s Disease patients. The
mechanisms of immune suppression by MSCs have recently been determined [23].

There is also evidence that MSCs can exert therapeutic effects by suppres-
sion of acute and chronic excessive inflammatory responses. This mechanism can
explain the improvements observed after MSC treatment in animal models of
bleomycin-induced lung fibrosis [24] and LPS-induced lung inflammation [25].
In addition, suppression of both inflammatory and immune responses to transient
global ischemia in mice may be the mechanisms by which human MSC therapy was
found to reduce neuronal death and neurological deficits [46].

The mechanism(s) by which MSCs exert their therapeutic effect may well be
disease/injury dependent and directed by the microenvironment at the deficit site.
Human MSCs respond to the injured microenvironment with altered gene expres-
sion and subsequent production of injury appropriate proteins [46]. While there
remains much to be discovered about the basic biology of MSCs and their inter-
action with other cell types in vitro and in vivo, the multiple demonstrated and
still unknown mechanisms of reparative action of MSCs make these cells potential
therapeutic candidates for a variety of diseases and injuries.

2.8 Summary

This chapter is intended to provide the basic methodology for the culture and
characterization of human multipotent stromal cells or MSCs and to give a short
overview of their possible therapeutic applications. The human MSC has become a
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very important candidate in the search for possible clinical treatments of injury and
disease because of many factors: (1) ease of obtaining, isolating and culturing; (2)
ability to be generate large numbers of cells in a relatively short period of time; (3)
ability to be genetically altered ex vivo to express necessary proteins or correct a
genetic defect; (4) their apparent role in the body’s natural repair mechanism; (5)
ability to differentiate into multiple cell types; (6) secretion of cytokines to enhance
repair; (7) modulation of immune and inflammatory responses; (8) stimulation of the
proliferation of tissue endogenous stem cells; and (9) rescue of damaged cells, by
fusion or possibly mitochondrial transfer. Although there is still much to be learned
about the mysteries of the MSC, it is apparent that the possibility of using MSCs
for successful treatment of a number of diseases and injuries, some of which are
devastating and life-threatening, is on the horizon.
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Chapter 3
Endothelium

Sangmo Kwon and Takayuki Asahara

Abstract Endothelial progenitor cells (EPCs) were first isolated by Asahara [1].
Since then, a new paradigm termed postnatal vascularization, has been proposed to
explain the functional contribution of EPCs to vascular repair in various disorders
including myocardial infarction, limb ischemia and diabetes. Although vascular-
ization was thought to occur only in the developing fetus [2–4], the finding of
circulating EPCs reset the concept of vascularization as de novo formation of ves-
sels and remodeling of the circulatory system in the adult [1]. In vivo functional
studies have demonstrated that the recruitment of bone marrow (BM) derived EPC
dynamically contributes to neovascularization by two distinct pathways: (1) direct
contribution by differentiation into endothelial cells, and (2) indirect contribution
by secreting cytokines and modifying the extracellular space [5–15]. Accordingly,
EPCs have been broadly accepted as one of the most likely candidate sources for
stem cell therapy for vascular disease and as biomarkers to measure the severity of
human vascular disorders [16–22].

EPCs have been isolated and identified by two methodologies. One method is
EPC culture as originally established by Asahara et al. [1] with various modifi-
cations, including (1) Hill’s modified methods, (2) Dimmeler`s modified methods,
(3) Ingram and Yoda’s method (Fig. 3.1). These cells are termed “tissue EPC” or
“cultured EPCs”, because of their endothelial cell (EC) like spindle shape and their
ability to differentiate into functional endothelium in ischemic sites. The second
methodology is enrichment of circulating EPC by flow cytometry. This definition of
EPCs originates from the concept of “circulating EPCs” in human peripheral blood
(PB). In this chapter, we will review and describe the methodology for the isolation,
growth, and differentiation of “tissue EPCs” and “circulating EPCs” and the assays
for EPC characterization.
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3.1 Introduction and Methodology for Tissue EPC Culture

In vitro culture methods have been developed to purify and expand the minor sub-
population of EPCs (less than 0.05%) in adult bone marrow (BMCs). Variations
in culture methodology include replating time, culture period, percentage of serum
and other culture conditions. Also there is variation in the cell types or cell num-
bers used, including peripheral blood (PB)- derived mononuclear cells MNCs, cord
blood (CB)- derived MNCs and BM- derived MNCs. Figure 3.1 shows the three
in vitro culture methods which are widely employed to isolate tissue or cultured
EPCs.

Method A 

Adherence 
Deplete on FN 

CFU-EC ECFC

12 days

  Early Outgrowth 
   (Asahara, Hill) 

D4, cells 
enumerated

No colony formation 

Early Outgrowth 
(Asahara, Dimmeler) 

Colonies  
appear d7-21

Late Outgrowth
(Hebbel, Ingram) 

Method B Method C

CAC 

Discard  
Nonadherent 
cells 

Fig. 3.1 Common methods of EPC culture (Prater et al. [23])

3.1.1 Isolation of MNCs

Adult PB or umbilical CB MNCs are plated on fibronectin- coated dishes. To isolate
MNCs from human PB, we described a widely used method [6, 7]. Human PB
samples (30 ml of PB in a 50 ml tube) are diluted 1:2 in 15 ml phosphate-buffered
saline (PBS) supplemented with 5 mM EDTA (PBS-E). After mixing, the cells are
pipetted on 15 ml of Histopaque 1077 very carefully and centrifuged at 2100 rpm,
RT for 30 min. Monolayer cells are aspirated using an 18G syringe and collected in
a fresh 50 ml conical tube containing 10–15 ml of PBS-EDTA. After centrifugation
on low brake at 2400 rpm, 4◦C for 10 min, the supernatant is removed and 5 ml
of PBS-EDTA added to each tube. The cells are resuspended and transferred to a
50 ml conical tube and recentrifuged on low brake at 1100 rpm, 4◦C for 10 min.
After the supernatant is removed, 5 ml of PBD-EDTA is added, mixed and 15–20
ml of ammonium chloride added. After making up to 50 ml with PBS-E, the sample
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is centrifuged on low brake at 1300 rpm, 4◦C for 10 min. The resuspended cells are
counted using a hemocytometer.

Isolation of MNCs from human umbilical CB MNCs is similar to that of human
PB MNCs. First, 25 ml of human umbilical CB are transferred to 25 ml of 0.15 M
DPBS (–), pH7.6 at ratio of 1:1, and then 35 ml of the mixed sample is pipetted onto
15 ml of Histopaque very carefully to isolate mononuclear cells. After centrifugation
at 1500 rpm (470g), RT for 40 min, the plasma layer is aspirated. The upper MNC
layer is transferred very carefully to a 50 ml tube containing 2 mM EDTA.PBS,
and filled to 50 ml by 2 mM EDTA.PBS. After mixing gently, the sample is cen-
trifuged at 2000 rpm (830g), 4◦C for 20 min and the pellet resuspended in 5 ml
of 2 mM EDTA.PBS. To deplete red blood cells, 15 ml of ammonium chloride
solution is added, mixed gently and incubated at 37◦C water bath for 5 min. After
centrifugation at 1400 rpm, 4◦C for 12 min the pellet is suspended in 50 ml of
2 mM EDTA.PBS. After centrifugation at 800–1000 rpm (130–200g) at 4◦C for
15 min, the pellet is resuspended in 20 ml of 2 mM EDTA.PBS. The cells are
centrifuged at 1000 rpm (200g) at 4◦C for 15 min, the supernatant removed and
10 ml of EBM-2 complete medium added. The resuspended cells are counted by
hemocytometer.

In the case of mouse BM MNCs, a modified methodology is employed. To obtain
large numbers of BM MNCs, all bones including spinal cord are dissected, trans-
ferred to a mortar and minced with sterilized scissors. After carefully grinding the
bones with 5 mM PBS-E, the supernatant is transferred using a 21G syringe to a
50 ml tube through a sterile 70 μm strainer. This process is repeated 3 times until
the supernatant becomes clear. The cell solution (maximum volume of 20 ml) is
pipetted on 4 ml of Histopaque 1083 (Sigma) and centrifuged at 2150 rpm (1100g)
on low brake, RT for 20 min. After carefully collecting the MNC layer, transfer to
15 ml tubes with an 18G syringe and centrifuge at 2300 rpm (1150g) on low brake,
4◦C for 5 min. After removing the supernatant, resuspend the cell pellet in 1 ml of
PBS-E. Add a further 13 ml of PBS-E and centrifuge on low brake at 1100 rpm,
4◦C for 5 min. After removing the supernatant, resuspend the cell pellet in 1 ml of
PBS-E. Then 4 ml NH4Cl can be added, incubate at 4◦C for 10 min and centrifuge
at 1400 rpm (350g) on low brake at 4◦C for 15 min. Finally, after removing the
supernatant, add 2 ml of complete EBM2 medium (Clonetics) and count cells.

3.1.2 Coating Protocol for Cell Culture

Fibronectin-coated (FN) dishes are used for human in vitro EPC culture. Make up
the FN solution at 5 mg/5 ml in sterile DDW at 37◦C for at least 30 min. Prior to
use, dilute FN with sterile DDW at 1:1, and add to dish. After aspirating the FN
solution with a pipette, dry the dishes for 15–30 min. In the case of 4 well slides,
35 mm dishes, or dishes that are made of glass, add 1.5% gelatin to the FN solution.
For murine EPC culture, vitronectin (VN) coating is preferred. To prepare the VN
solution, dilute to 50 μg /ml in sterile DDW, add to dish, aspirate with a pipette, and
dry for 15 or 30 min. 4-well glass chamber slides should be coated with VN plus
0.1% gelatin.
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3.1.3 Culture Method

In Hill’s method of isolating tissue EPCs, purified MNCs are cultured on FN-
coated dishes [24, 25]. This method is based on adherence depletion, because
mature ECs and macrophages attach easily over a 48 h period. The non-attached
cells including potential progenitors can be removed and re-plated on FN-coated
dishes. After 4–9 days, colonies emerge with a characteristic morphology of round
cells in the middle surrounded by spindle-shaped cells. These colonies are called
colony-forming unit-ECs (CFU-ECs) or colony-forming unit-Hill (CFU-Hill) cells.
The traditional tissue EPCs obtained by this culture method are enriched for either
the human stem/progenitor marker CD34 or vascular endothelial growth factor
receptor-2 (VEGFR-2, KDR, or Flk-1), although CD45 expressing cells are grad-
ually lost. After 7 days culture, the expression of typical EPC markers, including
CD34, Flk-1, CD31, Tie-2 and E-selectin can be observed. In the clinical setting
using an animal hindlimb disease model, populations of MNCs enriched for CD34
and Flk-1 engraft into mouse capillaries at a rate of 13.4%. The number of CFU-
EC colonies was significant lower in the PB of patients with hypertension, type I
or II diabetes, high cholesterol, congestive heart failure, rheumatoid arthritis and
chronic obstructive pulmonary disease. In acute cardiovascular disease, such as
myocardial infarction, CFU-ECs increase, suggesting that EPC may contribute to
postnatal vascularization as a protection against the development of cardiovascular
disease.

The second methodology for the isolation of tissue EPCs is that of Asahara and
Dimmeler (Fig. 3.2). The protocol is similar to Hill’s modified method, except
for the culture time and re-plating method. Freshly isolated MNCs are cultured
in endothelial culture media (EGM-2 MV SingleQuots) supplemented with 5%
fetal bovine serum (FBS), angiogenic growth factors (10 ng/ml FGF, 20 ng/ml
VEGF, 10 ng/ml IGF, 10 ng/ml EGF) and other factors such as ascorbic acid. After
4 days culture, the non-adherent cells are removed, and the attached fraction of
cells are replated and cultured for a further 3 days [26–29]. The resulting cells have
endothelial characteristics, including binding the endothelial specific lectin Ulex
Europeus Agglutinin-1 (UEA-1), and uptake of acetylated low-density lipoprotein
(acLDL) [26, 27]. The tissue EPC express various endothelial markers, including
platelet-endothelial cell adhesion molecule (PECAM-1, or CD31), von Willebrand
factor (vWF), vascular endothelial cadherin (VE-cadherin or CD144), VEGFR-2
and Tie2/TEK (angiopoietin-1 receptor precursor or tunica intima endothelial cell
kinase), as well as binding Andeiraea Simplicifolia lectin (AS-1) [6, 26–28, 30].
These cells, comprising about 2% of the total MNC fraction, strongly promote
post-natal angiogenesis in an animal model of limb ischemia [27, 31–33]. Hence
they are referred to as circulating angiogenic cells (CACs). Using this method, a
similar relationship of CFU-EC in patients with cardiovascular disease and risk
has been reported by Vasa et al. [34]. They observed that CFU-EC concentration
was markedly decreased in the PB in patients with risk factors for coronary artery
disease (CAD), such as hypertension, low-density lipoprotein (LDL) cholesterol
concentration, diabetes, age and family history. The migratory activity of these tis-
sue EPCs also provided a parameter for clinical diagnosed CAD [34]. In a clinical
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Fig. 3.2 Isolation of EPC in human peripheral blood by original EPC isolation method (Asahara
et al. [1])

trial, Assmus et al. reported that the tissue EPCs isolated by Dimmeler`s modified
method and infused into patients with acute MI have a limited efficacy in intracoro-
nary cell fusion [35, 36]. In an animal model, these tissue EPC provided promise of
therapeutic benefit for acute MI [37–40].



78 S. Kwon and T. Asahara

The third methodology to isolate tissue EPCs is that of Hebbel and Ingram, orig-
inally reported for endothelial outgrowth from human PB, termed as endothelial
outgrowth cells (EOCs) [41]. Blood samples (50–100 mL) or human umbilical CB
samples are collected in citrate phosphate dextrose (CPD) solution. Human MNCs
are prepared as described above, with minor modifications. MNCs in 4 ml complete
EGM-2 medium are plated on 6-well tissue culture dishes pre-coated with type I rat
collagen (BD Biosciences) [42, 43]. Non-adherent cells or debris are removed by
washing steps after 24 h of culture at 37◦C in 5% CO2 in a humidified incubator.
Adherent cells are further washed with complete EGM-2 medium and cultured in
same medium. In the case of human PB, endothelial colony-forming cells (ECFCs),
also known as late outgrowth EPCs, emerge 10–21 days after plating and have a
cobblestone appearance typical of ECs. If human umbilical CBs are seeded, ECFCs
can be observed 5–7 days after plating. These tissue EPCs are indistinguishable from
CFU-EC, but can be observed in the late stage of tissue EPC culture [44]. ECFCs are
clonogenic, frequently forming colonies which can be serially replated. To examine
the proliferative potential of EOCs, adult PB and CB-derived endothelial cells (at 1–
2 passages) were transduced with retrovirus encoding enhanced fluorescent protein
(EGFP) and plated into 96 well plates as single cells (Blood, Ingram et al., Fig. 3.2).
After 14 days of culture, counts were made of wells that contained more than 1 cell
and the total number of endothelial cells formed in each colony were examined [45].
To examine EPC differentiation in NOD/SCID mice, they established an in vivo
EPC implantation method [42, 46, 47]. EPC cells were mixed with collagen type
I gel and implanted into immunodeficient mice. 14 days later, vessel formation
in vivo was examined histologically. Guven et al. reported the importance of Hebbel
and Ingram’s method as a parameter for clinical diagnosis, as the concentration of
circulating PB-ECFCs appears to be correlated with the severity of disease [48].

3.2 Methodology for Isolation of Circulating EPCs

3.2.1 Introduction

Circulating EPCs are the accepted definition for the most primitive EPCs in the
circulating MNCs, originating from the relationships between EPCs and vascu-
lar disorders. Many research groups have reported that circulating CD34+ cells,
CD34+VEGFR2+ cells, or CD34+CD133+VEGFR2+ cells are associated with
the risk of development of cardiovascular disease [49–53]. In addition, culture of
fetal liver-derived CD34+ cells in the presence of VEGF and fibroblast growth
factor-2 (FGF-2) appears to promote EC lineage differentiation [50]. The adherent
cells take up acetylated LDL and have a spindle shaped EC morphology. Thus,
human circulating EPCs have been identified as precursor cells expressing CD133,
CD34 and/or VEGFR-2 (KDR). Using flow cytometry or MACS isolation human
circulating EPCs can be isolated [54, 55] (Werner N, 2005). In this section, we sum-
marize the isolation method of human PB-derived CD34+ cells, human CB-derived
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CD133+ cells using autoMACS system and murine BM-derived KSL isolation
using the FACSAria sorting system.

3.2.2 Isolation of Human PB-Derived CD34+ Cells
or CB-Derived CD133+ Cells Using AutoMACS

The protocol for human MNC isolation was described in Section 3.1.1 Freshly iso-
lated human PB-derived MNCs are centrifuged at 300g for 10 min and resuspended
in 300 μl of buffer solution with 1% FBS containing FACSFlow solution (108 cells).
One hundred microlitre of FcR blocking reagents are added to the cell samples with
100 μl of CD34 or CD133 microbeads. After mixing gently, the cells are incubated
at 4◦C for 30 min. To wash the cells, 5 ml of 1% FBS containing FACSFlow buffer is
added and the cell pellet resuspended. After centrifugation at 300g, 4◦C for 10 min,
the resulting cell pellet is resuspended in 500 μl of autoMACS running buffer (2 mM
EDTA, 0.5% BSA/PBS, or 0.5% BSA/FACSFlow). To run autoMACS, prepare rins-
ing solution (2 mM EDTA in PBS, or FACSRinse, FACSFlow) and cleaning solution
(70% EtOH in distilled water). To isolate cells with purity of greater than 97%, use
either the POSSELD or POSSELD2 sorting program.

3.2.3 Isolation of Human PB-Derived CD34+ Cells
or CB-Derived CD133+ Cells Using FACSAria System

To isolate human PB-derived CD34+ cells or CB-derived CD133+ cells with high
purity (more than 99%), the FACSAria system can be utilized. Freshly isolated
MNCs (less than 108 cells) are incubated with 100 μl of FcR blocking reagents
and 20 μl of anti-CD34 antibodies in cell staining buffer (3% FBS in DPBS buffer)
at 4◦C for 30 min. After washing the cells 3 times with PBS-E buffer, a sample
is applied to FACSAria system. To isolate CD34+/KDR+ (VEGFR-2) cells, the
cells should be stained with antibodies against CD34 and KDR, and applied to the
FACSAria.

3.2.4 Isolation of Mouse BM-KSL Cells Using the FACSAria

BM-derived MNCs (1–2 × 107/ml cells) are suspended in staining buffer consist-
ing of 3% FBS in DPBS incubated with FCR block (5 μl per 107 cells) at 4◦C
for 15 min. To deplete the lineage negative population of BM MNCs, add 50 μl of
biotinylated mouse lineage depletion cocktail per 107 cells and incubate at 4◦C for
15 min. For cell washing, add IMag buffer (0.5% BSA, 2 mM EDTA/DPBS-2.5 g
BSA, 2 ml EDTA, 500 ml DPBS) to the sample at 10 times the sample volume. After
centrifugation at 300g, 4◦C for 7 min, completely remove supernatant. Next, add
50 μl of streptavidin particles plus DM per 107 cells, mix thoroughly and incubate
at 4◦C for 30 min. Suspend the cells in IMag buffer at ratio of 2–8 × 107 cells/ml
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and incubate for 8 min for IMagnet. After collecting the negative fraction using a
pasteur pipette, resuspend the positive fraction with IMag buffer by pipetting, and
incubate for 8 min on IMagnet. Collect the negative fraction, centrifuge at 4◦C at
500g for 5 min and resuspend the cells in 100 μl of 3% FBS in Hanks buffer. To
stain the KSL subpopulation, add antibodies to streptavidin-APC Cy7, PE-Sca-1
and APC-cKit.

3.2.5 Other Putative EPC Subpopulation

Various BM progenitors or circulating EPCs have been identified. In BM, BM Sca-
1+ progenitors appear to be enriched with EPC and include Sca-1+Flk-1+ cells,
Sca-1+Lin- cells [56], and Kit+Sca-1+Lin-(KSL) cells. Other groups have evalu-
ate c-Kit+ progenitors as PB or BM EPCs, because the c-Kit receptor is an early
marker during development. c-Kit+/Flk-1+ cells, c-Kit+CD31+ cells, c-Kit+/Lin-
cells [56–58] and KSL cells can be analyzed for in vivo and in vitro studies. As
CD34 is a stem or progenitor marker, PB- or BM-CD34+Flk-1+ cells also can be
used as EPC enriched cells [50]. Some groups have described the mobilization of
CD45-CD34+Flk-1+ progenitors into the circulation in the presence of tumor [59].
Another group has studied in PB CD11b-Flk-1+ progenitors as circulating EPCs.

3.3 Protocols for Evaluating the Function of EPCs

3.3.1 In Vitro EPC Culture Assay

1 × 105 cells of BM MNCs, CB MNCs or PB MNCs were seeded onto fibronectin-
coated 4 chamber slides (BD Falcon) to investigate in vitro differentiation of the
target cells into the endothelial lineage. The attached spindle-shaped cells were
assayed with DiI-conjugated Ac-LDL (DiI-Ac-LDL) (Biomedical Technologies
Inc., Stoughton, MA) and FITC-conjugated isolectin B4 (Sigma Chemical Co.,
Milwaukee, WI), a marker of the endothelial lineage. EPCs identified as the dou-
ble positive cells were randomly counted using fluorescence microscopy. Likewise,
to determine the number of EPCs, the double positive cells for Flk-1 (e-Bio, San
Diego, CA) and nitric oxide synthase (eNOS, Sigma) were randomly counted using
fluorescence microscopy.

3.3.2 CFU-EPC Assay

To evaluate CFU-EPC capacity, Masuda et al. established a novel assay [60–62].
MNCs are isolated from PB by density-gradient centrifugation as previously
described (Section 3.1.1). Lin-committed cells are depleted from the BM-MNCs
using MACSTM system after incubating with a cocktail of biotin-conjugated anti-
bodies against specific lineage markers, B220, CD3, Gr-1, Mac-1 and TER-119,
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and streptavidin-coupled micro beads (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). KSLs can be isolated from the BM Lin− cells using FACS Vantage sorting
equipment (Becton Dickinson, Franklin Lakes, NJ). In the case of human CD34
or CD133 cells, the protocol of cell purification was described above. The num-
ber of EPC colonies is assessed after culturing 200–500 BM-KSLs, 500 hCD34
cells, 500 hCD133 cells or 200000 PB-MNCs for 7–10 days (mice) or 18–21 days
(human) in methyl cellulose-containing medium M3236 (StemCell Technologies,
Vancouver, Canada) with 50 ng/ml vascular endothelial growth factor (VEGF, R&D
Systems, Minneapolis, Minn), 20 ng/ml stem cell factor (SCF, Kirin, Tokyo, Japan),
50 ng/ml epidermal growth factor receptor (EGF, Wako, Osaka, Japan), 20 ng/ml
interleukin-3 (Kirin, Tokyo, Japan), 50 ng/ml insulin-like growth factor-1 (IGF-1,
Wako, Osaka, Japan), 50 ng/ml basic fibroblast growth factor (bFGF, Wako, Osaka,
Japan) and 2 U/ml heparin (Ajinomoto, Tokyo, Japan). An endothelial phenotype
of the EPC colonies is confirmed by the analysis of both high uptake of acetyl LDL
(Ac-LDL) and cytochemical positivity for isolectin B4 (Molecular Probes, Carlsbad,
CA), Flk-1 (VEGFR2), VE-cadherin and eNOS.

3.3.3 Flow Cytometry Assay

Fluorescence-activated cell sorting (FACS) analysis can be performed to iden-
tify cell surface markers and endothelial lineage antigens on putative EPCs. Sur-
face expression of mouse CD31 is determined with anti-mouse CD31 antibody
directly conjugated to phycoerythrin (PE) (Becton Dickinson). Biotin-conjugated
anti-mouse Flk-1 (VEGFR 2) antibody (e-Bio, San Diego, CA) and anti-streptavidin
APC-conjugated secondary antibody (e-Bio, San Diego, CA) are used to deter-
mine the surface expression of Flk-1. Each staining procedure can be performed
for 20 min at 4◦C, and the stained cells are fixed with 2% paraformaldehyde
(PFA) followed by quantitative analysis with FACSCalibur (Becton Dickinson)
and Cell Quest software. To evaluate the frequency of CD31+/ Flk-1+cells in
Sca-1+/ Lin-cells obtained from mice, Sca-1-FITC (Becton Dickinson), CD31-PE
(Becton Dickinson) and Flk-1-APC (Becton Dickinson) antibodies can be used after
isolating the Lin-depleted cells by the MACS system.

3.3.4 EPC Proliferation Assay

To evaluate EPC proliferation, a BrdU proliferation assay can be performed. BM or
PB progenitor cells or cultured EPCs prepared as described above are pulsed with
10 μM BrdU (BrdU flow kit, BD pharmingen) for 45 min before immunostaining
with PE-conjugated rat anti-mouse Sca-1 antibody. After fixation and permeabi-
lization with Cytofix/Cytoperm buffer (BD pharmingen) according to the manu-
facturer’s instructions, the cells are stained with APC-conjugated antibody against
BrdU, and analyzed with FACSCalibur using CellQuest software (BD pharmingen).

The WST-1 assay provides another methodology for analyzing EPC proliferation
[61]. In brief, 1 × 104 target cells are seeded in each well of fibronectin-coated
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96-well plates and incubated for 48 h. For the evaluation of cell proliferation in
response to various cytokines including VEGF, SCF, TPO and SDF-1, the cultured
cells are starved in EBM-2 culture medium with 1% FBS without any growth factor.
Thereafter, 10 μl of the cell proliferation assay reagent WST-1 (Roche Applied Sci-
ence, Indianapolis, IN), is added to each well and incubated for 3–5 h. Absorbance
at 450 nm is measured for each well using an enzyme-linked immunosorbent assay
reader.

3.3.5 EPC Adhesive Assay

Twenty four well culture plates are coated with human fibronectin (100 μg/mL,
Gibco, Carlsbad, CA). 2 × 104 EPCs/well are allowed to attach in EGM-2 (Cam-
brex BioScience Walkersville, Walkersville, MD) for 20 min at 37◦C and the
non-adherent cells are then removed. The attached cells are fixed with 1% PFA
for 20 min and stored in PBS. The numbers of adherent cells can be quantified
from counts in at least six random microscopic fields per well. AcLDL uptake pos-
itive cells can be measured in each well at the appropriate absorbance using an
enzyme-linked immunosorbent assay reader.

3.3.6 EPC Apoptosis Assay

To analyze the apoptotic potential of EPCs, the TUNEL assay is available as a
commercial in situ cell death detection kit (Roche, Penzberg, Germany). In brief,
the EPC-enriched cells or cultured EPC can be preconditioned by specific signals,
followed by serum starvation for 1–2 days in vitro, and the tissue samples obtained
from hindlimb ischemia in vivo can be fixed with 4% PFA for 1 h at room tem-
perature. After brief incubation in permeabilization solution containing 0.1% Triton
X100 in 0.1% sodium citrate for 2 min, the samples are washed twice with PBS and
incubated with 50 μl of TUNEL reaction solution for 1 h in a humidified chamber
at 37◦C in the dark. After washing with PBS, apoptotic cells are quantified by flow
cytometric analysis or fluorescence microscopy.

3.3.7 EPC Migration Assay

To examine EPC migratory capacity, an in vitro Boyden chamber assay (Costar,
Cambridge, MA) can be used. In brief, 600 μl of EBM-2 medium with 0.5% lipid-
free FBS (Sigma Chemical Co.) and 4, 20 or 100 ng/ml of specific cytokines or
vehicle can be placed in the lower compartment of the chamber. Target cells can be
seeded in the upper compartment of the chamber. The in vitro migration potential
of target cells are quantified by counting cells migrating from the upper to lower
chamber in four randomly selected high-power fields.

To determine the invasive capacity of EPCs, the cells are seeded in the upper
chamber coated with 0.2% methylcellulose (StemCell Technologies), while specific
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cytokines or no growth factor is added in the lower compartment. In a similar fashion
to the migration assay, the number of invading cells can be counted under each
condition.

3.3.8 Tube Formation Assay

HUVECs or late types of cultured EPCs (EOCs) can be used for tube formation
assay. These cells are confirmed to be ECs or EC like cells by tube formation and
immunocytochemistry of KDR, VE-cadherin and eNOS. Each putative EPC can
be labeled with acLDL-DiI for 1 h. After washing the labeled EPCs with PBS,
the 1 × 103 putative EPCs are mixed with 1.2 × 104 ECs or EOCs in 50 μL of
2% FBS/EBM-2 to evaluate the contribution of EPCs to EC-derived tube formation
capacity. Fifty microlitre of cell suspension are applied to 50 μL Matrigel (BD,
Franklin Lakes, NJ) per well of a 96 well plate (BD Falcon, Franklin Lakes, NJ) and
then incubated for 4–8 h. The number of tubular formations can be counted using
photoshop software (Adobe, San Jose, CA) after taking one picture per well under
light microscopy (Eclipse TE300, Nikon, Tokyo, Japan). The numbers of labeled
cells incorporated into tubes can be counted on Photoshop software, after taking
one picture per well under a fluorescence microscopy.

3.3.9 EPC Gene Induction Assay by Hypoxic Condition

The potential of putative EPCs to express endothelial surface markers is deter-
mined by semi-quantitative RT-PCR analysis or real time RT-PCR analysis. Fol-
lowing manufacturer’s instructions, cellular mRNA can be extracted from each
sample using RNeasy Micro Kit (QIAGEN, Valencia, CA). Reverse transcriptase-
polymerase chain reaction (RT-PCR) is performed using 1 ng of mRNA. To investi-
gate the expression of EPC-specific marker genes, PCR are performed for
25–30 cycles using the TITANIUMTM Taq RT-PCR kit system (BD Biosciences,
San Jose, CA). Real-time PCR profiles in the expression of target cells can be ana-
lyzed using PrimeScriptTM RT reagent Kit (TaKaRa, Shiga, Japan). To induce gene
expression by hypoxia, a 1 or 5% oxygen concentration plus 5% CO2 incubator can
be used for 12 or 24 h.

3.3.10 In Vivo EPC Incorporation Assay

To determine the extent to which putative EPCs incorporate into sites of ischemia,
2.5 × 105 target EPCs (AcLDL-labelled-, DiI-labelled- cells or GFP mouse-derived
cells) can be transplanted into the tail vein of nude mice with hindlimb ischemia,
myocardial infarction or other disease. Ischemic muscle samples are embedded in
OCT compound (Miles, Elkhart, IN), snap-frozen in liquid nitrogen, and cut into
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6 μm-thick sections on day 4–7. Frozen sections of the ischemic hindlimb muscles
can be stained with rat anti-mouse CD31 antibody (Becton Dickinson) overnight at
4◦C, followed by staining with Alexa fluor-conjugated anti-rat antibody to identify
capillaries in the ischemic tissue. The capacity of the transplanted cells to be incor-
porated can be evaluated by counting the number of double-positive cells for CD31.
The frozen samples can also be stained with FITC-labeled isolectin B4 (Molecular
Probes) to evaluate capillary density by counting capillaries.

3.3.11 In Vivo Functional Assay for Vascular Regeneration

Operative resection of the femoral artery is performed in C57BL6/J, Balb/C-nude
mice or specific disease mice to generate the hindlimb ischemia model, as described
previously. The 2.5 × 105 putative EPCs or cultured EPCs can be intravenously
administered immediately after induction of ischemia. Laser Doppler perfusion
imaging (LDPI) can be conducted to measure blood flow recovery ratio (ischemic/
non-ischemic limb) for the evaluation of perfusion recovery from hindlimb ischemia.

3.3.12 In Vivo Matrigel Plug Assay

Athymic nude mice 8–9 weeks old are anesthetized with 50 mg/kg intraperitoneal
pentobarbital for Matrigel plug injection or unilateral femoral artery resection. Four
Matrigel plugs which contained four groups of 2 × 105 cells in 150 μL Matrigel
can subcutaneously be injected into each quadrant of the abdominal wall of the
mice for in vivo 3D Matrigel angiogenesis assay. To evaluate the therapeutic role
of neovasculogenesis, surgery to induce hindlimb ischemia can be performed as
described at Section 3.3.11.

3.3.13 In Vivo Capillary Density Measurement

Capillary density can be determined in tissue sections from the lower calf mus-
cles of ischemic and healthy limbs as the number of CD31 positive cells as ECs
per myocyte after 28 days after ischemia. For staining the capillary, rat-anti-mouse
CD31 antibodies (BD Biosciences, Franklin Lakes, NJ) or Alexa-fluor 594 (Molec-
ular probes, Carlsbad, CA) anti-iso-lectin B4 reagents (Sigma, St. Louis, MO) can
be used.

3.4 Prospective of Development of EPC Culture System

Considering the clinical application of EPCs, one of the most promising strategies
is administration of EPCs isolated from their own PB. To mobilize CD34+ pro-
genitors, granulocyte (G)-CSF can be administered to patients. In our and other
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Fig. 3.3 EPC Transplantation for critical limb ischemia

laboratories, treatment of limb ischemic patients by direct injection of autologous
CD34+ cells into the muscle of ischemic lower limb improves outcome (Fig. 3.3).
But the CD34+ cells-derived EPC therapy has limitations. The patient’s circu-
lation contains only a small subpopulation of CD34+ cells (less than 0.3–0.5%
in MNCs), which are inadequate for severe disease. Furthermore, aged patients
have less EPCs function and fewer circulating EPCs. To overcome this obstacle,
EPCs should be ex vivo expanded or should be activated to have enough efficacy
for treatment of ischemic diseases. Some reports have demonstrated that EPC can
be functionally activated through genetic modification of tissue EPCs by VEGF
[63], eNOS [64], TERT (Telomere transcriptase) [65] or Shh (sonic hedgehog) [66]
to obtain enhanced EPCs. Another promising strategy for EPC expansion is the
serum-free based stem cell culture in the presence of specific cytokines, by which
hemangioblastic stem cells can be committed into functional EPCs. To achieve this
goal, the stem cell culture should (1) be bio-safe, (2) show significant expansion,
(3) retain immaturity, (4) maintain commitment and (5) have regenerative function
without senescence. To develop the best culture conditions for obtaining functional
EPCs, some critical points need to be resolved. First, the molecular spectrum for
EPC commitment in BM niche should be clarified by research including basic EPC
cell biology. Second, the best cytokine cocktails should be determined to support the
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function of cultured EPC in vitro or in vivo. Third, the number of purified heman-
gioblastic stem cells should be determined at the outset. To achieve this goal, the
origin of EPC needs to be intensively studied by sub-fractionation of stem cells.

3.5 Concluding Remarks

Interest in EPCs has been raised by the advent of EPC-based therapies for cardio-
vascular disease, as well as understanding of the critical pathophysiological role
of EPCs in the cardiovascular system. But there is no uniform definition of EPCs,
because there are many experimental culture systems and assay methodologies to
distinguish different types of EPCs in different EPC culture systems. Many research
groups including our own have made great efforts to define EPC characteristics in
both physiological and pathological settings. In this review, we classified two types
of EPCs as “tissue EPCs” and “circulating EPCs”. Considering EPC cell biology
during development, new definitions of EPC definition can be proposed, i.e. (1)
primitive EPCs or early EPCs, (2) definitive EPCs or late EPCs.
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Chapter 4
Lung

Rabindra Tirouvanziam, Megha Makam and Bruno Péault

Abstract Research on human stem and precursor cells (collectively dubbed “pro-
genitor cells”) has undergone a major overhaul in the last few years, with pioneering
discoveries on totipotent cells (e.g., embryonic stem cells) as well as multipotent
adult progenitors (e.g., MAPC or mesenchymal stem cells, MSC) and committed
downstream pluripotent precursors (e.g., hematopoietic stem cells, able to generate
all lineages of blood cells). Here, we would like to propose a bottom-up approach
for adult human lung progenitor cell research, rather than the conventional top-down
approach. A thorough understanding of lung morphology and function in humans,
as compared to other species, and the clinical reality of lung physiology in health
and disease should come first. These, in turn, should not only instruct the choice
of experimental and clinical approaches aimed at adult human lung progenitor cells
but also constrain expectations thereof. We begin this review by providing a detailed
description of the adult human lung, through a description of its ontogeny, mor-
phological and spatial layers. Second, we assess how the concepts pertaining to
progenitor cell biology apply to the lung, with particular emphasis on its (patho)
physiological constraints during turnover and repair. Third, we present detailed
protocols for the isolation, selection, in vitro culture and functional assessment of
candidate adult human lung stem cells.

4.1 Foreword

Several groups have attempted to apply the theoretical and practical frameworks
developed around canonical types of progenitor cells (embryonic stem cells, hemato-
poietic stem cells) to the particular context of the lung. For example, early experi-
ments in mice suggested that certain bone marrow-derived progenitors participate in
the normal epithelial cell turnover in the lung or/and to its repair upon injury [1], just
as they might contribute to the cellular make-up of other organs. Further experiments
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have revealed a need for more caution in the interpretation of these early results, so
far as to question the very ability of circulating progenitors to contribute to lung
epithelial turnover/repair [2].

For this reason, we have chosen to emphasize in this review the idiosyncrasies
of lung morphology and function in humans, as compared to other species, and
the clinical reality of lung physiology in health and disease. This is a significant
departure from conventional approaches that focus first on common notions related
to stem cells, as gained mostly in animal models, and attempt to make them fit into
the particular context of the human lung. Readers interested in gaining additional
insight into such conventional approaches of the question are encouraged to refer to
other recent reviews [3–6].

To begin this review, we will provide a detailed description of the adult human
lung, through a description of its ontogeny, morphological and spatial layers. Sec-
ond, we will assess how the concepts of progenitor cells may apply to the lung, with
particular emphasis on its (patho) physiological complexity and constraints. Third,
we will present detailed protocols for the isolation of candidate lung progenitor cells
and for two ex vivo approaches aiming at testing the developmental and functional
potential of such candidate cells.

4.2 Ontogeny, Morphological and Spatial Layers
of the Human Lung

4.2.1 Ontogeny of the Human Lung

The lung emerges as an endodermal outpouching from the oesophagus, during the
4th week of gestation. It will take several months to turn this simple structure into
a functional organ comprising 40+ differentiated cell types. The endoderm gives
rise to the tracheobronchial, bronchiolar and alveolar surface epithelium, as well
as the submucosal glands of the upper airways (see Fig. 4.1). The mesoderm gives
rise to the interstitium, cartilage (in conducting airways), smooth muscle, resident
hematopoietic cells and vascular network. The ectoderm gives rise to the networks
of afferent and efferent neurons associated with the lung.

Lung development occurs in 5 slightly overlapping phases [7, 8]:

1. Embryonic phase (22–50 gestational days): arising at the 22nd day of gestation
from the primitive gut, the respiratory anlage branches out between the 26th and
28th days of gestation into 2 buds, that will later form the right and left lungs. At
the end of this phase, the 2nd and 3rd division of bronchi are formed. At this time,
the lung is a mesenchymal pouch, lined internally by a simple, monostratified
epithelium.

2. Pseudo-glandular phase (5–17 weeks of gestation): during this phase, all pre-
acinar airways (i.e., upstream of the terminal bronchioles, see Fig. 4.1), including
their associated vascular network are formed. The tracheobronchial epithelium
becomes pseudostratified and invaginates into the mesenchyme to form
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Fig. 4.1 Overview of the adult human lung anatomical and cellular architecture. In the trachea
and other gland-bearing large airways (left section of the figure), a prominent layer of mucus
(to capture particles and bacteria) lies at the base of the lumen, pushed upwards to the glottis by
the beating of cilia, present on cells residing in the epithelial layer. Co-occurring cells include
basal cells (progenitor cells acting through intermediate cells which are intercalated throughout
the epithelium). These cells can differentiate into all the epithelial cell types represented in the
figure. Mucous cells (which, at baseline and upon injury, release granules containing mucins)
are also present. The epithelium is anchored in a basal lamina, under which lies a large layer of
mesenchyme. In this tissue, there are submucosal glands (containing mucous and serous cells)
and scattered contractile patches of myofibroblasts and smooth muscle cells. The endothelium
weaves throughout this layer, transporting erythrocytes through the tissue. This layer is rich in
resident immune cells (plasmacytes, T lymphocytes, mast cells, macrophages). Intercellular gap
junctions between adjacent cells facilitate transfer of cytosolic signaling molecules (horizontally)
to synchronize ciliary movement and salt balance. In the bronchioles (mid-section of the figure),
the epithelium is composed of Clara cells, ciliated cells and neuroepithelial cells, which respond
to environmental cues and communicate with the brain and neighboring tissues via nerve fibers.
The mesenchyme continues (but as a thinner layer) in the bronchioles with scattered immune
cells, but without submucosal glands. In the alveolar region (right section of the figure), the
epithelial layer is composed of long, flat type I pneumocytes (optimized for gas exchange) and
type II pneumocytes (surfactant-producing). It is specialized for minimizing travel distance for gas
exchange by sharing a fused basal lamina with the capillaries, which carry erythrocytes returning
to the heart after accepting fresh oxygen from alveoli

submucosal glands. The first waves of hematopoietic cells arise in the mes-
enchyme, featuring resident mast cells and macrophages [9].

3. Canalicular phase (16–26 weeks of gestation): during this phase, acini are devel-
oped through formation of the terminal bronchioles and downstream of these,
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of 2–4 sets of respiratory bronchioles and terminal buds. Capillaries branch out
from pre-acinar arteries while epithelial differentiation starts to occur in the small
airways with the appearance of Clara cells. In the most distal areas, type I and II
pneumocytes arise, leading to surfactant secretion. Alveolar macrophages start
to appear in the distal lung lumen [9].

4. Saccular phase (24 weeks of gestation to term): during this phase, terminal buds
open up, thus forming tubular sacs. The apposition of capillaries induces the
functional differentiation of the acini, thus enabling gas exchange across the dis-
tal epithelium for the first time. Other key developments occurring during that
phase include those of the lymphatic plexus and neuroepithelial bodies of the
small airways.

5. Alveolar and postnatal growth phases (beyond 36 weeks of gestation): Alveoli
appear at the distal end of terminal sacs, just before term. Their number then
increases exponentially. At about 3–4 years of age, the multiplication of alve-
oli stops and the double capillaries present in the interalveolar septa become
single capillaries. From then on and until the end of the growth phase for the
thoracic cage (end of puberty), the surface area for gas exchange continues to
grow through an increase in the mean diameter of alveoli.

4.2.2 Morphological Layers in the Lung

The complexity of the adult human lung can be approached through investiga-
tion of its morphological layers [10]. The lumen of the lung differs in its content,
according to the blocks outlined above. In large airways, it contains a mucus made
of a very dilute sol phase (originating from serous cells) allowing ciliary beat-
ing and a gel phase (originating from mucous and goblet cells) placed above, the
high mucin content of which enables particle trapping. The cooperation between
mucus-secreting cells and surface ciliated cells, beating in rhythm to move the gel
phase towards the glottis is a first line of defense against inhaled particulates. Small
airways feature a non-continuous layer of liquid which does not completely block
access of airborne particles to the underlying epithelium. Finally, in the alveolar
region, the lumen is bathed with surfactant (a tenso-active fluid preventing collapse
of the alveolar lumen) but also features a resident cell, the alveolar macrophage.
The alveolar macrophage is a key sentinel in the lumen of alveoli, participating
in surfactant recycling and ingesting particles that have escaped initial trapping by
mucus (e.g., asbestos fibers, nanofibers), while exerting a largely anti-inflammatory
action towards unwanted inflammatory cells, like neutrophils.

The “noble” part of the lung, the epithelium, is often depicted as a simple layer,
mediating exchanges between the outside environment and the mucosa. Figure 4.1
depicts the complexity of the lung epithelium, not only as a horizontal barrier, but
also with regards to its vertical structure. In large airways, the surface epithelium
is anchored to the basal lamina by basal cells, with intermediate cells and differ-
entiated ciliated and goblet cells touching the gel phase. The invagination of this
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surface epithelium into glands provides an enormous additional surface area for
mucus production. At the level of their basal membrane, submucosal glands feature
an important interaction with plasmacytes, importing immunoglobulin A molecules
to which they add a secretory piece that confers resistance to proteases in the mucus.
In transition from large to small airways, the epithelium becomes monostratified, yet
it maintains an important functional diversity, featuring ciliated, neuroendocrine and
Clara cells. The latter are rich in detoxifying enzymes, antimicrobial molecules and
surface receptors and serve as the main protective cell type in this area. Finally, in
the alveolar region, most of the surface (95%) is covered by elongated and flattened
type I pneumocytes, optimized for gas exchange. Type II pneumocytes bulge into
the lumen and bear visible cytoplasmic inclusions of surfactant, of which they are
the prime source.

One would be mistaken however to limit one’s focus to the epithelial layer,
without considering its intimate relationship with the underlying mesenchyme (in
large and small airways) and endothelium (in the alveolar region). Indeed, during
development as well as repair, the mesenchyme and endothelium of the airways are
cooperating with the epithelium both structurally, via cell-cell-contact, and via the
exchange of morphogens and growth factors. The mesenchyme (fibroblasts, smooth
muscle cells and myofibroblasts) of the lung is not uniform across discrete areas of
the lung [11]. The endothelium features two distinct circulatory systems that irrigate
the lung. The bronchial network brings oxygen to the lung as one of the organs in the
body, while the pulmonary network, allows venous blood to return from the lungs
to the heart rid of its carbon dioxide and reloaded with oxygen.

4.2.3 Spatial Layers in the Lung

The adult human lung exists as a continuous organ spanning a large surface.
Schematically, one can refer to the overall surface as equivalent to that of a tennis
court (depending on the individual’s size, between 100 and 200 m2), with conduct-
ing airways represented by a racket laid on the court. Three blocks emerge when
considering the spatial make-up of the lung (Fig. 4.1): (i) large (tracheobronchial)
airways, featuring a biphasic mucus blanket, a ciliated and secretory pseudostratified
surface epithelium and submucosal glands, a multilayered mesenchyme and a car-
tilaginous structural support; (ii) small (bronchiolar) airways, featuring a complex
monostratified epithelium and a thinner mesenchyme; and (iii) the alveolar region,
featuring a simple epithelium sharing a basal lamina with the underlying endothe-
lium, thereby minimizing the traveling distance needed for gas exchange between
the lung lumen and the blood flow.

Several notions emerge from the study of this spatial structure. First, within the
epithelium itself, adjacent cells communicate via gap junctions, which provide a
privileged route for the intercellular passage of small molecules. In the pseudo-
stratified large airway epithelium, gap junctions exist between basal, intermediate
and differentiated cells at the surface. The functional importance of gap junctions is
often overlooked, yet remains considerable [12]. Take, for example, the pathological
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context of cystic fibrosis (CF), the main autosomal recessive disease in Caucasians.
CF is caused by mutations of the CF transmembrane conductance regulator (CFTR),
an epithelial channel involved in apical ion transport and other functions. Thanks to
intercellular gap junctions, it was demonstrated that as little as 5–20% of the mutated
epithelium needs to be “replaced” (either by gene transfer or potentially, stem cell
transfer, or both, see below) by wild-type CFTR-expressing cells to generate 50%
or more of the normal transepithelial chloride current [13]. Of course, what is true
for chloride ions in the case of CFTR is true for calcium ions (waves of which can
bear an organizational role [14]) or for other small molecules with developmental
roles, such as cytokines and morphogens [15].

Second, biological information can travel via the lung fluid. A variable range
of molecular cues (pollutants, growth factors, morphogens) may be exchanged
between different areas of the lung to drive development or repair at the organ
level. The movement of such molecular cues depends on airflow, as well as on the
coordinated movement of cilia. In large airways, cilia control the mucociliary esca-
lator, directing the flow of the mucus, trapped particulates and chelated molecules
towards the glottis. In small airways, cilia are sparse and may at most generate local
flows and counterflows. Other molecular cues may be secreted and impregnate the
extracellular matrix and instruct incoming/migrating epithelial cells, as during the
initial stage of epithelial establishment (see above).

Third, there is evidence that functional feedback regulation can occur between
these distant blocks via central and peripheral nervous systems, as instructed by a
dense network of fibers. Such high-level functional integration is seen, for example
in the adaptive reaction to allergens, featuring changes in airflow, mucus secre-
tion, ciliary function, contractility, breathing rate, etc [16]. This example clearly
illustrates how lung function depends on this complex spatial structure housing sev-
eral cooperating systems (epithelial, endothelial, mesenchymal, nervous, hemato-
poietic). In that regard, it is important to consider the large differences that exist
between this spatial structure and that of the lung in common in vivo models [17],
notably rodents, pigs and even certain primates (at least those that are not bipedal
and therefore feature different airflow, vascular dynamics and structural constraints
than in humans).

4.3 “Stemness” and the Adult Human Lung

4.3.1 Turnover and Repair in the Adult Human Lung

The concept of “stemness” and how it relates to the adult human lung should be
judged in the context of turnover and repair processes taking place in this organ.
In health, as opposed to other entities with a high turnover rate (granulocytes, hep-
atocytes, epidermis, intestinal epithelium), the lung is a very stable structure. Its
mesenchymal and endothelial elements undergo little turnover and epithelial sub-
sets, across the organ, are believed to last for several weeks, if not months [10].
Normal function exposes the lung constantly to pollutants that may get past the



4 Lung 97

continuous mucus blanket covering large airways and deposit in the lumen of small
airways. Clara cells within bronchioles are believed to play a major role in the
detoxification of such inhaled pollutants, and as such, are considered the epithelial
subset with the highest propensity for functional exhaustion, turnover and/or repair.
Clara cells express various proteins with immunoregulatory and detoxifying roles,
including Clara cell protein 10 kDa (CC10), as well as enzymes of the glutathione-
S-transferase and cytochrome P450 families. In normal turnover/repair, senescent
Clara cells or other subsets of epithelial cells undergo an orderly apoptotic demise.
Neighboring cells literally squeeze out the apoptotic cell, temporarily extending
their cytoplasmic footprint to fill the gap, thereby preserving the junctional integrity
of the epithelial layer.

In pathological settings, several types of changes can occur to hematopoietic,
endothelial, mesenchymal and/or epithelial compartments. With regards to hemato-
poietic and mesenchymal compartments, increased proliferation can occur for
resident mast cells and fibroblasts in asthma. In chronic and acute lung trans-
plant rejection and in idiopathic pulmonary fibrosis (IPF), mesenchymal cells are
recruited, not to the submucosa, but to the lumen of the lung, thereby hampering gas
exchange. Surface epithelial cells in large and small airways can also be subjected
to abrasion in acute pollution/infection and reorganize into a pluristratified layer
of poorly differentiated cells or mucous cells, the purpose of which is mainly to
ensure the reconstitution of a physical barrier. In CF, where chronic infections with
drug-resistant bacteria such as mucoid Pseudomonas aeruginosa are pervasive, such
pluristratified accumulations can be found as high as in epithelial pockets lining the
nasal conduits and sinuses. CF submucosal glands in large airways undergo a typical
hyperplasia of mucous cells.

To better understand the dynamics of turnover and repair in the adult human lung,
numerous attempts have been made to model these processes in specialized culture
models and in animal models, with the limitations that we outlined above. Research
in patients is necessarily limited to indirect assessments using lung fluid sampling
and imaging, while biopsies are not always easy to justify ethically. In this difficult
experimental context, the etiology of evolutive disease of abnormal turnover/repair
such as IPF remains unknown. It has to be noted that aging in human adults (i.e.,
above 50 and older) is associated with an increase in lung disorders associated with
an abnormal turnover/repair. These disorders include IPF and chronic obstructive
pulmonary disease (COPD), a fatal chronic disease typically affecting long-time
smokers, and which also features a significant inflammatory component. Cancer is
also a prominent example of an age-related disease of the lung, which may fea-
ture disorders in the turnover/repair of epithelial, mesenchymal and secondarily,
endothelial, compartments. While some forms of lung cancer are clearly linked to
smoking (e.g., non-small cell lung adenocarcinoma), others (e.g., mesothelioma)
are linked to exposure to asbestos and other types of inorganic fibers, triggering
abnormal lung repair. Hence, the question of precursor cells as seen through the
prism of normal and pathological turnover and repair has to be approached with
attention given to age and life history, including the potential exposure to toxicants
and carcinogens.
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4.3.2 Progenitor Cells of the Adult Human Lung

In Fig. 4.2, we provide a synthesis of the current information available on the rela-
tionships between candidate precursor subsets and differentiated subsets in the adult
human lung. Endogenous epithelial precursors are the basal and intermediate cells
of the bronchi, the mucous cells of the glands, the Clara cells of the bronchioles
and the type II pneumocytes of the alveoli. These cells seem particularly well suited
to fulfill the roles of progenitors in the context of turnover and repair of the adult
human lung epithelium, for a number of functional reasons.

Basal and intermediate cells of the bronchi are not in contact with the lumen
but sense changes in neighboring, senescent ciliated and mucous cells via intercel-
lular junctions and anchor the epithelium to the basement membrane. In bronchial
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Fig. 4.2 Progenitor cells of the adult human lung. In humans, auto-renewing mesenchymal,
endothelial, and hematopoietic precursor cells originating from the bone marrow are released into
the circulation, later to reach the lung tissue. Some precursor cells are only transiently present in
the circulation (indicated by dashed lines) and some travel through the peripheral vasculature and
eventually reach the lung (indicated by solid lines). In the lung (divided into 3 distinct regions –
trachea, bronchioles, alveoli), the tissue is stratified with different morphological layers (epithe-
lium, mesenchyme, endothelium). The tracheal epithelium contains basal cells which give rise to
intermediate cells, thereby able to differentiate into either ciliated cells, serous cells, and mucous
cells (which can also give rise to serous cells). The mucous and serous cells reside in the tracheal
mesenchyme, where a significant population of auto-renewing fibroblasts (which can differentiate
into smooth muscle cells) and renewed hematopoietic cells (plasmacytes and mast cells) and other
immune cells (neutrophils, eosinophils, NK cells, T and B lymphocytes) are found. The bronchiolar
epithelium is composed of auto-renewing Clara cells, which can differentiate into ciliated cells and
auto-renewing neuroepithelial cells, and even mucous cells. Alongside these cells in the terminal
bronchiolar epithelium, Th2 lymphocytes circulate. In the alveolar epithelium, auto-renewing type
II pneumocytes give rise to type I pneumocytes, and there may be evidence for type I pneumocytes
having the ability to differentiate to type II pneumocytes (dashed line arrow). Renewable alveolar
macrophages circulate within the lumen
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glands, bronchioles and alveoli, mucous cells, Clara cells and type II pneumocytes,
respectively, are the most metabolically active of all subsets and therefore may
undergo the most ongoing damage, which requires the ability to sustain facilitated
turnover/repair. As shown, mesenchymal, endothelial and hematopoietic compart-
ments rely for their turnover and repair in the adult human lung on both resident and
possibly, to a lesser extent, on precursors from remote areas in the body (e.g., bone
marrow), transitioning via the circulation to home in the lungs.

As far as we know in humans, turnover and repair within the epithelial layer
lining the adult lung occurs only via the proliferation and differentiation of res-
ident precursors, to the exclusion of exogenous precursors. In natural cases of
biological chimerism, i.e., pregnancies and transplantation, various degrees of lung
colonization by exogenous precursors can be observed. Women with lung injury
after male pregnancies were found to harbor significant numbers of male epithelial
cells, mostly located to areas of injury [18]. In bone marrow transplant recipients,
studies showed variable chimerism within the bronchial, bronchiolar and/or alveolar
epithelium [19–21]. The degree of chimerism may be linked, in part, to the degree
of damage sustained by the host lung during the myeloablative process [22]. Con-
versely, in lung transplant recipients, host cells are not systematically found within
the donor lung epithelium [23], and if present, they cluster in areas of damage/repair
[24] or cancer [25]. Hence, the contribution of exogenous precursors to the make-up
of the human lung is greatly limited.

How then can we harness the power of either endogenous or exogenous precur-
sors to contribute to the fabric of the organ? While this issue is readily tackled for
other tissues, it remains a major unknown in lung research. Which properties are to
be sought, that would qualify a precursor for efficient lung targeting? Which routes
are to be pursued for such an in vivo targeting: systemic (via the endothelial system)
or topical (deposition via a bronchoscope in discrete areas)? How to control the
integration and subsequent differentiation of such precursors into the lung fabric?
Does such control require significant conditioning of mesenchymal and/or endothe-
lial cell layers that cooperate with the lung epithelium in vivo? These are some of
the outstanding questions that currently limit the use of precursor cells in the context
of the adult human lung.

Even if obstacles to the orderly insertion of therapeutic stem cells in the dis-
eased human lung can be lifted, are candidate stem cells already at disposal? Mouse
embryonic stem cells can be induced in culture to develop into airway cells [26],
but related investigations on human ES cells are limited by ethical and techni-
cal considerations, and simply barred in some countries. The more accessible and
ethically neutral bone marrow derived mesenchymal stem cells (MSC) cultured in
the presence of human airway epithelial cells express airway cell markers, includ-
ing cytokeratin, occludin and CFTR [27]. Native MSC-like stem cells have been
recently, for the first time, prospectively identified and purified by some of us from
multiple human tissues, including lung [28, 29]. Authors of the present review
have also previously identified, by aquaporin 3 expression, and purified a popula-
tion of basal cells in the human airway mucosa that can regenerate the proximal
airway epithelium [30]. Considerable work still needs to be performed, though,
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in order to document the full developmental potential, sustained activity and, as
mentioned above, transplantability of such putative progenitors, as well as those
identified by other groups [31], in the human lung. Arguably, direct stimulation in
the patient, with exogenous growth factors, of discrete progenitor cell subsets (on
the model of the routine activation of hematopoiesis) would alleviate the hurdle of
stem cell engraftment in the lung. Stimulating factors for respiratory tissue progeni-
tors remain, however, obviously unknown in the absence of a clear identification of
these cells.

Collectively, these questions make the advent of precursor cell-based therapies
for outstanding lung diseases such as CF, IPF, COPD, highly unlikely in the near
future. Recent progress in stem cell research has nevertheless taught us to be opti-
mistic about the occurrence of uncommon breakthroughs that can suddenly open up
a field of endeavor. More realistically, much groundwork will need to be performed
to understand the biology of human precursor cells in the adult human lung and
to test their ability to promote normal function when targeted to a diseased area
before we can envision this as a viable therapeutic option. It is important that this
groundwork be thoroughly done before raising too much hope. Relevant to this issue
is the once greatly overhyped idea, that stem cell based therapies were just around
the corner for CF, leaving families of patients with a lot of resentment and unfulfilled
expectations.

4.4 Protocols

As stated above, the field of lung stem cells is still in its infancy, with various
limitations inherent to the organ and its physiology. While different approaches
may be taken towards the study of adult human lung stem cells, we chose to high-
light here a practical approach for isolating candidate progenitors from the adult
human lung itself (Section 4.4.1) and selecting these cells further using cell sort-
ing (Section 4.1.4). Upon differentiation in vitro (Section 4.4.2) and testing for
various phenotypical and functional properties (Section 4.4.3), cells can be iso-
lated and selected again, thereby allowing for another differentiation cycle to be
performed.

4.4.1 Isolation of Endogenous Candidate Progenitors
for the Adult Human Lung

We will not elaborate here on the question of exogenous precursors for the adult
human lung. As argued earlier, there is no current notion that exogenous precursors
may play more than a negligible role in the make-up of the normal adult lung, or
that they could participate in the regeneration of an injured lung to a significant
level. Our focus here will therefore be on endogenous precursors, i.e., basal cells
for bronchi, Clara cells for bronchioles and type II pneumocytes for alveoli. Hence,
the protocol described below involves the collection of primary lung tissue from
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adult donors, followed by the proteolytic dissociation of dissected airways to isolate
candidate progenitors, among other cell subsets.

4.4.1.1 Dissection of Airway Segments from Lung Transplant
Donor Tissue

This step describes a simple protocol for optimizing cell yield from adult human
lung tissue. The best source is tissue that has been harvested surgically for transplan-
tation but has been resected or rejected, yet has remained in excellent condition, i.e.,
is collected by the laboratory in the original sterile physiological solution less than
12 h after recovery. While our previous experiments with fetal tissue have demon-
strated that such tissues can retain high proliferative activity in certain areas even 24
h after dissection, postnatal and adult tissue are much less resistant in that regard.
Hence, it is important to obtain adult human lung tissue as fresh as possible. See
also ref [32] for useful details.

Material

� Laboratories interested in collecting cells from adult human lung tissue must be
current in their institutional approval and health and safety certificates for human
tissue handling and bloodborne pathogens.

� Dissection is performed in a laminar flow hood that must be thoroughly decon-
taminated before and after the dissection using bleach and ethanol 70%.

� Personnel must wear sterile gloves and use autoclaved surgical instruments
(scalpel with interchangeable sterile blades, two pairs of large forceps, two pairs
of fine forceps, one pair of large scissors, one pair of fine scissors).

� Medium used in this step is phosphate buffered saline (Sigma), 2.5 mM ethylene
diamine tetra acetic acid (EDTA, also from Sigma), a cation chelator that traps
calcium and magnesium ions and prevents cell clumping.

Preparation of Airways for Proteolytic Dissociation

� Primary tissue is transferred to a large dissection plate, ice-cold PBS-EDTA is
added and the tissue is methodically trimmed in the following manner.

� First, extrapulmonary tissue is dissected out, leaving the cartilage bare.
� Second, trachea, primary and secondary bronchi are dissected out and cut into

cylinders of 2–3 cm of length.
� Third, bronchioles are dissected as part of the surrounding tissue, and cleaned

on the outside as much as possible, keeping in mind that these are not rigid as
cartilage-bearing airways and therefore are more fragile.

� Fourth, whole intact alveolar acini are dissected to enable type II pneumocyte
isolation.

� After being dissected, tissues are rinsed four consecutive times with ice-cold
PBS-EDTA (10 min incubation each, with gentle vortexing), to remove residual
fragments, mucus and debris.
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4.4.1.2 Proteolytic Dissociation of Dissected Airways

Material

� Medium in this step is Dulbecco Modified Eagle’s Medium -DMEM- (Invitro-
gen), 2.5 mM EDTA.

� Proteolytic dissociation uses pronase (Sigma), a gentle yet efficient enzyme that
does not damage surface antigens as trypsin does.

� Hematocytometer and microscope for cell counting.

Method

� Dissected tissues are placed in a 50 ml Falcon tube (BD Biosciences) and incu-
bated with 0.1% pronase dissolved in DMEM for 36 h at 37◦C in a 5% CO2

incubator.
� After 12 and 24 h, vortex the 50 ml Falcon tube for 5 min at moderate speed and

replace in the incubator.
� After 36 h, vortex the 50 ml Falcon tube for 5 min at moderate speed and collect

the supernatant.
� Centrifuge at 800g for 10 min at 4◦C, remove the supernatant.
� Resuspend the cells in DMEM-EDTA and wash three times (10-min incubation

between washes, followed by 800g, 10-min centrifugation).
� Count a 10-μl aliquot in a hematocytometer and keep on ice until further use.

Note: Access to transplant tissue can be very difficult to secure. Alternatively, labo-
ratories may purchase bronchial or bronchiolar primary cells (alveolar cells are not
available) from commercial sources such as Lonza (Basel, Switzerland).

4.4.1.3 FACS Staining Strategies

Cells are prepared for sorting by FACS using staining cocktails of fluorescent mark-
ers for viability, positive and negative selection [33]. It is important that viability
markers are used to prevent contamination of sorted fractions with cells that have
been damaged by the isolation protocol (Section 4.4.1). Also, one should stress
the importance of negative markers (excluding viable cells that are not desired),
to complement positive markers (expressed by the candidate cells). The choice of
fluorochromes is also very important since many cells harvested from lungs are char-
acterized by a high autofluorescence in certain wavelengths and hence, fluorescence
channels have to be chosen appropriately to enable optimal cell sorting.

Reagents

� Reagents for FACS staining are available through various sources. BD Bio-
sciences (San Jose, CA, USA) and Invitrogen (Carlsbad, CA, USA) are excellent
sources for antibodies and probes, as well as conjugation kits for customizing
antibody/fluorochrome conjugates.

� Viability markers are classically based on the staining of nucleic acids (e.g., pro-
pidium iodide) by cell-impermeant probes, which therefore label only cells with



4 Lung 103

a compromized membrane. However, these probes are sometimes toxic. Besides,
in the lung, there can be significant binding of such probes to extracellular DNA
present on the surface of cells (notably in the case of proteolytic dissociation),
as well as in apoptotic bodies that are scavenged by cells, thereby creating false
positives (viable cells that appear compromized or dead). The Live/Dead series
of markers, from Invitrogen, is amino-based and does not suffer from these limi-
tations. Live/Dead markers are stable, non-toxic, and provide 2–3 Log separation
of live vs. compromized and dead cells. Live/Dead markers are available as
violet-, blue-, green- and red-laser excited probes and can be easily multiplexed
with positive and negative markers.

� Negative markers are necessary to exclude unwanted cells from candidate pop-
ulations. For the sorting of candidate epithelial progenitors, one would want to
exclude cells of hematopoietic, endothelial and mesenchymal lineages. These
can be taken care of by staining with the CD14/34/45, CD31/von Willebrand Fac-
tor and CD29/73/90/105 cocktails, respectively. Importantly, since these markers
are all used for negative selection, they can all be conjugated to the same
fluorochrome and used in a so-called “dump” gate [33].

� Positive markers are used to zoom in on the candidate population of choice.
Although the search for markers is very active and constantly yielding new
candidates, the best candidates are currently as follows. For basal cells of the
bronchi, these include CD142 (tissue factor), the CD151 tetraspanin, as well as
the aquaporin-3 [34, 35]. Beware that these markers are not specific and there-
fore require the use of negative markers to exclude unwanted true positives (e.g.,
CD151 can be co-expressed by certain endothelial and mesenchymal cells). For
Clara cells of the bronchioles, the surface protein CC10 is the best bet and the
same is true of the surfactant protein A receptor (SPAR) for the type II pneu-
mocytes in alveoli. Here again, it is highly advisable to use negative markers to
clean up the positive gate.

Staining Strategy

� To optimize signal-to-noise properties, it is generally recommended to use via-
bility markers in a green-excited channel (e.g., phycoerythrin channel excited by
the 532 nm laser line) or blue-excited channel (e.g., fluorescein channel excited
by the 488 nm laser line), where the autofluorescence of dissociated cells is max-
imal, yet will not perturb the readout from efficient viability markers such as the
Live/Dead series.

� Negative markers can be all put in one color, e.g., in blue- or green-excited
channels, depending on the channel chosen for the viability marker above.

� Positive marker(s) can be chosen for excitation by the third, and if available
fourth laser line. Ideally one can use two markers excited respectively by the
ultraviolet/violet line (356 or 407 nm), such as Cascade Blue/Pacific Blue, and
the red line (632 nm), such as allophycocyanin or Alexa 647.

� Before performing FACS sorts, always run several experiments with one or sev-
eral staining controls (fluorescence-minus one controls omitting one marker and
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leaving all other constant) to assess the feasibility and quality of the staining
strategy on the cells of interest.

Staining Protocol

� Cells are kept at 4◦C, on melting ice, throughout the staining procedure and are
stained and washed in PBS-EDTA, as described in Section 4.1.2. These measures
prevent cell clumping.

� Cells are resuspended at 5 × 106 per ml in PBS-EDTA. They are mixed with a
staining cocktail made in PBS-EDTA, comprising a viability marker, as well as
negative and positive antibodies, according to the titers defined by the manufac-
turer or the laboratory (some antibodies may require titration).

� Cells are incubated with the staining cocktail for 30 min in the dark, at 4◦C, with
occasional vortexing (every 5 min).

� Cells are washed with excess PBS-EDTA (generally 50 times the staining vol-
ume, e.g., 5 ml if the final staining volume was 100 μl) and centrifuged at 800g
for 5 min, at 4◦C.

� The supernatant is aspirated and cells are resuspended gently in PBS-EDTA to a
concentration of 5 × 106 per ml, for FACS sorting.

4.4.1.4 FACS Sorting

FACS sorting is the most efficient, rapid and repeatable way to select candidate pro-
genitors for downstream applications, such as in vitro differentiation (Section 4.4.2).
Sorting is best performed on 3- or 4-laser sorters, such as the FACSAria (BD
Biosciences) or the MoFlo (Dako Cytomation, Carpinteria, CA, USA).

Cell Sorting

� Sorting should be performed according to the guidelines relevant for the machine
used, as they will differ between a FACSAria and a MoFlo, for example.

� The sorters should be calibrated every day using sets of fluorescent beads, so as
to maintain similar signal output from lasers (see details in [33]).

� Prior to running the sample of interest, the cell sorter should be sterilized by
running bleach through the fluidics for at least 15 min, followed by 15 min of
sterile water.

� These above sorters are capable of single-cell (clonal) sorting using 96-well
plates and may sort up to 10–20 × 103 cells per second, in conservative sorts.
It is advisable not to push the performance of these sorters up to their maxi-
mal advertised sorting speeds (several tens of thousands per second), which are
usually attained using homogeneous sets of non-biological beads.

� Positive sorted fractions are defined analytically as “low” for the Live/Dead
marker, “low or negative” for the negative marker set and “positive or high”
for the positive marker set.
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� Negative sorted fractions should also be obtained at the same time, for control
purposes, and are defined analytically as “low” for the Live/Dead marker, “pos-
itive or high” for the negative marker set and “low or negative” for the positive
marker set.

� Both positive and negative sorting gates should be stored in analytical files during
the session on the FACS machine, for purposes of documentation.

� Sorted fractions should be retrieved in sterile Falcon tubes, filled halfway with
sterile PBS-EDTA and maintained on ice.

� After sorting, the harvested fractions (positive and negative) are counted and
part of these fractions is run through the sorter again for reanalysis [33], so as to
ascertain the quality of the sort and for purposes of documentation.

4.4.2 Differentiation of Candidate Progenitors in Air–Liquid
Interface Filter Cultures

This step involves the seeding of candidate progenitors onto permeable filters and
the establishment of a differentiated culture at the air–liquid interface. These culture
models enable the establishment of a polarized epithelium and have proven useful
for assessing bronchial, bronchiolar, and more rarely, alveolar progenitors. After
a first period of serum-supported proliferation, cells are switched to a serum-free
medium that is conducive to differentiation. This leads to the establishment of an
air–liquid interface at their apical surface, which is reminiscent of their physiolog-
ical conditions, in vivo. Permeable filter culture has the additional advantage of
allowing routine microscopic inspections, as well as enabling separate access to the
basal and apical aspects of the culture. For example, one can sample the two sepa-
rate compartments to try and identify secreted factors that may regulate progenitor
growth and differentiation in autocrine/paracrine fashion [36]. This model may also
be amenable to coculture with endothelial cells, to study the interaction between
endothelial and epithelial layers in turnover and repair [37].

4.4.2.1 Seeding and Proliferation onto Permeable Filters

Permeable filters offer a customizable platform for growing candidate progenitors
on a chosen matrix (a key element in epithelial differentiation, as argued in Sec-
tion 4.2), and in chosen conditions for the basal and apical medium, once the culture
is confluent and polarized (i.e., excluding basal medium from the apical surface,
thanks to tight junctions).

Material

� Permeable filters are available commercially from Millipore (Billerica, MA,
USA) and Corning/Costar (sold through Sigma). We prefer the Corning/Costar
set dubbed snapwells, which correspond to permeable polycarbonate filter that



106 R. Tirouvanziam et al.

snap onto a holder, itself placed in culture wells to hold the filter suspended in
the well.

� Snapwells come in different sizes (corresponding to 6 and 24-well plates) and in
three pore sizes: 0.4, 3.0 and 5.0 μm of pore diameter. Pore size influences the
speed of layer establishment: it is faster with 0.4 μm pores than with 3.0 and 5.0
pores. However, in case where one wants to study the potential transmigration
of immune cells through a developed layer, the 3.0 or 5.0 pore sizes are more
appropriate.

� It is imperative to coat the filter surface with a matrix substrate, to enable
adhesion of candidate progenitors. In our experience, human placental colla-
gen (Sigma) is the best all-around substrate for this purpose, surpassing rat tail
collagen or other substrates.

� The serum-containing M1 medium used for the seeding and growth phases con-
sists in 88% of a 1:1 mix of DMEM and Ham’s F12, 10% (v/v) fetal bovine
serum, 1% (v/v) L-glutamine and 1% (v/v) penicillin-streptomycin. Alterna-
tively, one can use commercial media from Lonza optimized for airway epithelial
cultures.

Seeding and Growth Phases

� Cells are seeded on HPC-coated filters at 2–5 × 105 cells/cm2. This density
prevents under-/over-crowding and also allows cells to establish paracrine and
cell-cell communications during the first couple of days in culture.

� Cells are fed with M1 medium basally (in the well) and apically (on top of the
filter).

� Cells are grown at 37◦C in a 20% O2 incubator, with 5% CO2.
� On day 2, and every other day from then on, M1 medium is removed and the

culture is rinsed basally with PBS-EDTA.
� Under an inverted microscope, the filter culture is checked for confluence and

for the appearance of PBS-EDTA in the apical surface.
� If the filter is less than 90% confluent and/or if PBS-EDTA appears apically, the

PBS-EDTA is removed and replaced by M1 medium basally and apically.
� If the culture is more than 90% confluent, the PBS-EDTA is removed and the

culture is treated as described below (Section 4.4.2.2).

4.4.2.2 Establishment of a Differentiated Culture
at Air–Liquid Interface

Material

� The M2 medium here uses the Ultroser G (BioSepra, Cergy, France) serum sub-
stitute, available in the USA through Pall Life Science (Ann Arbor, MI). M2
medium consists in 96% of a 1:1 mix of DMEM and Ham’s F12, 2% (v/v)
Ultroser G, 1% (v/v) L-glutamine and 1% (v/v) penicillin-streptomycin.
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Differentiation Phase

� Filter cultures are exposed to M2 medium on their basal surface only, leaving the
apical surface exposed to air.

� Every other day, the basal medium is replaced and the apical aspect of the filter
culture is checked for the presence of colored medium, to assess the tightness of
the epithelium.

� Cells are continuously grown at 37◦C in a 20% O2 incubator, with 5% CO2.
� By day 8–12, and for at least 12–24 days from then on, the culture should be

tight, polarized and should gradually acquire properties of a differentiated epithe-
lial layer, as assayed through various means, including procedures described in
Section 4.4.3.

Note: Besides this air–liquid interface filter culture model, other models may be
conducive to studies of adult human lung progenitor cells, such as the tridimensional
spheroid culture model [34]. Also, since this series is dedicated to Human Cell Cul-
ture, we did not present protocols for the development of candidate progenitors in ex
vivo xenograft models, be they in nude or severe combined immunodeficiency mice.
Such models are detailed in publications by some of the present authors [34, 35], as
well as by other groups [4] and collectively enable the differentiation of bronchial
surface epithelium as well as submucosal glands, but not bronchiolar or alveolar
epithelia.

4.4.3 Functional Characterization of Developed
Epithelial Layers

This step involves the characterization of epithelial layers developed on filters by
electrophysiological assays using Ussing chambers, as well as by morphological
assays using electron microscopy.

4.4.3.1 Electrophysiological Assessment in the Ussing Chamber

Ussing chambers are made of two hemi-chambers that can be used to mount the
air interface culture filters without edge damage. Ussing chambers are connected
to a voltage clamp that can measure ion transport across the two hemi-chambers,
i.e., across the epithelial layer that is mounted in-between. Different buffers (com-
plete or depleted in certain ions), as well as drugs (agonists or antagonists of ion
transport) can be added independently to one or both hemi-chambers, i.e., to the
basal and/or apical sides of the epithelial layer, thereby allowing to dissect out the
contribution of various basally or apically expressed channels to the transepithelial
current. In the particular case of progenitor cell-derived lung epithelial layers, it is
of great interest to correlate the degree of epithelial differentiation within the devel-
oped layer to the presence of channels expressed in vivo, notably the CFTR and the
epithelial sodium channel (ENaC). Readers are encouraged to check reference [32]
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for additional details and picture description of the Ussing chamber apparatus. Note
that this method is non-destructive and filter cultures that have been tested in an
Ussing chamber can be subsequently submitted to proteolytic dissociation to isolate
cells of interest.

Buffers and Drugs

� All chemicals used for buffer preparation or as drugs in Ussing chamber experi-
ments can be purchased from Sigma, St Louis, MO, USA.

� Regular buffer (Krebs Henseleit or KH) composition is: 117 mM NaCl, 25 mM
NaHCO3, 1.2 mM MgSO4(H20)7 2.5 mM CaCl2, 1.2 mM KH2PO4, 4.7 mM
KCl. For ion depletion studies, Cl− can be replaced with isethionate, HCO−

3 with
HEPES, and Na+ with N-methyl-D-glucamine (NMDG).

� The Cl−-free solution is: 117 mM Na-isethionate, 25 mM NaHCO3, 1.2 mM
MgSO4 (H20)7, 2.5 mM Ca(NO3)2, 1.2 mM KH2PO4, and 4.7 mM KNO3.

� The Cl−/HCO3
−-free solution is: 132 mM Na-isethionate, 10 mM HEPES,

1.2 mM MgSO4(H20)7, 2.5 mM Ca(NO3)2, 1.2 mM KH2PO4, 4.7 mM KNO3.
� The Na+-free solution is: 132 mM NMDG, 10 mM HEPES, 1.2 mM MgSO4

(H20)7, 2.5 mM CaCl2, 1.2 mM KH2PO4, 4.7 mM KCl.
� Drugs are added in small volumes from concentrated stocks.
� Typical drugs for the assessment of ion transport properties in airway epithe-

lium include the cyclic AMP agonist and CFTR activator forskolin (10 μM from
10 mM stock in DMSO), the ENaC blocker amiloride (10 μM from 10 mM stock
in double distilled water), the chloride and bicarbonate channel blockers (acting
more or less specifically on CFTR and other channels) CFTRinh-172 (100 μM
from 100 mM stock in DMSO), diphenylamine-2-carboxylate (1.5 mM from
500 mM stock in dimethyl sulfoxide -DMSO), glibenclamide (600 μM from
200 mM stock in DMSO) and nitro-phenylpropyl-amino-benzoate (100 μM from
100 mM stock in DMSO).

� In typical experiments, both sides of the filters are bathed with 12 ml of either
regular KH buffer or ion depletion buffer with an osmolarity of 320 and pH of
7.4 at 37◦C, containing 10 mM glucose.

Typical Ussing Chamber Experiment

� Commercial Ussing chambers fitted for filter cultures, as well as attached high-
impedance electrometer can be purchased from WPI, Sarasota, FL, USA.

� Voltage is clamped to 0 and the current recorded. Pulses of 2 mV are applied
every 2 s to determine conductance. Transepithelial potential difference is mea-
sured with agar bridges connected to a high-impedance electrometer. The amount
of current needed to maintain this voltage clamp is measured continuously on a
chart recorder and on a computer equipped with an Ussing chamber interface and
software (ADInstruments, Grand Junction, CO, USA).

� Agar bridges are 0.4%, 3 M KCl for regular KH, 1 M Na-isethionate bridges is
used for Cl−- and Cl−/HCO−

3 -free experiments to prevent Cl− contamination of
the buffer.
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� Solutions are gassed at the rate of one bubble/second with 95% O2–5% CO2 for
regular and Cl−- and Na+-free conditions, and with 100% O2 for HCO−

3 - and
Cl−/HCO−

3 -free experiments to maintain pH.
� Mounting of filter cultures: the Ussing chamber apparatus is left to equilibrate

in running conditions for at least 5 min before the liquid columns connected to
each hemi-chamber are clamped, disconnected from the hemi-chambers, and the
hemi-chambers removed from the apparatus. The filter is mounted by snapping it
into place between the two hemi-chambers (one hemi-chamber contains a fitted
hole for the filter). The hemi-chambers are gently placed back in the apparatus,
reconnected to the liquid columns and the clamps removed to allow circulation
of the liquid and gas back into the chamber.

� It is important to check for the presence of air bubbles during the unmount-
ing/mounting procedure and remove them through gentle tapping of the tubes,
otherwise the free flow of current is hampered.

� Once the filter is properly in place between the two hemi-chambers, measures of
current intensity, and transepithelial conductance to ions are obtained through
the computer interface, thereby documenting the presence/absence of certain
channels, the response to drugs and the relative contribution of these channels
to transepithelial current in the developed layer.

4.4.3.2 Morphological Assays Using Electron Microscopy

Electron microscopy is the method of choice for documenting the structural aspects
of developed lung epithelial layers deriving from candidate progenitors. This tech-
nique is well-suited to the analysis of air-interface culture filters. Scanning electron
microscopy (SEM) is performed on filters fixed en-masse and provides an assess-
ment of the apical surface of the culture, allowing notably for the identification
of cilia or membrane protrusions, typical of ciliated cells, Clara cells and type
II pneumocytes. Transmission electron microscopy (TEM) is performed on ultra-
thin sections of fixed/dried air-interface culture filters. TEM provides information
enables the submicroscopic analysis of the layer’s architecture and substructure,
including intercellular junctions, intracellular granules, cilia and protrusions and
membrane anchorage. TEM provides much higher spatial resolution than SEM but
is more cumbersome to implement (sample preparation for TEM includes embed-
ding and sectioning). As opposed to the Ussing chamber, SEM and TEM procedures
are destructive techniques that prevent any subsequent use of the filter cultures.

Material

� Material for SEM/TEM protocols includes chemicals and specialized items such
as specimen holders and equipment such as a critical-point dryer. All of these
can be purchased commercially through specialized vendors such as Tousimis
(Rockville, MD, USA) and JB EM Services (Dorval, QC, Canada).

� SEM and TEM machines are extremely onerous and these assays are best
performed through institutional facilities, with the help of trained personnel.



110 R. Tirouvanziam et al.

Main commercial sources for electron microscopes are Philips (Eindhoven, The
Netherlands) and Amray (Bedford, MA, USA) and Philips and JEOL (Tokyo,
Japan), for SEM and TEM, respectively.

Sample Preparation: Fixation, Post-Fixation and Drying

� Filter cultures are fixed en-masse, overnight, at 4◦C in 2 ml fixative (2.5%
glutaraldehyde in 0.1 M Na cacodylate buffer).

� Filters are rinsed 3 times with 2 ml buffer for 3 min and post-fixed for 2 h at 4◦C
in 2 ml 1% OsO4 solution in 0.1 M Na cacodylate buffer (prepared just before
use).

� Filters are then rinsed 3 times with buffer and dehydrated in sequential baths of
35, 50, 70, 95 and 100% ethanol (10 min each) at room temperature.

� Filters are then either air-dried from hexamethyldisilazane or critical-point dried
from liquid carbon dioxide, according to standard protocols.

� Filters are then cut out from the holders using a scalpel blade, by following the
circular boundary between the filter membrane and the surrounding plastic.

SEM Protocol

� For SEM, fixed, post-fixed and dried filters are glued in a flat position onto
aluminium specimen holders with a silver conductive adhesive paste.

� Approximately 150 Å of platinum is applied in a cooled triode sputter coater
(Polaron, Newhaven, UK).

� Samples are viewed in the secondary electron mode, 20 kV accelerating volt-
age in the SEM and images are collected using an imaging hardware/software
combination such as the DigiScan hardware with Digital Micrograph software
(Gatan, Pleasanton, CA).

TEM Protocol

� For TEM, fixed, post-fixed and dried filters are embedded in Araldite and
sectioned into ultra-thin (40–100 nm) sections.

� Ultra-thin sections are mounted on copper grids and stained with uranyl acetate
and lead citrate.

� Samples are viewed in the TEM and images are collected using an imaging hard-
ware/software combination such as the DigiScan hardware with TEM AutoTune
software (Gatan).

Note: As mentioned in the introductory paragraph to this Protocols section, the
procedure described in Section 4.4.1.2 can be used on filters covered with developed
epithelial layers to harvest cell suspensions by proteolysis and to process the suspen-
sions through flow cytometric staining and sorting, as described in Sections 4.4.1.3
and 4.4.1.4. This will lead to the isolation of candidate progenitors and will enable
the whole cycle to be restarted. This recursive protocol can be depicted as: isolation
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-> selection -> differentiation -> testing -> isolation -> etc. This variant of the
protocol enables the expansion of putative stem cells (i.e., basal cells, Clara cells,
which can both generate their likes upon differentiation in vitro) from an initial pool
which is necessary limited in number because of the low yield inherent to resected
tissues.

The derivation of disease–specific induced pluripotent stem cells obtained through
reprogramming of adult epithelial cells (from skin), as published in late 2008 (Park
IH, Arora N, Huo H et al. (2008) Disease–specific induced pluripotent stem cells.
Cell 134:877–886) opens new possibilities for progenitor–cell based therapies for
epithelial disease. Careful validation of this approach in the context of therapeutic
transfer to the human lung remains an essential, and difficult, hurdle to clear.

References

1. Krause DS, Theise ND, Collector MI et al. (2001) Multi-organ, multi-lineage engraftment by
a single bone marrow-derived stem cell. Cell 105:369–77

2. Kotton DN, Fabian AJ, Mulligan RC (2005) Failure of bone marrow to reconstitute lung
epithelium. Am J Respir Cell Mol Biol 33:328–34

3. Kim CF (2007) Paving the road for lung stem cell biology: bronchioalveolar stem cells and
other putative distal lung stem cells. Am J Physiol Lung Cell Mol Physiol 293:L1092–8

4. Liu X, Driskell RR, Engelhardt JF (2006) Stem cells in the lung. Methods Enzymol 419:
285–321

5. Randell SH (2006) Airway epithelial stem cells and the pathophysiology of chronic obstructive
pulmonary disease. Proc Am Thorac Soc 3:718–25

6. Rawlins EL, Hogan BL (2006) Epithelial stem cells of the lung: privileged few or opportunities
for many? Development 133:2455–65

7. Hilfer SR (1996) Morphogenesis of the lung: control of embryonic and fetal branching. Annu
Rev Physiol 58:93–113

8. Jeffery PK (1998) The development of large and small airways. Am J Respir Crit Care Med
157:S174–80

9. Tirouvanziam R, Khazaal I, N’Sonde V et al. (2002) Ex vivo development of functional human
lymph node and bronchus-associated lymphoid tissue. Blood 99:2483–9

10. Mason RJ, Murray JF, Broaddus VC et al. (2005) Textbook in respiratory medicine. Elsevier-
Saunders, Philadelphia

11. Kotaru C, Schoonover KJ, Trudeau JB et al. (2006) Regional fibroblast heterogeneity in the
lung: implications for remodeling. Am J Respir Crit Care Med 173:1208–15

12. Boitano S, Dirksen ER, Sanderson MJ (1992) Intercellular propagation of calcium waves
mediated by inositol trisphosphate. Science 258:292–5

13. Farmen SL, Karp PH, Ng P et al. (2005) Gene transfer of CFTR to airway epithelia: low levels
of expression are sufficient to correct Cl- transport and overexpression can generate basolateral
CFTR. Am J Physiol Lung Cell Mol Physiol 289:L1123–30

14. Rabito CA, Jarrell JA, Scott JA (1987) Gap junctions and synchronization of polarization
process during epithelial reorganization. Am J Physiol 253:C329–36

15. Lechner H, Josten F, Fuss B et al. (2007) Cross regulation of intercellular gap junction com-
munication and paracrine signaling pathways during organogenesis in Drosophila. Dev Biol
310:23–34

16. Bleecker ER (1986) Cholinergic and neurogenic mechanisms in obstructive airways disease.
Am J Med 81:93–102

17. Tsujino I, Kawakami Y, Kaneko A (2005) Comparative simulation of gas transport in airway
models of rat, dog, and human. Inhal Toxicol 17:475–85



112 R. Tirouvanziam et al.

18. O’Donoghue K, Sultan HA, Al-Allaf FA et al. (2008) Microchimeric fetal cells cluster at sites
of tissue injury in lung decades after pregnancy. Reprod Biomed Online 16:382–90

19. Mattsson J, Jansson M, Wernerson A et al. (2004) Lung epithelial cells and type II pneumo-
cytes of donor origin after allogeneic hematopoietic stem cell transplantation. Transplantation
78:154–7

20. Suratt BT, Cool CD, Serls AE et al. (2003) Human pulmonary chimerism after hematopoietic
stem cell transplantation. Am J Respir Crit Care Med 168:318–22

21. Zander DS, Baz MA, Cogle CR et al. (2005) Bone marrow-derived stem-cell repopula-
tion contributes minimally to the Type II pneumocyte pool in transplanted human lungs.
Transplantation 80:206–12

22. Herzog EL, Van Arnam J, Hu B et al. (2006) Threshold of lung injury required for the
appearance of marrow-derived lung epithelia. Stem Cells 24:1986–92

23. Bittmann I, Dose T, Baretton GB et al. (2001) Cellular chimerism of the lung after
transplantation. An interphase cytogenetic study. Am J Clin Pathol 115:525–33

24. Kleeberger W, Versmold A, Rothamel T et al. (2003) Increased chimerism of bronchial
and alveolar epithelium in human lung allografts undergoing chronic injury. Am J Pathol
162:1487–94

25. Picard C, Grenet D, Copie-Bergman C et al. (2006) Small-cell lung carcinoma of recipient
origin after bilateral lung transplantation for cystic fibrosis. J Heart Lung Transplant 25:981–4

26. Denham M, Cole TJ, Mollard R (2006) Embryonic stem cells form glandular structures and
express surfactant protein C following culture with dissociated fetal respiratory tissue. Am J
Physiol Lung Cell Mol Physiol 290:L1210–5

27. Wang G, Bunnell BA, Painter RG et al. (2005) Adult stem cells from bone marrow stroma
differentiate into airway epithelial cells: potential therapy for cystic fibrosis. Proc Natl Acad
Sci U S A 102:186–91

28. Crisan M, Yap S, Casteilla L et al. (2008) A perivascular origin for mesenchymal stem cells
in multiple human organs. Cell Stem Cell 3:301–13

29. Crisan M, Deasy B, Gavina M et al. (2008) Purification and long-term culture of multipotent
progenitor cells affiliated with the walls of human blood vessels: myoendothelial cells and
pericytes. Methods Cell Biol 86:295–309

30. Giangreco A, Reynolds SD, Stripp BR (2002) Terminal bronchioles harbor a unique airway
stem cell population that localizes to the bronchoalveolar duct junction. Am J Pathol 161:
173–82

31. Avril-Delplanque A, Casal I, Castillon N et al. (2005) Aquaporin-3 expression in human fetal
airway epithelial progenitor cells. Stem Cells 23:992–1001

32. Karp PH, Moninger TO, Weber SP et al. (2002) An in vitro model of differentiated human
airway epithelia. Methods for establishing primary cultures. Methods Mol Biol 188:115–37

33. Tung JW, Heydari K, Tirouvanziam R et al. (2007) Modern flow cytometry: a practical
approach. Clin Lab Med 27:453–68

34. Castillon N, Avril-Delplanque A, Coraux C et al. (2004) Regeneration of a well-differentiated
human airway surface epithelium by spheroid and lentivirus vector-transduced airway cells. J
Gene Med 6:846–56

35. Delplanque A, Coraux C, Tirouvanziam R et al. (2000) Epithelial stem cell-mediated
development of the human respiratory mucosa in SCID mice. J Cell Sci 113 (Pt 5):767–78

36. Ding S, Schultz PG (2004) A role for chemistry in stem cell biology. Nat Biotechnol 22:
833–40

37. Zani BG, Kojima K, Vacanti CA et al. (2008) Tissue-engineered endothelial and epithelial
implants differentially and synergistically regulate airway repair. Proc Natl Acad Sci U S A
105:7046–51



Chapter 5
Eye

Maria Notara, Yiqin Du, G. Astrid Limb, James L. Funderburgh
and Julie T. Daniels

Abstract Various ocular compartments host populations of stem cells which are
active throughout the life of the adult human eye. This chapter describes culture
methods for the corneal limbal epithelial stem cells, the corneal stromal stem cells
and the Müller glia stem cells of the retina.

5.1 Limbal Epithelial Stem Cells
Maria Notara, Julie T Daniels

5.1.1 Introduction

In this section, limbal epithelial stem cells (LESC), a population believed to reside
in the vascularised corneoscleral junction (i.e. the limbus) and which are responsible
for the maintenance and repair of the corneal epithelium, will be described. Partial
or total failure of the LESC population can have devastating effects including vision
loss, pain and eventually blindness. LESCs therapy is already established in the
clinic for the treatment of blinding conditions of the cornea such as chemical burns,
Stevens Johnson syndrome and aniridia. The functional properties, the isolation and
characterisation of LESCs and their potential therapeutic uses will be reviewed.

5.1.1.1 The Cornea

The integrity and functionality of the five-layer outer corneal epithelium is essential
for vision. A population of limbal epithelial stem cells is responsible for the main-
tenance of the epithelium throughout life by constantly supplying daughter cells
which can replenish the cells constantly lost from the outer ocular surface during
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regular wear and tear or following injury. LESC deficiency leads to severe inflamma-
tion, opacification, vascularisation and discomfort [14, 15]. Cultured LESC delivery
is one of several examples of a successful adult stem cell therapy used in patients.
The clinical precedence for use of stem cell therapy as well as the easy accessibility
of a transparent stem cell niche make the cornea a unique model for the study of
adult stem cells in health and disease.

5.1.1.2 The Limbus and the Limbal Epithelial Stem Cells

The Limbal Stem Cell Niche Concept

The limbus, or corneoscleral junction, measures 1.5–2 mm in width and is the
intersection at which the cornea becomes continuous with the sclera (Fig. 5.1).

LESC are believed to reside in the basal layer of the limbal area, at the vascu-
larised junction between the corneal and conjunctival epithelium.

Davanger and Evensen [16] were the first to suggest that the corneal epithelium
is maintained and renewed by a cell population residing in the limbus [16]. In the
last 35 years, further proof confirming that the corneal stem cells reside in the lim-
bal region has been presented. For example, limbal epithelial basal cells can retain
tritiated thymidine label for prolonged periods, thus suggesting that they have long
cell cycle, a stem cell characteristic [13]. Limbal basal cells have been shown to
have higher proliferative capability in vitro than cells originating from the central
and paracentral corneal epithelium [78]. Finally, wounding or surgical removal of
the limbus in a rabbit model was shown to delay corneal wound healing and to cause
conjunctivalisation of the corneal surface [9, 46].

The Limbus Sclera 

Corneoscleral  
limbus 

Conjunctival 
limbus 

Schwalbe’s line 

Canal of Schlem 

Cornea 

Fig. 5.1 The corneoscleral limbus and associated structures

Limbal Anatomy and Structure

Within the limbus, the LESC are believed to live in a stem cell niche, which pre-
serves them in their undifferentiated status (Fig. 5.2). This stem cell niche has been
identified as the palisades of Vogt, which are thrown into folds in the sub-epithelial
connective tissue. These structures are thought to provide a protective environment
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Stem Transient amplifying cells  

Terminally differentiated, 
squamous cells 

The limbus Conjunctiva Cornea 

Fig. 5.2 Schematic representation of the function of the limbus: the stem cells (normally resid-
ing in the basal layers of the limbus) give rise to transit amplifying cells which migrate towards
the anterior layers of the corneal area eventually developing into the terminally differentiated
epithelium

for the LESC. Putative stem cells have been identified at the bottom of the epithelial
papillae forming the limbal palisades of Vogt [91]. This irregular junction between
the limbal epithelium and stroma provides protection to the cells from potentially
damaging mechanical stress, while the adjacent vascular network provides a sup-
ply of nutrients for the resident cells [4]. It has been shown in histological tissue
sections that LESCs are discretely located in the basal layer of the corneal limbal
epithelium, at the junction between the transparent cornea and the opaque sclera
[10, 13, 90]. However, the total number and distribution of LESCs remain elusive.
The limbal palisades of Vogt have been proposed as the site of the LESC niche
[16]. Photomicrographic, angiographic and histological studies have demonstrated
the fibrovascular nature of the palisades and the presence of “ridges of thickened
epithelium” in the interpalisade zone [34, 100].

Dua et al. [27] discovered a novel anatomical structure extending from the pal-
isades of Vogt which the authors put forward as a putative LESC stem cell niche,
the Limbal Epithelial Crypt (LEC). CK14 staining demonstrated that all the cells
in this LEC were of epithelial nature, and the levels of ABCG2 expression, a
putative LESC marker, suggested that the cells within these crypts may be stem
cells although no functional evidence was shown [27]. In a recent follow-up study,
the same research group further studied the frequency and distribution of LEC,
investigated the immunophenotype of the cells within the LEC and studied their
ultra-structural features. Cells within the crypt were shown to express cytokeratins
CK32 and CK19 as well as CD34 vimentin, p63 and connexin 43, whereas they
did not express the proliferation marker Ki67, an indication of slow cell cycle.
Moreover, these cells had a high nuclear to cytoplasmic ratio and were adherent
to the underlying basement membrane by multiple cytoplasmic projections. These
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data suggested that LEC contain a unique sub-population of cells expressing several
characteristics that are consistent with it representing a LESC niche [93].

Our group has recently identified two distinct candidate LESC niche structures;
namely limbal crypts and focal stromal projections (FSP). These two structures
could also be imaged in vivo in healthy human individuals. Biopsies targeted to
limbal regions rich in FSP structures yielded significantly higher numbers of LESCs
in culture suggesting that targeted biopsy of adult stem cell niches can improve stem
cell yield and may prove to be essential for the successful development of novel
adult stem cell therapies [95].

The cornea possesses two unique characteristics that make it ideally suited as
a model system for studying adult stem cells and their niche in humans. Firstly,
LESCs are found at the corneal limbus (the peripheral extent of the cornea) and are
anatomically segregated from their transit amplifying cell progeny which migrate
centrally to cover the paracentral and central cornea [78]. Secondly, it is opti-
cally transparent tissue and therefore non-invasive imaging of LESCs in humans
is possible [95].

The evidence that LESC reside within the corneal limbus is strong. It is therefore
presumed that the corneal limbus constitutes a specialized adult stem cell niche.
There is some functional evidence to support this.

5.1.2 Limbal Epithelial Isolation and Maintenance
Stem Cell Protocols

Maintenance of 3T3 Mouse Fibroblasts for Use as a Feeder Layer: 3T3/J2 mouse
fibroblasts were maintained in Dulbecco’s Modified Eagle Medium (DMEM Gibco)
supplemented with 10% Adult Bovine Serum (Gibco) and 1% penicillin/strepto-
mycin (Gibco). Culture medium was changed three times a week and the cultures
were passaged upon reaching 60–70% confluence at a ratio of 1:8. The cultures were
kept at 37◦C and 5% CO2. The fibroblasts were growth arrested by the addition of
mitomycin C (Sigma) at 4 μg/ml for 5 h.

5.1.2.1 Primary Human Limbal Epithelial Cell Isolation and Culture

Human limbal epithelial (HLE) cells were cultured in Corneal Epithelial Cul-
ture Medium (CECM) consisting of DMEM F12 (1:1) (Invitrogen) supplemented
with 10% Fetal Bovine Serum (FBS), 1% penicillin/streptomycin (Gibco), 0.1 nM
cholera toxin (Sigma), 5 μg/ml human recombinant insulin (Sigma), 0.05 mM hydro-
cortisone (Sigma) and 10 ng/ml epidermal growth factor (Invitrogen). Culture
medium was changed three times a week and the cultures were passaged upon
reaching 70–80% confluence at a ratio of 1:3.

HLE cells were isolated from research consented corneas supplied by the Moor-
fields Eye Bank, London. Corneas or limbal rims were cut into four segments and
immersed in a 1.2 U/ml dispase II solution (Roche) for 2 h at 37◦C or overnight at
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4◦C. After dispase treatment, the tissue pieces were transferred into a 35 mm Petri
dish. With the epithelial side uppermost, the epithelial cells were gently scraped
from the limbus area using a pair of fine pointed forceps. The cells were collected
using 5 ml CECM. The cell suspension was pipetted up and down on the tissue seg-
ments to disperse the cells. The cell suspension was then placed with another 5 ml
CECM into a T-75 tissue culture flask (Nunc) containing growth arrested 3T3 mouse
fibroblasts plated at cell density of 2.4×104 cells/cm2. Viable epithelial cells devel-
oped colonies in 2–3 days. The cultures were incubated at 37◦C and 5% CO2 in air.

5.1.3 Identification of Limbal Epithelial Stem Cells

There is no single marker that can be used to definitively identify a LESC. However
there are stem cell associated markers that can be used in combination with the
absence of differentiation markers to identify putative LESC.

ABCG2: The ATP binding cassette transporter protein ABCG2 has been pro-
posed as a possible LESC marker [107], and may in fact be a universal marker
for stem cells [110]. Zhou et al. [110] have found that ABCG2 is expressed in
stem cells from bone marrow and skeletal muscle, and also embryonic stem cells.
ABCG2 is also known as the breast cancer resistance protein 1 (BCRP1) [110], and
mediates drug resistance [21]. ABCG2 expression is responsible for the efflux of
many different anticancer drugs from a stem cell, and is able to exclude Hoechst
33342 dye [110]. ABCG2 is expressed in some of the limbal basal cell population
but not in corneal epithelial cells; thus suggesting that it is a possible marker for
LESC [10, 107].

p63: The transcription factor p63 is a putative LESC marker [77]. p63 is struc-
turally similar to the tumour suppressor protein p53 [64], and is involved in mor-
phogenesis [69]. p63 knockout mice (p63−/−) have major defects in epithelial
development and lack stratified epithelium [109]. These observations suggest that
p63 may be involved in maintaining the stem cell population [109]. Pellegrini et al.
[77] showed that p63 is expressed in the nuclei of human limbal epithelial basal
cells but not in TA cells on the surface of the cornea. However, several groups have
since found that p63 is also expressed by most of the basal cells in the central human
cornea [8, 25]. Therefore although p63 is useful for identifying putative LESC, it is
a specific marker for these cells.

The alpha isoform of p63 (ΔNp63α) has been shown to be more specific for
LESCs than other isoforms of this transcription factor [20]. Holoclones derived
from the limbus express high levels of p63α, meroclones express low levels, and
paraclones exhibit no expression. The alpha isoform of p63 is therefore a putative
marker for LESCs. Expression of p63α varies depending on the state of the corneal
tissue post mortem and this may explain the discrepancy in p63 staining found
between different research groups. Defects or abrasions on the central cornea, often
caused by incomplete closure of the eyelids after death, can result in the cornea
becoming “activated”. In these activated corneas p63α expressing cells from the
limbus migrate towards the central cornea and are found in the basal layer. ΔNp
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beta and gamma isoforms of p63 appear in the suprabasal layers of the cornea and
limbus in response to this wounding and therefore indicate more differentiated cells.

5.1.3.1 Other Markers

Other putative limbal stem cell associated markers include vimentin, integrin α9
[91] and cytokeratin 19 [40, 53]. Differentiation markers which can be used to iden-
tify which cells are not limbal stem cells include involucrin, connexin 43, and the
cytokeratins K3 and K12 [10, 91].

5.1.3.2 Immunocytochemistry Protocols

Eight-well permanox chambered slides (Labtek, Nunk) were used for immunocyto-
chemical analysis. The cells were washed three times with PBS, fixed for 10 min at
room temperature in 2% (wt/vol) paraformaldehyde, and treated with 20% (wt/vol)
sucrose before storage at −20◦C. The cultures were blocked for 1 h in PBS supple-
mented with 5% goat serum (Jackson) and 0.5% Triton X followed by the primary
antibody (mouse monoclonal antibody for ABCG2 and mouse monoclonal antibody
for cytokeratin 3 from Chemicon International; rabbit polyclonal antibody for p63α

from Cell Signaling; mouse monoclonal antibody for integrin β1 and chicken mon-
oclonal antibody for integrin alpha 9 from Abcam and rabbit polyclonal antibody
for PAX 6 from Santa Cruz) or blocking reagent only (negative control) overnight
at 4◦C.

Subsequently, the cells were incubated with their respective secondary antibody
(goat anti-mouse FITC, goat anti-mouse TRITC or goat anti rabbit TRITC anti-
bodies from Jackson), washed and counterstained with FITC or TRITC conjugated
phalloidin (Sigma).

Finally, the chamber slide wells were removed and the slides were mounted using
Vectashield media with DAPI (Vector Labs). All incubations apart from the pri-
mary antibody incubation were performed at room temperature, and each step was
interspersed with three 5 min rinses with PBS containing 0.1% Tween-20 (Sigma).

5.1.3.3 Colony Forming Efficiency

For the colony forming efficiency (CFE) assay, HCE-S cells were plated at a cell
density of 1000 cells / flask in three T12.5 flasks. The medium was changed every
other day. The cultures were fixed on day 12. Plates were fixed with cold methanol
for 30 min at −20◦C. Subsequently, the cells were re-hydrated with PBS and stained
with a 0.4% hematoxylin solution (Fisher). Finally, the flasks were photographed
using a lightbox. Colonies that fit the description of a holoclone as defined by
Barrandon and Green [2] were counted and the colony forming efficiency was
calculated as the percentage of holoclones to the total number of seeded cells.
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5.1.4 Methods for the Purification of Limbal Epithelial
Stem Cell Population In Vitro

5.1.4.1 Side Population (SP) Cells

The cells which have the ability to efflux Hoechst 33342 dye are known as the “side
population” (SP) and represent a population enriched for stem cells. SP cells have
been found in human limbal epithelium but not in the peripheral and central corneal
epithelium, thus suggesting that Hoechst dye can be utilised to partially distinguish
and purify LESC [104, 106, 107]. SP cells make up 0.3–0.4% of the limbal epithelial
cell population and have been found to have stem cell-like properties such as qui-
escence, slow cycling state, high levels of expression of putative stem cell markers
e.g. ABCG2, and no expression of markers for differentiated corneal epithelial cells
such as cytokeratin 3 [104, 107].

5.1.4.2 Rapid Adhesion to Collagen IV

Collagen IV can also be used to partially purify limbal epithelial cells with stem
cell like properties [61]. This selectivity is founded on the interaction of type β1

integrins which are highly expressed on the surface of putative LESC, with collagen
IV. β1 integrin intensity of expression has therefore been proposed as a marker for
putative stem cells [61, 105]. Li et al. [61] showed that cells from the limbal region
which adhere to collagen IV within 20 min exhibit greater stem cell-like proper-
ties than cells that adhere to collagen IV more slowly. Cells that did not adhere
to collagen IV within 2 h were classed as “non-adherent”, and those that adhered
between 20 min and 2 h were termed “slowly adherent cells” (Fig. 5.3). Rapidly

Fig. 5.3 Use of rapid adhesion on collagen IV to partially purify LESC. Cells which adhere to
collagen IV within 20 min exhibit stem cell-like properties to a greater extent than cells that adhere
more slowly
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adherent cells were found to have higher proliferative capacity, greater colony form-
ing efficiency, expressed higher levels of integrin β1, p63 and ABCG2 putative stem
cell markers, and retained 5-fold the level of BrdU label retained by non-adherent
cells indicating slow cycle. This population of rapidly adherent cells also did not
express the differentiation markers involucrin and cytokeratin 12. It was calculated
that 10% of the cells isolated from the limbal region rapidly adhered to collagen IV.
This method of enrichment by attachment to collagen IV was based on a method
developed by Jones and Watt [52] for putative epidermal keratinocyte stem cell
selection [52].

Rapid adhesion assay protocol: 0.5 mg/ml BSA solution (in PBS), heat denatured
at 60◦C for 30 min.

Six-well plates are coated with 2 ml per well of Collagen IV solution (100 μg/ml)
overnight at 4◦C or for 2 h at 37◦C. Subsequently the plates are washed three times
with PBS and 2 mls of BSA solution (0.5 mg/ml, heat denatured at 60◦C for 30 min)
are added for 1 h at 37◦C.

The cornea is cut into quarters and placed into Dispase II solution for 2 h at 37◦C.
The epithelium is scraped off as above and pipetted up and down to make a single
cell suspension. Cells are spun down to form a pellet and resuspended in 2 mls of
medium. The suspension is plated in a coated well and incubated at 37◦C in 5% CO2

for 20 min. The cells are removed from the initial well and the cell suspension is
added to another coated well. The first well is rinsed first well with 1 ml of medium
to remove any non adhered cells and added to the second well. Three millilitres
of medium to are added to the first well to keep the rapidly adherent cells alive.
The plate is incubated at 37◦C in 5% CO2 for 24 h. Next, the cells from the first
well (rapid adhering cells) are removed from collagen IV using 10X trypsin (Gibco)
for 3–5 mins at 37◦C and the cells are centrifuged cells at 1000 rpm for 5 mins. The
pellet is resuspended in 5 mls of medium and plate onto a growth arrested 3T3 feeder
layer (culture medium and 3T3 feeder layer growth arrest as above).

5.1.5 LESC Protocols in the Clinical Practice

5.1.5.1 Basics of Limbal Epithelial Stem Cell Failure

LESC deficiency can result from primary aetiologies such as the heritable genetic
disorder, aniridia [44, 75]. More commonly LESC deficiency occurs as a result of
causes such as thermal or chemical injury, Stevens Johnson Syndrome, contact lens
wear and multiple surgeries [11, 26, 35, 43, 45]. The result is persistent epithe-
lial breakdown, corneal vascularization and opacification, chronic discomfort and
impaired vision caused by the migration of neighbouring conjunctival epithelial
cells and blood vessels onto the corneal superficial layers [46, 80]. LESC failure
may be partial or total [24]. Partial LESC deficiency can occur in a localised region
of the limbus leaving an intact and functional population of LESCs in other areas.
This results in sectoral ingrowth of conjunctival epithelium in the areas of LESC
deficiency [45]. In total LESC deficiency there is dysfunction or destruction of the
entire LESC population resulting in conjunctivalization of the entire cornea [45].
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5.1.5.2 Limbal Epithelial Stem Cell Therapy Techniques for Graft
Preparation

Two culture systems, explant and the single cell suspension, have been used to
produce epithelial sheets containing LESC for delivery to the eye. During explant
culture human amniotic membrane is often used as both a substrate and carrier for
cultured LESCs. Limbal biopsy tissue is allowed to adhere to the amnion prior to
being submerged in culture medium which stimulates the limbal epithelial cells to
migrate out of the biopsy and proliferate on the amnion [39, 56, 57, 71, 88, 94, 103].
Once a confluent epithelial sheet has been formed, air lifting can be introduced to
promote stratification of multi-layered epithelium. The method of amniotic mem-
brane preparation may have an effect on the phenotype of the culture. Grueterich
et al. showed that culturing limbal epithelial cells on amnion with an intact amni-
otic epithelium may result in a more stem cell like phenotype than de-epithelialised
(denuded) amnion [40]. In the authors experience, the use of amniotic membrane has
disadvantages, including unpredictable biological variability between donor tissues,
often restricted tissue availability and the inherent semi-opaque nature if the mem-
brane obstructs post-operative visual clarity until the tissue is remodeled (a process
that depending on the patient can occur over a period of few days to several months).

The single cell suspension culture system requires first separating the epithe-
lial cells from the stroma using dispase and then dissociating the epithelial cells
from one another using trypsin prior to seeding [17, 72, 79, 92] either straight onto
amniotic membrane or onto a plastic tissue culture dish containing a feeder layer of
growth arrested 3T3 fibroblasts if more extensive in vitro cell expansion is desired.
The cultures can be incubated for up to three weeks. When a confluent epithelial
sheet is formed, it can be transferred to the ocular surface using either a contact
lens, [79, 92], collagen shield, [92] or fibrin gel [82]. Usually, the suspensions of
single limbal epithelial cells seeded onto amniotic membrane are co-cultured with a
layer of growth arrested 3T3 fibroblasts in the bottom of the dish [16].

5.2 Culture of Human Corneal Stromal Stem Cells
Yiqin Du, James L. Funderburgh

5.2.1 Introduction

The cornea is the outermost layer of the eye and it serves as a barrier and provides
the essential optical function of transmitting light to the retina. The cornea also
provides 70–75% of the refractive power required to focus the light into an image
[111]. In structure, the cornea is a relatively simple organ, composed of three dis-
tinct tissue layers, epithelium, stroma and endothelium. The stroma, a collagenous
connective tissue, makes up 90% of the cornea. It is populated with keratocytes,
neural crest-derived mesenchymal cells that secrete the unique transparent tissue of
the corneal stroma. In early gestation, neural crest cells migrate to form the corneal
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stroma [51, 108]. They undergo rapid cell division after localization in the cornea in
late embryogenesis, but after birth the keratocyte cell number stabilizes and little or
no mitosis can be detected throughout the lifetime. In the case of inflammation or
wounding, however, the stromal keratocytes become activated and mitotic. The phe-
notype of the activated keratocytes changes to that of fibroblasts and myofibroblasts,
and connective tissue secreted by these cells during wound-healing becomes opaque
scars. After healing the cells become quiescent, but human corneal scars are very
slow to resolve and it is not clear if the resident cells return to a fully keratocytic
phenotype. These properties suggest only a limited means of tissue renewal in the
corneal stroma. So recently the research on the corneal wound healing and tissue
bioengineering has focused on stem cells.

One method to isolate stem cells is side population cell sorting. Stem cells have
the ability to efflux fluorescent dye Hoechst 33342, leading to reduced red and
blue fluorescence in fluorescence-activated cell sorting (FACS) [36]. These cells are
referred to as “side population” (SP) cells because in the two dimensional display
of red and blue fluorescence, cells having reduced Hoechst dye appear as a small
tail to the left side of the mass representing live somatic cells. SP cells from a
number of adult tissues have been shown to exhibit many characteristics of stem
cells. The SP cells are lost after treatment with verapamil, a drug that blocks action
of the ATP-binding cassette transporter G family member ABCG2. This transporter
protein has been identified as the Hoechst efflux pump [55, 89, 110] and as a spe-
cific marker for many kinds of stem cells such as hematopoietic, mesenchymal,
muscle [110], neural [6, 47], cardiac [67], islet [59], and keratinocyte [99, 101]
stem cells. Recent studies have shown the presence of side population cells present
in corneal epithelial and stromal tissue. In these cells, ABCG2 protein and mRNA
expression are correlated with the SP phenotype and with stem cell characteristics
[5, 18, 91, 107].

During development the cornea stroma is produced by mesenchymal neural
crest cells as they differentiate into keratocytes and begin to synthesize and secrete
an extracellular matrix composed of collagens I, V and VI and proteoglycans
[29, 30, 41, 42, 63]. As maturation proceeds, the stroma dehydrates, becomes
thin and transparent, and contains flattened and interconnected keratocytes [48].
In adult mammals, however, numerous in vitro experiments show that keratocytes
rapidly lose their characteristic phenotype after several population doublings. This
loss of phenotype also occurs in healing wounds in vivo. In response to acute
injury, keratocytes become mitotic, adopt a fibroblastic phenotype, and move to
the injured area [7, 50]. In fact, primary keratocytes can be maintained in vitro
in serum-free or low mitogen serum-containing culture medium in a quiescent
state, exhibiting a morphology and matrix secretion similar to keratocytes in vivo
[3, 49]. Fetal bovine serum can induce keratocytes to proliferate but also causes
keratocytes to become fibroblasts and myofibroblasts [68]. The isolation and cul-
ture of stromal stem cells provides an important source of keratocytes for in vitro
and in vivo research. Recently, the authors found that the stroma of bovine and
human corneas contain small populations of cells exhibiting self-renewal ability
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for an extended number of population doublings in culture [22, 31]. Immunos-
taining shows that in the human corneal stroma, most of the ABCG2 and PAX6
positive cells are in the anterior part of the peripheral cornea [22]. These stromal
progenitor cells demonstrated potential for differentiation into several non-corneal
cell types, a characteristic similar to that of adult stem cells from other mes-
enchymal tissues. These corneal stromal stem cells can be cloned and proliferate
in vitro for more than 100 doublings. Like quiescent primary keratocytes, the cells
secrete the keratan sulfate proteoglycans, lumican, keratocan, and mimecan, iden-
tified as molecular markers for keratocytes [32, 33]. They can organize cornea-like
tissue in vitro by forming aligned collagen fibrils and secreting stroma specific
extracellular matrix and connecting to each other by forming cellular conjunc-
tions when the passaged stromal stem cells are cultured as cell pellets without any
scaffolding [23].

Currently the function of the stromal stem cells in vivo, especially during wound
healing is unclear. Some researchers have suggested that in corneal stroma there are
stem cells derived from bone marrow [97] which are CD34 positive. Nakamura et al.
[73] found that lethally irradiated mice, rescued by tail-vein injection of bone mar-
row cells from GFP expressing mice, exhibited a resident population of green
cells in the cornea. The function of bone marrow derived stem cells in cornea
and the relationship between bone marrow-derived cells and keratocytes remain
unknown.

In this section, we describe methods to isolate and culture human stromal stem
cells as well as to identify their characteristics and discuss the possible usage in cell
based therapy and tissue bioengineering.

5.2.2 Isolation and Culture of Primary Human Stromal Cells

5.2.2.1 Reagents and Materials

Starting Material

� Whole human cornea. Note: Human tissue for research must be obtained with
informed consent of the donor using a protocol approved by the Institutional
Review Board. Deidentification of donor, procedures in accordance with the
Declaration of Helsinki, and biosafety concerns will need to be addressed.

Sterile Supplies

� Stem cell culture medium (SCCM): Low-glucose-DMEM with MCDB-201, 2%
fetal bovine serum (FBS), 10 ng/ml epidermal growth factor (EGF), 10 ng/ml
platelet-derived growth factor (PDGF-BB), 1 × ITS, 1 mg/ml AlbuMax (Lipid-
Rich bovine serum albumin), 0.1 mM ascorbic acid-2-phosphate (A2P), 10−8 M
dexamethasone, GASP antibiotics (Gentamicin, 50 μg/ml; Amphotericin B,
1.25 μg/ml; Streptomycin, 100 μg/ml; Penicillin, 100 U/ml)
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� CMF-Saline G with GASP antibiotics: 8 g/l NaCl; 0.4 g/l KCl; Na2HPO4·7H2O,
0.29 g/l; KH2PO4, 0.15 g/l; glucose 1.1 g/l; pH 7.2, GASP.

� Dispase II
� TrypLE Express or 0.2% trypsin in CMF-Saline G
� DMEM/F-12 with GASP antibiotics
� Cell Strainer-70 μm nylon mesh
� Plastic spatula- “Cell Lifter”
� Curved Iris Scissors 4 3/8”
� 4” jeweler’s forceps
� Corneal scissors, 19 mm blades, sharp tip (Wescott #55541S)
� Colibri Suturing Forceps 0.1 mm (WPI #555063FT)

Non-Sterile

� Variable-speed tilting mixer; e.g. Barnstead/Thermolyne #M48725
� Centrifuge, low speed, refrigerated
� SDS sample buffer (6x): 7 ml 0.5 M Tris HCl (pH6.8), 3 ml glycerol, 1 g SDS,

1.2 mg Bromophenol Blue (Final: 0.35 M Tris, 33% glycerol, 10% SDS).

5.2.2.2 Protocol

a) Wash the cornea 5 min × 3 in CMF-Saline G
b) Trim off the residual sclera, conjunctiva and iris.
c) Add 2 ml of 1.2 U Dispase II (2.4 U Dispase II diluted in DMEM/F-12 with

GASP antibiotics) 4◦C, overnight on a tilting mixer.
d) Rotate the cornea in Dispase II for 30 min at 4◦C.
e) Wash the cornea once in DMEM/F-12 with GASP.
f) Under dissection microscope, carefully peel off the epithelium and endothelium.
g) Use a plastic spatula to scrape both epithelial side and endothelial side of the

stroma. Observe through microscope to make sure all of these cellular layers
are removed.

h) Wash the corneal stroma in new medium once.
i) Cut the stroma into quarters using scalpel, or fine scissors.
j) Digest up to 20 h at 4◦C with 0.5 mg/ml collagenase type L in DMEM/F-

12+A2P+GlutaMax containing GASP antibiotics, until most of the tissues
disappear.

k) Centrifuge at 400g, 10 min and discard the supernatant.
l) Resuspend the cells in fresh DMEM/F-12 with GASP antibiotics, filter the

digest through a 70 μm Cell-Strainer and repeat the centrifugation.
m) Repeat this wash a second time. Count the cell number after each spin.
n) Resuspend the primary stromal cells in SCCM and seed into tissue-culture

coated plastic dishes at a density of 1×104 cells per cm2.
o) Change the medium every 3 days.
p) Passage: When the cells are 80∼90% confluent, passage by trypsinization.

Aspirate the medium, wash in CMF-Saline G and add trypsin or TrypLE
to barely cover cells for 10 min at 37◦C. Add DMEM/F-12 with 2%FBS to
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terminate the digestion, count the cell number. Centrifuge resuspended cells
and discard the supernatant. Resuspend in fresh SCCM and seed cultures at a
density of 1×104 cells/cm2.

5.2.3 Isolation of Stromal Side Population Cells Using FACS

5.2.3.1 Reagents and Materials

Sterile

� HBSS with 2% FBS
� Hoechst 33342 dye 1 mg/ml in water.
� Propidium Iodide 2 mg/ml in water.
� Verapamil 500 μg/ml in water.
� DMEM with 2% FBS
� TrypLE or trypsin
� MoFlo (or similar) high-speed cell sorter, with 350 nm excitation.

5.2.3.2 Protocol

a) Trypsinize passage 2–4 stromal cells.
b) After digestion, filter the cells through a 70 μm Cell-Strainer before counting.
c) Count the cell number and dilute to 1.0×106 cells per ml in DMEM with 2%

FBS.
d) Add 5 μg/ml Hoechst 33342 dye, incubate in 37◦C water bath for 90 min, avoid

light, agitate every 20 min.
e) As a control, some cells, at the same concentration, are pre-incubated for 20 min

with 50 μg/ml verapamil before Hoechst 33342 incubation.
f) After staining, wash the cells twice by centrifugation in Hanks’ balanced salt

solution (HBSS) with 2% FBS at 4◦C and then resuspend and store them in cold
HBSS with 2% FBS on ice.

g) Immediately before sorting, add 2 μg/ml propidium iodide to identify nonviable
cells.

h) Sort cells on a sterile, high-speed cell sorter, using 350 nm excitation. Collect the
cells showing reduced fluorescence of both blue (670 nm) and red (450 nm). This
“side population” is collected separately from dead cells and from fully-labeled
cells. As a control, confirm that the side population is eliminated by verapamil
preincubation.

Alternative Procedure: Cells can be sorted according to expression of ABCG2
protein, although this procedure may not yield a population with the same level of
“stemness” as Side Population cells.

a) For passage 2–4 cells, trypsinize the cells. Count the cell number.
b) Spin down at 400g, 10 min.
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c) Wash once with PBS + 0.5% BSA.
d) Block in 50 μl block buffer (PBS+0.5%BSA+2% Normal Goat Serum), 10 min,

on ice.
e) Add 10 μl Antibody (MAB 4155F, Clone 5D3 anti-ABCG2-FITC, or Isotype-

FITC), 30 min, on ice, avoid light.
f) Wash once by centrifugation in PBS-BSA
g) Gently resuspend the cells in 1 ml PBS +2%FBS. Keep the cells on ice until

flow cytometry is performed.
h) Fluorescence-activated cell sorting (FACS) is performed using a high-pressure,

high-speed cell sorter. A 488 nm argon laser excited fluorescein isothiocyanate,
and a band-pass filter of 525/20 is used to measure emitted light. Gates in the
right angle scatter versus forward scatter diagrams are used to exclude debris.
Collect at least 100,000 events for analysis.

i) The sorted ABCG2-positive and -negative cell populations can be used to evalu-
ate their colony-forming efficiency and gene expression of stem cell markers and
to passage for further investigation and in vivo transplantation.

5.2.4 Stem Cell Characterization and Differentiation

5.2.4.1 Stem Cell Characterization

Stromal stem cells in SCCM will exhibit expression of PAX6 and ABCG2, genes
not expressed by differentiated keratocytes.

PAX6: Stem cells in sparse conditions in SCCM will express high levels of
nuclear PAX6. Cells seeded at 1×104/cm2 and cultured in SCCM to about 80–90%
confluence are fixed in 3.2% PFA in PBS for 10 min, permeabilized in 0.1% Tri-
ton X-100 for 10 min and blocked in 10% goat serum for 30 min. The cells are
stained with Anti-PAX6 (Covance) diluted 1:100 and counterstained with cyto-
plasmic myosin (CMII25, Developmental Hybridoma Bank) followed by secondary
antibodies of Alexa 488-anti-rabbit and Alexa anti-mouse 546 for 1 h. The samples
are washed two more times in PBS and mounted in a minimal volume of antifade
mounting medium under a number 1 coverslip. The samples are photographed with
an epifluorescence or Confocal microscope.

ABCG2: ABCG2 can be detected by immune precipitation after cell surface
biotinylation. Cell layers are rinsed in PBS and incubated with Sulfo-NHS-LC-
Biotin (Pierce, Rockford, IL,) at 1 mg/ml in PBS for 15 min on ice. Cell layers are
washed again in PBS, the cells are scraped with a cell lifter and pelleted. Cells
are lysed in 0.5 ml M-PER (Pierce) and cleared with 10 μl of Protein G magnetic
beads (Dynal Biotech). ABCG2 antibody (clone BXP-21; Chemicon International)
is preincubated with Protein G Beads and then the loaded beads are incubated
with samples overnight. The beads are collected, rinsed in PBS, and the bound
protein is eluted by heating in SDS sample buffer. Proteins are separated on 4–
20% SDS-PAGE gel, transferred to polyvinylidene difluoride (PVDF) membranes,
and biotinylated protein is detected with streptavidin-horseradish peroxidase (BD
Biosciences Pharmingen) using a luminescent substrate.



5 Eye 127

5.2.5 Keratocyte Differentiation

As the stem cells differentiate to keratocytes they will lose expression of PAX6 and
ABCG2 and express molecular markers unique to keratocytes. The most reliable of
these markers are the proteoglycan keratocan and the glycosaminoglycan keratan
sulfate. These both can be detected by immunostaining and western blot. Keratocan
mRNA can be quantified as well.

Procedure: Passage the stem cells at 1×104 cells/cm2 in keratocyte differentia-
tion medium, Advanced MEM (Invitrogen) with 10 ng/ml basic fibroblast growth
factor (FGF2) and 0.1 mM ascorbic acid-2-phosphate (A2P). Change the medium
every 2–3 days. After 1–2 weeks, the cells will be induced into keratocytes.

5.2.6 Immunodetection of Proteoglycans

Proteoglycans are recovered from culture media by passage over ion exchange
columns (SPEC-NH2 microcolumns). These are rinsed in 0.2 M NaCl, 6 M urea,
0.02 M Tris, pH 7.4, and eluted in 0.5 ml 4 M guanidine-HCl, 0.02 M Tris, pH 7.4.
The samples are dialyzed against water, and lyophilized. Samples are resuspended
in 100 μl 0.1 M ammonium acetate, pH 6.5, and divided into half. One half is
digested overnight at 37◦C with 2 mU/ml Keratanase II and 2 mU/ml endo-beta-
galactosidase. Digested and undigested samples, normalized for cell number, are
run on a 4–20% SDS-PAGE gel, transferred to PVDF membrane, and subjected to
immunoblotting with Kera-C polyclonal antibody against keratocan and monoclonal
antibody J36 against keratan sulfate. The digested samples will not react with J19
but will show a sharp band of 55 kDa for the keratocan.

5.2.7 Quantitative Reverse Transcription–Polymerase Chain
Reaction (RT-PCR)

Quantitative RT-PCR is performed using SYBR Green RT-PCR Reagents according
to the manufacturer’s instructions. The reaction is carried out for 40 cycles of 15 s
at 95◦C and 1 min at 60◦C after initial incubation at 95◦C for 10 min. Reaction
volume is 50 μl, containing 1x SYBR Green PCR buffer, 3 mM Mg2+, 200 μM
dATP, dCTP, dGTP and 400 μM dUTP, 0.025 units per ml AmpliTaq Gold poly-
merase, 5 μl cDNA, and forward and reverse primers at optimized concentrations.
A dissociation curve for each reaction is generated on the Gene-Amp ABI Prism
7700 Sequence Detection System to confirm the absence of nonspecific amplifi-
cation. Amplification of 18S rRNA is performed for each cDNA (in triplicate) for
normalization of RNA content. Threshold cycle number (Ct) of amplification in each
sample is determined by ABI Prism Sequence Detection System software (Applied
Biosystems). Relative mRNA abundance is calculated as the Ct for amplification
of a gene-specific cDNA minus the average Ct for 18S expressed as a power of 2,
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that is, 2−ΔCt. Three individual gene-specific values thus calculated are averaged to
obtain mean ± SD.

Human primers:

Keratocan Forward: ATCTGCAGCACCTTCACCTT
Reverse: CATTGGAATTGGTGGTTTGA

ABCG2 Forward: TGCAACATGTACTGGCGAAGA
Reverse: TCTTCCACAAGCCCCAGG

Pax6 Forward: CAATCAAAACGTGTCCAACG
Reverse: TAGCCAGGTTGCGAAGAACT

18s Forward: CAATCAAAACGTGTCCAACG
Reverse: TAGCCAGGTTGCGAAGAACT

5.2.8 Immunostaining

Primary antibodies:

ABCG2 Mouse Monoclonal BXP-21 1:100
Anti-PAX6 Rabbit Polyclonal 1:100
Kera C Goat Polyclonal 1:100

Wash the cells with CMF-Saline G once, then fix in freshly made 3.2% paraform-
aldehyde (PFA) in PBS for 15 min at room temperature. Wash with PBS once, then
permeabilize with 0.1% Triton X-100 in PBS for 10 min. Block nonspecific binding
with 10% heat-inactivated goat serum in PBS. Incubate the samples for 1 h at room
temperature with primary antibodies. After two washes with PBS, add secondary
antibodies followed by incubation for 1 h at room temperature. Wash two more times
in PBS and mount in a minimal volume of antifade mounting medium with cover-
slip. The samples are photographed with an epifluorescence or Confocal microscope
using an 40 x oil objective.

The cells will have lost ABCG2 and PAX6 expression but will become positive
for keratocan when stained with Kera C antibody.

5.2.9 Scaffolding-Free Pellet Culture

The stromal stem cells can differentiate into keratocytes and secrete and organize
a cornea-like tissue in vitro by scaffolding-free pellet culture. The cells cultured
as pellets secret stromal specific extracellular matrix keratocan and keratan sulfate;
partly form aligned collagen fibrils with collagen V and VI expression; the cells in
the pellets form cell–cell junctions with connexin43 and cadherin11 expression.

Procedure: Trypsinize the cells, collect 2×105 cells in a 15 ml tube, centrifuge
the cells at 400g for 5 min, culture the centrifuged cells in Advanced MEM + A2P
+ FGF2 for 3 weeks with medium changed every 3 days.



5 Eye 129

5.2.9.1 Cryopreservation

Trypsinize cells, count, pellet by centrifugation and resuspend the cells in freez-
ing medium at 2–5 × 106 cells /ml with 1 ml per vial. Chill at a controlled rate of
1◦C/h using a commercial freezing box filled with isopropanol in a −80◦C freezer
overnight. On the next day, transfer the vials to liquid nitrogen. Freezing medium:
70% culture medium (DMEM/F-12), 20% FBS, 10% DMSO. Make fresh each time
before freezing cells.

5.2.9.2 Variations and Applications of the Method

The corneal stromal stem cells have clonogenic and multipotent differentiation
potential. These properties can be used to confirm the stem cell character of isolated
cells.

1. Clonal Growth: Stromal stem cells grow clonally in SCCM. Trypsinized cells
are counted and diluted in SCCM to a concentration of 0.3 cells/ml. In 96 well
culture plates, 0.1 ml is plated per well. The ratio of 0.3 cells/well provides very
low chance that any well will have two cells. After 2 weeks, wells with colonies
are marked and medium changed. When confluent, the cells are trypsinized and
expanded at 1×104 cells/cm2. Cloning is recommended before differentiation.

2. Chondrogenic potential: Chondrocytes are never observed in mammalian eyes.
The ability of cells to express cartilage-specific genes and gene products is therefore
a strong marker for their multi-differentiation potential (and hence stem cell charac-
ter). Chondrocyte differentiation medium (CDM) contains DMEM/MCDB-201, 2%
FBS, 0.1 mM ascorbic acid-2-phosphate, 10−7 M dexamethasone, 10 ng/ml TGFß1,
and 100 μg/ml sodium pyruvate. Cells (105) are resuspended in CDM and are pel-
leted in a 15 ml conical centrifuge tube. The medium is changed every 3 days. Pellets
are cultured for 2–3 weeks. Messenger RNA for collagen II, aggrecan, and cartilage
oligomatrix protein (COMP) can be detected under the chondrogenic conditions
by stem cells but not by fibroblasts or keratocytes. Collagen II and COMP protein
expression can also be detected using immunoblotting of pellet extracts.

Human primers:

Collagen II Forward: CCGGGCAGAGGGCAATAGCAGGTT
Reverse: CAATGATGGGGAGGCGTGAG

COMP Forward: ACAATGACGGAGTCCCTGAC
Reverse: AAGCTGGAGCTGTCCTGGTA

Aggrecan Forward: TGAGGAGGGCTGGAACAAGTACC
Reverse: GGAGGTGGTAATTGCAGGGAACA

5.3 Neural Differentiation

Stem cells are incubated under conditions that induce neural differentiation in
Advanced MEM with 10 ng/ml epithelial growth factor (EGF), 10 ng/ml FGF2 and
1 μM all-trans retinoic acid. Retinoic acid is added every 3 days and the cells
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are kept 2–3 weeks to induce neurogenesis. RT-PCR from these cells will detect
mRNA upregulation of both GFAP and neurofilament protein. Increases in GFAP
and neurofilament proteins can also be detected by western blotting. Immunofluo-
rescent staining shows cells positive for neurofilament, GFAP, and beta-tubulin III.
Procedures are similar to those discussed above.

Human primers:

Neurofilament protein Forward: GAGGAACACCAAGTGGGAGA
Reverse: CTCCTCCTCTTTGGCCTCTT

GFAP Forward: ACTACATCGCCCTCCACATC
Reverse: CAAAGGCACAGTTCCCAGAT

5.3.1 Conclusions

Keratoplasty is currently the only effective method providing recovery of vision
after corneal blindness. Although donated corneal tissue currently meets the needs
of most recipients in the US, worldwide, 8–10 million individuals suffer from
corneal blindness without access to therapy. Additionally, numerous individuals
reject allogeneic corneal tissue, and the supply of donated corneas may soon be
reduced by the increasing number of refractive surgeries which render the corneas
non-suitable for transplant. Because of these problems, there is significant interest
in development of artificial and bioengineered corneas. Griffith et al. have demon-
strated that corneal equivalents generated from the three corneal cell layers mimic
human corneas in key physical and physiological functions. These studies used
immortalized cell lines transformed with retrovirus, making them less suitable for
transplantation. Focus has therefore turned to stem cells as a source of tissues for
use in cell-based therapy and corneal tissue engineering. The stromal stem cells can
differentiate into keratocytes and secrete stromal specific extracellular matrix, so
they might be used as cell based therapy in corneal wound to decrease corneal scars.
The stromal stem cells can also form cornea-like tissue in vivo with aligned collagen
fibrils, so they might be used to make artificial corneas. In this way, millions of
patients suffering from corneal blindness could benefit.

5.4 Isolation and Culture of Müller Stem Cells
from the Adult Neural Retina of the Human Eye
G. Astrid Limb

5.4.1 Introduction

The vertebrate retina develops from a population of progenitor cells in the embry-
onic primordium of the diencephalon. These cells undergo multiple divisions to
generate all the neurons and Müller glia of the adult retina, and in most vertebrates,
a small group of retinal stem cells can be found in the adult eye at the retinal margin
[70]. Pigmented cells from the ciliary epithelium exhibiting neural progenitor char-
acteristics have been also reported in the adult murine and human eyes [12, 102].
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These cells can be isolated and grown in vitro for extended periods, and can be
made to differentiate into most types of retinal neurons by addition of growth and
differentiation factors in culture [12, 102]. Fish and amphibians have been known
for a long time to be able to regenerate retina throughout life [83, 84] and studies
have shown that Müller glia form the retinal stem cell niche that generate retinal
stem cells in the adult zebra fish after injury [84]. Müller cells have also been shown
to regenerate chick [28] and rat retina [76], and more recent findings demonstrated
that a population of Müller cells with neural stem cell characteristics is present in
the adult human eye [58, 96].

Recent developments in the stem cell field have widened the prospects of apply-
ing cell-based therapies to regenerate ocular tissues that have been irreversibly
damaged by disease or injury. In the clinical setting, stem cell transplantation to
repair and regenerate neural retina constitutes a major challenge and many prob-
lems to establish such therapies remain to be solved. Transplantation of neural
stem cells and retinal progenitors to regenerate retinal function has been extensively
performed in various experimental models of retinal disease, yielded mixed results
[1, 65, 66, 81, 98]. In order to develop practical methods for stem cell transplantation
to regenerate retina, extensive research is still needed and requires reliable methods
to isolate and grow retinal stem cells for transplantation.

Müller cells are radial glial cells which extend across the whole width of the
retina, although their soma is normally found in the middle of the inner nuclear
layer [85]. The distal border of Müller cells is marked by the outer limiting mem-
brane, which consists of junctional processes of Müller cells and photoreceptors,
while the proximal border of the cells is marked by the inner limiting membrane,
consisting of the Müller cell membrane and a basement membrane [74]. Müller
cells constitute the principal glial cells of the retina, capable of performing the
functions that astrocytes, oligodendrocytes and ependymal cells do in other regions
of the central nervous system [19]. Müller glia stabilize the retinal architecture,
provide an orientation scaffold to neurons, give metabolic support to retinal neu-
rons and blood vessels, and prevent aberrant photoreceptor migration into the
subretinal space [86]. In vitro, Müller stem cells exhibit the morphological and
physiological characteristics of all Müller glia [58] and stain for all the markers
characteristic of these cells [58]. Müller stem cells can only be distinguished from
terminally differentiated Müller glia by the expression of nestin, an intermediate
filament protein that is expressed by neural progenitors in the central nervous sys-
tem [58]. In general, Müller cells can be identified by their expression of glutamine
synthetase, an enzyme involved in detoxification of ammonia and glutamate that
operates in concert with the L-glutamate/L-aspartate transporter (GLAST), to ter-
minate the neurotransmitter action of glutamate, and which is responsible for the
supply of glutamine [86]. The cells also express cellular retinaldehyde binding
protein (CRALPB), a protein that binds with high affinity to 11-cis-retinal and
11-cis-retinol, which are important components of the rod and cone visual cycle
[59]. During isolation, Müller cells may be contaminated with retinal astrocytes.
Because Müller cells share several characteristics in vitro with these cells, including
morphology, expression of GFAP, and glutamine synthetase [87], Müller glia can
be differentiated from astrocytes by their expression of CRALBP and its absence in
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astrocytes [62]. Other markers characteristically expressed by Müller glia include
epidermal growth factor receptors (EGF-R), alpha smooth muscle actin (α-SMA)
and vimentin [54].

Since Müller stem cells isolated from the neural retina exhibit the characteris-
tics of Müller glia in general [58, 62], they can be isolated and maintained in vitro
under the conditions normally used to culture Müller cells. Their growth is how-
ever promoted by initial addition of EGF in the primary cultures. After the first
colonies are established, it is not necessary to add this factor. They can be frozen
and thawed without losing their characteristics for more than 100 passages (approx-
imately 500 divisions) [58]. When cultured under specific conditions in the presence
of growth factors, Müller stem cells are able to form neurospheres, to acquire neu-
ral morphology and to express markers of retinal neurons [58]. Differentiation of
Müller stem cells can be achieved using conditions known to promote neural retinal
differentiation [54, 58].

Müller stem cells can be isolated from the neural retina of human cadaveric donor
eyes of both sexes and all ages. They have been successfully isolated from human
eyes of ages ranging between 18 months and 83 years old and can be easily grown
from eyes stored between 24 and 72 h post-mortem in Eye Banks, under conditions
used to retrieve corneas for transplantation.

5.4.2 Protocol for Isolation of Müller Stem Cells
from the Neural Human Retina

1. Remove cornea and lens by holding the optic nerve in the upright position.
2. Gently dislodge the vitreous and retina from the eye cup with a pair of small

forceps, leaving behind the RPE and choroid.
3. Carefully cut the retina from the optic nerve and place in a Petri dish containing

Phosphate-Buffered Saline 7.2 (1X) (Invitrogen, UK).

Enzymatic
digestion

Ciliary body

Dissected retina

ON
ON

Ciliary
body

NR

Fig. 5.4 Isolation of Müller stem cells from dissected neural retina. Dotted lines indicate the sites
where neural retina needs to be excised from the ciliary body before enzymatic digestion to isolate
the retinal Müller stem cells. (ON) optic nerve, (NR) neural retina (Figure from [58])
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4. Using a surgical blade, excise the neural retina at approximately 4 mm away
from the ciliary body (Fig. 5.4). To avoid contamination with retinal stem
cells reported in this region (6), or with retinal pigment epithelium (RPE), spe-
cial care should be taken when dislodging the neural retina from the vitreous.

5. Carefully remove any loose pigmented cells contaminating the neural retina by
rinsing with PBS before enzymatic dissociation of retinal cells.

6. Place neural retina into a 12 ml tube containing 3 ml Trypsin-EDTA (5%
trypsin, 2% EDTA- Gibco BRL, UK) and incubate tube for 20 min at 37◦C.

7. Homogenize tissue by vigorous pipetting and incubate for a further 10 min at
37◦C.

8. Repeat vigorous pipetting, add 9 ml of DMEM medium (Gibco BRL, UK)
containing 10% foetal bovine serum (Gibco BRL, UK).

9. Remove large tissue debris by filtration through a stainless steel sieve pore size
200 μm (Sigma, UK). Stainless steel sieves can be replaced by sterile gauze
4-folded, which is placed over a 50 ml tube or a small Petri dish.

10. Alternatively, cells can also be dissociated from retinal fragments by incubat-
ing the tissue in 1 ml dispase (2.4 U/ml in PBS- Invitrogen, UK.) at 37◦C for
20 min, followed by vigorous pipetting and addition of 1 ml of Trypsin-EDTA
(5% trypsin, 2% EDTA) containing 0.67 mg hyaluronidase (Sigma, UK). Tissue
is incubated for a further 20 min at 37◦C before separating cells by filtration
through a sieve (as above).

11. Pellet dissociated cells by centrifugation at 350g for 10 min.
12. Wash cells twice in the above medium.
13. Re-suspend cells in 5 ml of DMEM medium containing L-glutamax I (Gibco

BRL, UK), 10% FBS and epidermal growth factor (EGF, Sigma, UK) at a final
concentration of 40 ng/ml.

14. Prior to cell isolation, coat tissue culture flasks with fibronectin as follows:
Dissolve fibronectin (from human plasma- Sigma, UK) in bicarbonate buffer
(15 mM Na2CO3, 35 mM NaHCO3, pH 9.6). Place 5 ml of this solution into a
12.5 cm2 tissue culture flask (Becton-Dickinson, USA) and incubate overnight
at 4◦C or at room temperature for 2 h. Remove fibronectin and rinse flask with
DMEM medium before plating the cells.

15. Plate isolated cells in a fibronectin coated flask and incubate at 37◦C. Adher-
ing Müller stem cells display a characteristic bipolar morphology (Fig. 5.5),
which is observed after 5–7 days in culture. Original medium is maintained
until the first colonies are formed (approx. 2 weeks). At this point, medium
containing EGF is replaced until large colonies are formed. To expand the cells,
large colonies are detached by incubation with Trypsin-EDTA (5.0 g/L trypsin,
2.0 g/L EDTA) (Sigma, UK) for 3 min at 37◦C. Cells are then expanded in cul-
ture by plating them at a concentration of 2×104/ cm2 in DMEM containing
10% FCS only and allowed to become confluent before dissociating them again.

16. Müller stem cells in culture can be identified by their characteristic morphol-
ogy, electron-microscopic features and expression of cellular retinaldehyde
binding protein (CRALBP) (Abcam, UK), vimentin (Dako, UK), glial fibril-
lary acidic protein (GFAP), epidermal growth factor receptor and glutamine



134 M. Notara et al.

A B

Fig. 5.5 Müller stem cell morphology in vitro. (A) Müller stem cells exhibit a granular appearance
following 7 days in primary culture. (B) Following 3–4 weeks in culture, Müller cells spread and
exhibit a characteristic bipolar morphology

synthetase (Santa Cruz Biotech, USA), using standard immunocytochemical
methods previously described [58, 96] and indicated below. Negative staining
for cytokeratin 8/18, using the antibody CAM 5.2 (Becton Dickinson,
USA), can further help to identify Müller cells, as retinal pigment and cil-
iary epithelium, the main contaminants of Müller preparations, stain with
CAM 5.2.

5.4.3 Protocol for Immunocytochemical Staining
of Müller Stem Cells

1. Seed cells on glass microcoverslips coated with fibronectin (as indicated above)
and culture until desired confluence. Remove culture medium and fix cells with
4% paraformaldehyde dissolved in PBS (pH 7.4).

2. Block cells in PBS + 0.3% Triton + 5% donkey serum for 1 h.
3. Add primary antibodies diluted in PBS + 0.3% Triton + 5% donkey serum +

0.5% BSA – overnight incubation
4. Wash 3 times with PBS – 10 min each
5. Add Alexa-fluorochrome labelled secondary antibody (Molecular Probes, USA)

prepared in different species from the primary antibody at a 1:500 dilution in
PBS, in 2% Donkey serum for 2 h at RT.

6. Wash 3 times with PBS (10 min each)
7. Add DAPI (Sigma, UK), 1:2500–5000 in PBS for 1 min.
8. Rinse in PBS
9. Wash 4×5 min Tris buffer pH 7.5 (6.35 g Trizma HCl and 1.18 g Trizma base

per litre).
10. Mount with Vectashield (Vector Laboratories, UK)
11. Observe under fluorescence microscope
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5.4.4 Protocol for Neurosphere Formation and Neural
Differentiation of Müller Stem Cells

1. Detach confluent cells using Trypsin/EDTA as above. Resuspend cells at a
concentration of 1×104/ ml in DMEM containing 10% FBS.

2. Place 100 μl of the cell suspension in 96 well plates coated with extracellular
matrix (ECM). This volume yields a cell density of approximately 500–800
cells/cm2. If a larger number of cells is required, cells can be plated on larger sur-
faces provided these are coated with ECM and the proportion of cells is adjusted
to the area of the well or flask.

3. Various ECM proteins may be used to differentiate Müller stem cells. Laminin,
vitronectin and fibronectin (Sigma, UK) are used at a concentration of 10 μg/ml,
whilst basement membrane protein from Engelbreth-Holm-Swarm murine sar-
coma (Sigma, UK) is used at a concentration of 50 μg/ml. These proteins are
dissolved in 15 mM Na2CO3, 35 mM NaHCO3 buffer and used to coat tissue
culture flasks or culture slides as indicated above.

4. To induce differentiation, FGF2 (Sigma, UK) at a final concentration of 40 ng/ml
or RA (Sigma, UK) at a final concentration of 5 μm are added to the wells and
the cells incubated at 37◦C for 3–7 days. Cell culture differentiation medium
should be replaced every two days with fresh medium containing growth factors.

5. Under these conditions, neurospheres are formed after 4–5 days, whilst cells dis-
playing neural morphology can be observed after two days in culture (Fig. 5.6).

C D

A B

Fig. 5.6 Neural differentiation of Müller stem cells. (A) Following 5 days in culture at low cell
density in the presence of basement membrane protein and FGF (40 ng/ml), Müller stem cells
form neurospheres. (B) Neurospheres stain for various neural markers such as calbinding (fluores-
cence staining). (C,D) Müller stem cells cultured in the presence of FGF (40 ng/ml) acquire neural
morphology
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6. Acquisition of neural characteristics can be assessed by examination of mor-
phology under phase contrast microscopy, and by confocal analysis of cells
immunostained for various neural markers. These may include anti-βIII tubulin
(Chemicon Int, USA), protein kinase C (PKC) (Santa Cruz Biotech, USA), calre-
tinin (Swant, Switzerland); HuD and Brn3 (Santa Cruz Biotech, USA), 160 kDa
neurofilament protein and calbindin (Chemicon, USA).
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FBS: Fetal Bovine Serum
BCRP1: Breast Cancer Resistance Protein 1
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GASP: 50 μg/mL gentamicin, 100 IU/ml penicillin, 100 μg/ml strepto-

mycin, 1.25 μg/mL amphotericin B
PBS: Phosphate-buffered saline
CMF-Saline G: Calcium-Magnesium Free Hanks Saline G.: 8 g/l NaCl; 0.4 g/l

KCl; Na2HPO4·7H2O, 0.29 g/l; KH2PO4, 0.15 g/l; glucose 1.1 g/l;
pH 7.2

HBSS: Hanks’ balanced salt solution
FBS: Fetal Bovine Serum
EDTA: ethylene diamine tetraacetic acid
PFA: Paraformaldehyde
DMSO: Dimethyl sulfoxide
ABCG2: ATP-Binding Cassette Transporter G family member
PI: Propidium iodide
GLAST: L-glutamate/L-aspartate transporter
CRALPB: cellular retinaldehyde binding protein
EGF-R: epidermal growth factor receptors
α-SMA: alpha smooth muscle actin
RPE: retinal pigment epithelium
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Chapter 6
Colon

F. Iovino, Y. Lombardo, V. Eterno, P. Cammareri, G. Cocorullo,
M. Todaro and G. Stassi

Abstract The aim of this chapter is to show the key features of adult colon stem
cells and provide a useful tool for their isolation, characterization and propagation.

In 1974, the “Unitarian theory” was proposed, according to which all the cell
types within the crypt can be derived from a single stem cell [2].

The intestinal epithelium has a well defined structure ordered into crypt and
villi, with a hierarchical organization that consists of cells displaying features of
stem cells, rapidly dividing cell with little or no stem cells attributes (also called
“transit-amplifying cells”) and differentiated cells. Intestinal epithelial stem cells are
located toward the bottom of the crypt in the large intestine, and above the Paneth
cells in the small intestine. Their differentiated progeny migrate upward through the
transit-amplifying zone in the lower-to-middle region of the crypt, before becom-
ing terminally differentiated, and are finally shed into the lumen [11]. In contrast,
Paneth cells remain at the bottom of small intestinal crypts and play an important
role in maintaining the sterility of the crypt [10]. The differentiated compartment
of intestine comprises: absorptive enterocytes, hormone-secreting endocrine cells,
mucus-producing goblet cells and “M” cells involved in the transport of antigens
from the gut lumen into Peyer’s patches.

Stem cells are surrounded by other cells and extracellular matrix within a niche
that provides an optimal environment for stem cell homeostasis [15]. Although
there is evidence for a stem cell niche in the gut, little is known. The intestinal
stem cell niche is thought to be covered by intestinal subepithelial myofibroblasts
(ISEMFs) that create a syncytium with the lamina propria and merge with the per-
icytes associated with the blood vessels. The myofibroblasts play a vital role in
epithelial-mesenchymal interactions and they are probably required for the regula-
tion of epithelial cell differentiation, which might be dependent on their secretion
of growth factors. Among the factors secreted by ISEMFs, the Wnt proteins [18]
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are involved in the control of colon stem cells and may maintain stem cells in a
self-renewing state.

The interaction of Wnt proteins and their receptors, belonging to the Frizzled
protein family, ultimately regulates the stability of the multifunctional protein beta-
catenin. In the absence of Wnt, beta-catenin binds to the scaffold protein Axin in a
multiprotein complex containing the tumour suppressor APC and GSK3beta leading
to its proteasomal degradation. Following Wnt stimulation, Dishevelled protein is
recruited to the membrane where it binds to Axin, inhibiting the degradation of the
complex Axin/APC/GSK3/beta-catenin. This allows the migration of beta-catenin
from the cytoplasm to the nucleus, where it regulates the expression of target genes
in cooperation with the transcription factors TCF/LEF [4]. Because Wnt signals
are the principal driving force behind the development of the crypt, it has been
hypothesized that some Wnt target genes may be specifically expressed in the stem
cells. However, it was demonstrated that most Wnt target genes were expressed in
either Paneth cells or transit-amplifying cells and only LGR5 (Leucin-rich-repeat
containing G-protein-coupled Receptor 5, also known as GPR49) gene has been
proposed as a stem cell marker in the small intestine as well as in the colon crypts
of mice [1].

Another important pathway involved in the regulation of stem cell fate is the
Notch pathway. Briefly, Notch signalling is controlled by four homologous pro-
teins in mammals, Notch1–4 that interact with several surface-bound ligands (DSL
ligands: Delta, Delta like, Jagged1 and Jagged2 in vertebrates). Upon ligand bind-
ing, Notch receptors are activated by serial cleavage events involving members of
the ADAM (A Disintegrin And Metalloproteinase) protease family, as well as an
intramembrane cleavage regulated by γ-secretase (presenilin). This intramembrane
cleavage is followed by translocation of the intracellular domain of Notch to the
nucleus, where it acts on downstream targets. Musashi-1 (Msi-1) is a positive regu-
lator of Notch signalling through an interaction with Numb mRNA and repression
of its translation [5]. Musashi-1 protein was the first colon stem cell marker identi-
fied. It is a RNA-binding protein initially identified in Drosophila where it plays an
essential role in the early asymmetric divisions of the sensory organ precursor cells.
The mammalian homologue probably is involved in the early asymmetric divisions
that give rise to differentiated cells from neural stem cells or progenitor cells [6].
Msi-1 positive cells localize within the deeper two thirds of the colon crypt, in the
proliferating compartment [8]. Thus, Msi-1 might be a useful stem cell marker for
human colon epithelium. Moreover, hairy and enhancer of split homolog-1 (Hes-1)
has been proposed as a marker of intestinal stem cells [13]. Both Msi-1 and Hes1
have been demonstrated to play key roles in the maintenance of the neural stem cell
state and its differentiation. Recent studies found that Msi-1 and Hes1 are expressed
in the small intestine; particularly, Msi-1 in a few epithelial cells and Hes-1 in lower
crypt cells above the Paneth cells. By contrast, Msi-1 and Hes-1 are not expressed
in Paneth cells [7].

The rapid turnover of committed colon cells means that a homeostatic balance
of stem cells in the regulation of proliferation, senescence, and apoptosis must be
maintained. It is presumed that colonic epithelial stem cells are the principal cell
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Fig. 6.1 Immunohistochemical
analysis of CD133 on colon
tissue

CD133 staining

type at risk of incurring the series of somatic mutations leading to cancer, since all
other epithelial cell types are short lived.

Recently, two independent research groups have identified a population of human
colon stem cells that express CD133 (CD133+) that can initiate and sustain tumor
growth [9, 12]. CD133 is a five-transmembrane glycoprotein previously identified as
a stem cell marker in the neural system and normal primitive cells of the hematopoi-
etic, epithelial and endothelial lineages [14, 17, 19]. Our group has shown that
CD133 localises at the bottom of the crypt in the putative position of stem cells
(Fig. 6.1). CD133+ cells from colon tumors have stem-like properties and can grow
exponentially in vitro as undifferentiated tumor spheres. Furthermore, transplanta-
tion of CD133+, but not of CD133− cells, into nude or NOD/SCID mice is sufficient
to induce tumor growth, reproducing the same morphological and antigenic pattern
of the original human tumors [16].

Recent findings show that the CD133+ subpopulation contains cells expressing
the stem cell marker Msi-1 and this expression is maintained in stem-like cells
derived from xenografted tumors, suggesting that this molecule could have an active
role in driving tumorigenesis.

Recent observations indicate that in the CD133+ population there is a restricted
subset of CD44+ epithelial cells able to engraft in vivo in immunodeficient mice.
Analysis of the surface molecule repertoire of EpCAMhigh/CD44+ cell led to the
identification of CD166 as an additional marker for colon stem cells isolation [3].

6.1 Identification of Stem Cell Markers in Colon Tissues

The identification of stem cells is difficult due to the lack of morphological criteria
or specific markers. Recent studies have shown expression of several putative stem
cell markers, including Musashi1, CD133 and Hes1.

Immunohistochemistry is a simple and direct method which can be used to
detect the presence of specific markers on paraffin-embedded colon specimens.
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The protocol depends on the type of antigen and on the primary antibody used.
The introduction of antigen retrieval (AR) techniques improves the sensitivity of
immunohistochemical detection of various antigens in formalin-fixed and paraffin-
embedded tissues. The microwave-heating and pressure-cooking procedures are
the most effective AR methods reported to date. If the visualization of the anti-
gen depends on horseradish peroxidase it is necessary to inactivate endogenous
peroxidases using H2O2.

6.1.1 Immunohistochemistry

Reagents and Materials

� Xylene
� Ethanol
� Antigen retrieval solution: 10 mM sodium citrate pH 6.0, Borate pH 8.0 or Tris

buffer pH 9.5
� 3% H2O2
� Human serum
� Saline buffer (PBS or TRIS)
� Microwave oven

Procedure

The first step is to de-wax the slides with the following solutions:

– xylene 100% 10 min (twice);
– ethanol 100% 5 min;
– xylene 100% 5 min;
– ethanol 100% 5 min;

then hydrate in:

– ethanol 96% 5 min;
– ethanol 50% 5 min;
– wash in H2O;
– Optional: heat slides for antigen retrieval in optimal AR buffer conditions depend-

ing on the antibody in a microwave oven for 1 min at 450 W followed by 5 min
at 100 W.

– Optional: after rinsing in dH2O, the sections are incubated in 3% H2O2for 5 min
to suppress endogenous peroxidase activity;

– wash in a saline buffer for 5 min (twice);
– incubate sections with 10% human serum for 20 min to block non-specific

staining;
– drain excess serum;
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– incubate with specific primary monoclonal antibodies against a stem cell marker,
overnight at 4◦C or 1 h at 37◦C in humidified chamber;

– wash in a saline buffer for 5 min (twice);
– incubate with enzyme-labelled specific secondary antibody in humidified cham-

ber 1 h at 37◦C;
– develop the stain using an appropriate substrate-chromogen solution;
– coverslip with mounting medium.

6.1.1.1 Detection of CD133

Histochemical analysis of CD133 can be performed on 5 μm thick paraffin-
embedded and cryostat sections of colon specimens [16].

Reagents and Materials

� 1X TRIS/saline buffer (TBS)
� Ethanol
� human serum from AB donors
� antibody CD133/2, AC133 mouse IgG1, Miltenyi
� LSAB 2 Kit, Dako
� Hematoxylin
� ammonia water
� distilled water
� mounting medium, DAKO

Procedure

For paraffin-embedded slides:

� dewax and rehydrate the slides as previously described;
� rinse in 1X TRIS/saline buffer (TBS) for 5 min at room temperature (twice);
� add 3% H2O2 for 5 min;
� rinse in 1X TBS 5 min;
� incubate with 10% human serum 20 min at room temperature;
� drain excess serum;
� add primary monoclonal antibody anti CD133 dilution 1:5 in TBS overnight at

4◦C;
� rinse in 1X TBS 5 min (twice);
� add biotinylated anti-mouse immunoglobulins (LSAB 2 Kit, Dako) 30 min at

room temperature;
� rinse in 1X TBS 5 min (twice);
� add streptavidin-peroxidase 30 min at room temperature;
� develop the stain with AEC substrate chromogen 5–10 min room temperature;
� rinse gently with distilled water;
� counterstain nuclei with aqueous-Hematoxylin 3 min;
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� rinse gently with distilled water;
� dip slides 10 times into a bath of 0.037 mM ammonia water;
� rinse gently with distilled water;
� Mount the coverslips with an aqueous based mounting medium.

For cryostat sections, fix the samples in 2% paraformaldehyde for 20 min at
37◦C, wash in TBS and treat as described above.

6.1.2 Immunofluorescence

Alternatively, CD133 can be detected by immunofluorescence performed on both
5 μm thick paraffin-embedded and cryostat sections of colon specimens.

Reagents and Materials

– Xylene
– Ethanol
– PBS
– Primary monoclonal antibody anti CD133 (CD133/2, AC133 mouse IgG1, Mil-

tenyi)
– Rhodamine RedTM-conjugated anti-mouse
– RNA-ase
– Hoechst 33342
– Toto 3 iodide

Procedure

For paraffin-embedded slides:

– dewax and rehydrate slides as previously described;
– wash in PBS 5 min;
– add primary monoclonal antibody anti CD133 (CD133/2, AC133 mouse IgG1,

Miltenyi) dilution 1:5 in PBS was incubated overnight at 4◦C;
– wash in PBS 5 min (three times);
– incubate in Rhodamine RedTM-conjugated anti-mouse diluted in PBS 1 h at

37◦C;
– wash in PBS 5 min (three times):
– counterstain nuclei using Hoechst 33342
– Optional: counterstain nuclei with TOTO3 iodide, it need pre-treatment with

RNA-ase (final concentration 200 μg/ml) for 30 min at 37◦C. Proceed with the
TOTO 3 staining.

Cryostat sections can be fixed in acetone for 20 min at 37◦C, wash in PBS and
directly incubated with primary antibody.
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6.2 Isolation of Colon Stem Cells

There are various methods to isolate colon stem cells, the most popular of which
is digestion of tissue followed by cell selection with cell surface stem cell marker
by MACS (Magnetic Cell Sorting) or FACS (Fluorescence Activated Cell Sorting)
technologies.

6.2.1 Tissue Digestion

Reagents and Materials

� Saline Buffer (PBS)
� 500 U/ml penicillin
� 500 μg/ml streptomycin
� 1.25 μg/ml amphotericin B
� 0.6 mg/ml amoxicillin
� 1 mg/ml metronidazole
� 5 mg/ml collagenase;
� 20 μg/ml hyaluronidase
� sterile scissors
� rotary shaker
� centrifuge

Procedure

The tissue is transferred to PBS containing penicillin, streptomycin, amphotericin
B, metronidazole and amoxicillin and extensively washed because colon, due to its
anatomical site, is prone to bacterial contamination. After removing necrotic regions
with sterile scissors, the tissue is cut in small pieces (about 1 mm3) and then digested
with proteolytic enzymes and antibiotics for 16 h on a rotary shaker at 37◦C.

The following day the material is transferred to a new tube;

– centrifuge at 800 rpm for 5 min;
– discard the supernatant;
– resuspend the pellet in an appropriate volume (∼105 cells/ml) of colon sphere

growth medium;
– proceed with the FACS or MACS analysis and plate the cells in non-adherent

conditions in colon sphere medium (Fig. 6.2).

6.2.2 Sorting of Colon Stem Cells by FACS Technology

Flow cytometry is a powerful technique for analyzing large mixed populations of
single cells. Fluorescence-activated cell sorting (FACS) permits measurement of the
fluorescent signal and separation of the cells from a mixed population on the basis
of fluorescence intensity, size and viability. Fluorochromes with different emission
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Fig. 6.2 Scheme of sphere development from colon tissue. After enzymatic digestion at 37◦C of
surgical specimens, the cells are centrifuged and proceeded by FACS or MACS for the detection
of specific antibodies. The purified cells can be plated in Ultra-adherence flasks that permit sphere
formation

wavelengths can be used concurrently, allowing for multi-parameter separations.
There are two different methods for antigen detection: direct or indirect.

In direct immunofluorescence, the cells are incubated with a primary antibody
specific for stem cell marker directly conjugated to a fluorochrome (e.g. phycoery-
thrin or fluorescein isothiocyanate). This has the advantage of requiring only one
antibody incubation step and eliminates the possibility of non-specific binding from
a secondary antibody.

In indirect staining, the primary antibody is not fluorochrome labelled but is
detected by a second fluorochrome-labelled antibody. Alternatively, the avidin-
biotin system can be used, whereby an antibody is conjugated to biotin and detected
with fluorochrome-labelled avidin.

Labelled cells are analysed and sorted on the flow cytometer and the cells
obtained can be cultivated in stem cell medium or utilized for further analysis.

Reagents and Materials

� Saline Buffer (PBS)
� FBS (Fetal Bovine Serum)
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� Primary and secondary antibodies
� FACS tubes
� Centrifuge

Procedure for Direct Staining

– Collect the spheres by centrifugation at 800 rpm for 5 min;
– wash the cells with PBS and adjust cell suspension to a concentration of 1.5×

106 cells/ml in ice cold PBS plus 2% FBS;
– add primary labelled antibody according to manufacturer’s protocol;
– incubate for 30 min on ice;
– wash the cells two times by centrifuging at 800 rpm for 5 min and resuspend in

an appropriate volume of ice cold PBS plus 2% FBS. Keep the cells in the dark
on ice or at 4◦C until analysis;

– for best results, analyze the cells by FACS immediately;
– Optional: to verify the purity of the sorted population, cells can be analyzed by

flow cytometry using a conjugated antibody that recognizes a different epitope.

Procedure for Indirect Staining

– Collect the cells by centrifugation at 800 rpm for 5 min;
– wash the cells with PBS, determine the total cell number and adjust cell suspen-

sion to a concentration of 1.5×106 cells/ml in ice cold PBS plus 2% FBS;
– add the primary antibody against a stem cell marker;
– incubate for 30 min on ice or at 4◦C;
– wash the cells three times in PBS, centrifuge at 800 rpm for 5 min and resuspend

in ice cold PBS plus 2% FBS;
– add the fluorochrome-labelled secondary antibody according to manufacturer’s

protocol;
– incubate for 30 min on ice in the dark;
– wash the cells three times in PBS, centrifuge at 800 rpm for 5 min and resuspend

in 500 μl to 1 ml ice cold PBS;
– store the cell suspension immediately at 4◦C in the dark;
– for best results, analyze the cells by FACS immediately;
– Optional: to verify the purity of the sorted population, cells can be analyzed by

flow cytometry using a conjugated antibody that recognizes a different epitope.

6.2.3 Isolation of Colon Stem Cells by MACS Technology

An alternative method to isolate stem cells uses MACS technology (www.
miltenyibiotec.com), one of the fastest and easiest techniques used to separate cells
in suspension to very high purity on the basis of cell surface stem markers. Using
this technology, cells of interest are separated by a positive selection strategy which
takes advantage of the high specificity of monoclonal antibodies. The positively
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selected cells can be immediately used for culture in stem cell medium or for further
downstream applications.

Reagents and Materials

� MACS column type MS or LS depending on the cell number (up to 107 or 2×108

magnetically labelled cells);
� Buffer: PBS pH 7.2, supplemented with 0.5% bovine serum albumin and 2 mM

EDTA. Keep buffer cold at 4–8◦C.
� MicroBeads conjugated with antibodies.

Procedure

For optimal performance it is important to obtain a single cell suspension (108 cells)
before magnetic separation by mechanical dissociation:

– pipette the cells until they are well dissociated or pass the cell clumps through a
30 μm nylon mesh;

– wash disaggregated cells in PBS and resuspend in 300 μl of Buffer;
– add 100 μl FcR Blocking Reagent;
– label cells by adding 100 μl of MicroBeads conjugated with a specific mono-

clonal antibody;
– incubate for 30 min at 4–8◦C;
– wash cells by adding 10–20x the labelling volume of buffer, centrifuge at 300g

for 10 min;
– pipette off the supernatant;
– resuspend cell pellet in 500 μl buffer for up to 108 total cells;

Proceed to Magnetic Separation

– choose a MS or a LS Column and place it in the magnetic field of a suitable
MACS Separator;

– prepare column by rinsing with appropiate amount of buffer: MS: 500 μl LS:
3 ml;

– apply cell suspension in suitable amount of buffer onto the column: MS: 500–
1000 μl LS: 1–10 ml; allow the negative cells to pass through;

– wash with appropriate amount of buffer: MS: 4×500 μl, LS: 4×3 ml;
– remove column from separator and place column on a suitable collection tube;
– pipette appropriate amount of buffer onto the column: MS: 1 ml, LS: 5 ml;
– firmly flush out fraction with magnetically labeled cells using the plunger sup-

plied with the column;
– repeat magnetic separation step. Apply the eluted cells to a new prefilled positive

selection column.

It is possible to control the quality of MACS sorting by flow cytometry analysis
using an antibody against a different epitope. After magnetic sorting, cell viability
is assessed by Trypan blue exclusion.
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6.3 Propagation of Colon Stem Cells

To propagate colon stem cells it is best to culture the digest in a medium contain-
ing several factors that favour stem cell growth, such as basic Fibroblast Growth
Factor (bFGF) and Epidermal Growth Factor (EGF) and without Fetal Bovine
Serum (FBS). This medium selects the immature cells, while differentiated cells
die through anoikis. The colon stem cells slowly proliferate, growing as non-
adherent clusters, termed “spheres”. Colon spheres can be expanded by enzymatic
and mechanical dissociation, followed by re-plating of single cells in complete fresh
medium. All the dissociated cells expressing stem cell markers show the capacity to
form secondary spheres over multiple passages.

Reagents and Materials

� Saline Buffer (PBS)
� 500 U/ml penicillin
� 500 μg/ml streptomycin
� 1.25 μg/ml amphotericin B
� 0.6 mg/ml Amoxicillin
� ultra low adhesion flasks
� Centrifuge
� Cell growth medium
� 3 mM EDTA and 0.05 mM dithiothreitol (DTT) in PBS
� 0.05% trypsin and 0.02% EDTA

Colon Spheres Growth Medium DMEM/F12 (1:1)

� 6 mg/ml Glucose
� 1 mg/ml NaHCO3
� 5 mM Hepes
� 2 mM L-Glutamine
� 4 μg/ml Heparin
� 4 mg/ml BSA (Bovine Serum Albumin)
� 10 ng/ml bFGF
� 20 ng/ml EGF
� 100 μg/ml apotransferrin
� 25 μg/ml insulin
� 9.6 μg/ml putrescin
� 30 nM sodium selenite anhydrous
� 20 nM progesterone

Procedure

– Centrifuge colon sphere cells at 800 rpm for 5 min;
– discard the supernatant;
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– resuspend the pellet in 3 mM EDTA plus 0.05 mM dithiothreitol (DTT) in PBS
or in 0.05% trypsin plus 0.02% EDTA for 5 min;

– incubate at 37◦C for 5 min;
– centrifuge at 800 rpm for 5 min;
– discard the supernatant;
– resuspend the pellet in the specific medium and plate in Ultra-Low flasks.

6.4 Differentiation of Cells from Colon Spheres

Differentiated cells can be obtained from spheres by changing the culture conditions
using a collagen coated flask or using a 3D culture technique.

The collagen forms a thin layer of gel that favours cellular adhesion. After one
day of culture, floating undifferentiated cells attach to the flask and gradually dif-
ferentiate, acquiring a phenotype similar to that of differentiated epithelial colon
cells.

For 3D culture, Matrigel is used (a solubilised basement membrane preparation
extracted from EHS mouse sarcoma, a tumor rich in ECM proteins). The major
component is laminin, followed by collagen IV, heparan sulfate proteoglycans, and
entactin. At room temperature, Matrigel polymerizes to produce biologically active
matrix material resembling the mammalian cellular basement membrane. It provides
a physiologically relevant environment in which stem cells can generate colonies
organized in crypt-like structures (Fig. 6.3) and gradually acquire colon epithelia
lmarkers.

Fig. 6.3 Inverted phase
contrast microscopy of
purified colon cancer spheres
(a) and after 7 days of culture
in the presence of 10% FBS
in 2-D Collagen-coated flasks
(b) or in 3-D Matrigel (c)
suspended cells

sphere

2D-culture 3D-culture
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Reagents and Materials

� PBS
� DMEM-High Glucose
� 10% FBS (Fetal Bovine Serum)
� Collagen calf-skin
� Matrigel
� Plastic for cell culture

Procedure

The plates are coated with collagen at a concentration of 5 ug/cm2 in PBS. The
lyophilized solid collagen can be solubilised in 100 mM acetic acid (1 mg/ml) and
the solution is liquid at 4◦C and forms a gel at 37◦C.

For coating plates:

– Add 5 ml for 75 cm2 flasks and place at 37◦C for at least 1 h;
– Wash twice with PBS to remove the acetic acid;
– Add 2–3 ml of Medium. If the colour changes it indicates that acid remains in the

flask which could prevent cell growth.

To perform a 3-D cell culture with Matrigel, it is very important to keep it on ice
and use pre-cooled pipettes and tubes when preparing the solution because Matrigel
rapidly gels at 22–35◦C. For embedding the spheres in Matrigel:

– collect the spheres by centrifugation at 800 rpm for 5 min;
– resuspend the spheres carefully in Matrigel Mix (1:3) with serum-free medium.

For longer cultivation, the Matrigel concentration should be at least 60% in
medium. The density of spheres should be less than 500/ml thinned Matrigel.
At higher densities, they do not branch;

– incubate the cells at 37◦C for 20–30 min to permit the Matrigel to solidify;
– once the Matrigel has hardened, add DMEM-High supplemented with 10% FBS

carefully on top;
– every 3 days, the medium is changed by gently aspiration with a pipette (no

vacuum).
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Chapter 7
Spermatogonia

Makoto C. Nagano, Jonathan R. Yeh and Khaled Zohni

Abstract Spermatogonial stem cells (SSCs) are the foundation of life-long, daily
sperm production. SSCs support steady-state spermatogenesis and male fertility,
thereby permitting transmission of genetic information to the next generation and
maintaining the health of the species. Clinically, SSCs are a critical resource for
restoration of male fertility following various testicular injuries, such as those
caused by anti-cancer treatments. In vitro culture of human SSCs should provide an
invaluable platform for biological and clinical studies of SSCs. Investigations into
the mechanism that controls self-renewal and differentiation of human SSCs will be
facilitated greatly by the use of in vitro experimentation. Human SSC culture sys-
tems should allow us to devise techniques to expand or preserve SSCs for efficient
restoration of male fertility. SSC culture systems, however, have been developed
only in animal models; none has been reported for human SSCs. This chapter first
describes the culture methods developed for SSCs of experimental animals and then
discusses issues that may be important for the development of a human SSC culture
system.

7.1 Introduction

Spermatogenesis is a process in which numerous spermatozoa are produced con-
stantly throughout life after puberty. This robust process is supported by a pop-
ulation of male germline stem cells, called spermatogonial stem cells (SSCs). In
general, stem cells are defined by their biological activity to continuously self-renew
and differentiate, leading to long-term maintenance and regeneration of normal adult
tissue [1]. Based on this functional definition of stem cells, SSCs are detected
unequivocally in animal models by the ability to regenerate and maintain sper-
matogenesis after transplantation of donor germ cells into infertile recipient testes
[2–4]. A similar transplantation assay is currently not available for human SSCs,
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and thus we cannot experimentally identify their presence. However, physiological
characteristics of spermatogenesis indicate that a stem cell population does exist in
the human male germ line. First, numerous spermatozoa are produced in the sem-
iniferous epithelium and constantly released into male reproductive tracts but are
replenished on a daily basis [5]. Second, complete regeneration of spermatogenesis
can occur after sterilizing chemotherapy, sometimes after decades of azoospermia
[6]. These phenomena cannot emerge without a population of cells that continuously
self-renew and differentiate in the human male germ line. These facts indicate the
presence of human SSCs.

Clinically, SSCs potentially hold the key to male fertility restoration in cancer
survivors who may suffer from permanent infertility induced by cytotoxic anti-
cancer treatment [6]. As survival rates improve, the negative impact of infertility on
quality of life is experienced by more individuals, particularly preadolescent boys.
While cryopreservation of sperm is commonly used to preserve fertility in adults,
it is not possible for preadolescent boys, who do not yet produce sperm. However,
since SSCs are present in the testis throughout life, even during childhood, fertil-
ity might be restored by (1) pharmacologically encouraging SSC survival during
therapy and SSC proliferation and differentiation post-therapy, or by (2) surgically
harvesting SSCs before therapy and transplanting them back to the patient’s testes
after therapy [7].

To accomplish these clinical goals, we need a better understanding of the mecha-
nism that controls SSC survival, self-renewal, and differentiation. The establishment
of a human SSC culture system will allow us to identify signaling cascades regulat-
ing SSC fate decision. It will also provide an important platform for investigations
into discovery of novel chemical compounds that influence regeneration activity of
SSCs or protect SSCs from adverse actions of anti-cancer agents. Furthermore, a
human SSC culture system will solve a significant problem that SSCs are only a
small subpopulation of germ cells, estimated at 0.01% in adult mouse testis [8],
which causes difficulties in SSC manipulations. In animal models, SSCs can be cul-
tured for a long time and exponentially amplified ex vivo, but such a system does not
yet exist for human SSCs. The theme of this chapter is therefore twofold. First, the
methods of SSC culture established in the mouse are described, and modifications
required to adapt mouse SSC culture methods to other experimental animal species
are discussed. The second theme considers issues that may be important to develop
human SSC cultures. These two themes will be discussed in parallel in the following
sections.

7.2 Protocols Developed for Mouse SSC Culture

Two types of mouse SSC culture protocols have been reported, the core process of
which are the following (Fig. 7.1): (1) prepare a single cell suspension of hetero-
geneous testicular cells; (2) enrich the cells for SSCs; (3) place the enriched cells
on a feeder layer; and (4) culture in serum-free or serum-reduced medium con-
taining growth factors, notably, glial-cell-line-derived neurotrophic factor (GDNF).
In both methods, SSCs form three-dimensional aggregates of germ cells, which



7 Spermatogonia 159

Fig. 7.1 Outline of SSC culture preparation. A single cell suspension of testis cells is enriched
for SSCs using an immunological cell separation method and placed on a feeder layer of embry-
onic fibroblasts. SSCs are cultured in a serum-free or serum-reduced medium supplemented with
growth factors, including GDNF. SSCs form three-dimensional aggregates of germ cells (clusters)
on feeders. Serial passaging of clusters allows long-term culture and robust amplification of SSCs

are designated as “clusters” (Fig. 7.1). Transplantation of cluster cells results in
regeneration of spermatogenesis, demonstrating the presence of SSCs [9–12]. SSCs
can be amplified robustly by serially passaging the clusters [9–12].

The information obtained from mouse SSC culture systems suggests that three
procedural elements may be important to develop human culture systems: (1) cell
preparation, (2) medium composition, and (3) growth factors. We will briefly sum-
marize these elements and compare them between the two protocols in the following
section.

Protocol 1

The first protocol of long-term amplification culture for mouse SSCs was reported
by Kanatsu-Shinohara et al. in 2003 [9]. Originally, the authors placed neonatal
mouse testis cells in a gelatin-coated tissue culture well and cultured them in serum-
reduced medium with growth factors and steroid hormones (see below). Testicular
somatic cells proliferated and occupied the growth surface of the well on which
proliferating germ cells formed clusters. Following a few passages, the proliferation
ability of somatic cells diminished; thus, subsequent culture employed a feeder layer
of mouse embryonic fibroblast (MEF). It is known that the clusters can also be
derived from pup (∼1 week old) and adult mouse testes with the highest efficiency
of cluster derivation from pup cells [13].

Cell preparation: Testis cells are made into a single cell suspension using a con-
ventional two-step enzymatic digestion; i.e., collagenase followed by trypsin [3].
While neonatal testis cells can be seeded directly into a tissue culture well [9],
pup and adult testis cells are first enriched for SSCs using an anti-CD9 antibody
in immunomagnetic cell sorting [13, 14] (see Section 7.4). The sorted cells are then
placed on a feeder layer of MEF. This cell sorting process is essential to estab-
lish germ cell clusters from pup and adult SSCs and is also effective for neonatal
SSCs [13]. Although the original protocol using neonatal cells did not include the
cell sorting step [9], initial passaging with somatic cells may have enriched SSCs,
since it forced somatic cells to lose proliferation activity while sustaining cluster
cell proliferation.
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Table 7.1 Supplements to the medium used in Protocol 1

Component∗ Final concentration mouse

1. D-(+)-glucose (mg/ml) 6
2. Pyruvic acid (μg/ml) 30
3. DL-lactic acid (ul/ml) 1
4. BSA (mg/ml) 5
5. Transferrin (μg/ml) 100
6. L-glutamine (mM) 2
7. Na2SeO3 (nM) 30
8. 2-mercaptoethanol (μM) 50
9. Insulin (μg/ml) 25

10. Ascorbic acid (mM) 0.1
11. Putrescine (μM) 60
12. d-biotin (μg/ml) 10
∗ The base medium is StemPro-34 SFM, supplemented with StemPro supplement,
MEM vitamin solution, and MEM nonessential amino acid solution.

Medium: The medium used in Protocol 1 is based on StemPro-34 SFM with
StemPro supplement (both from Invitrogen, proprietary products) [9, 12]. The
following components are added to this medium (Table 7.1): minimal essential
medium (MEM) vitamin solution (Invitrogen), MEM nonessential amino acid solu-
tion (Invitrogen), insulin, transferrin, putrescine, sodium selenite, D-(+)-glucose,
pyruvic acid, DL-lactic aid, bovine serum albumin (BSA), L-glutamine,
2-mercaptoethanol, ascorbic acid, and d-biotin. The medium is supplemented with
1% fetal bovine serum (FBS).

Growth factors: Recombinant growth factors included in the medium are 10 ng/ml
GDNF, 10 ng/ml fibroblast growth factor 2 (FGF2), 20 ng/ml epidermal growth
factor (EGF), and 1000 U/ml leukemia inhibitory factor (LIF). Steroid hormones,
progesterone and estradiol, are also used in this protocol at 60 and 30 ng/ml,
respectively.

Protocol 2

Kubota et al. reported a second protocol in 2004 [10], which we adopted in our
laboratory [11]. The authors derived the germ cell clusters from pup and adult testis
cells that were enriched for SSCs using immunomagnetic cell sorting. The sorted
cells were seeded onto a feeder layer of a MEF-derived cell line, termed STO (SIM
mouse embryo-derived, thioguanine and ouabain resistant) cells. Excellent technical
reviews have been published for this protocol [15, 16].

Cell preparation: A single cell suspension of testis cells is prepared using the
two-step enzymatic digestion, as in Protocol 1. These cells are enriched for SSCs
by immunomagnetic cell sorting using antibodies against Thy-1 (see Section 7.4),
which is known to be expressed on SSC surface [17].

Medium: The medium is based on MEMα medium (Invitrogen), supplemented
with the following components (Table 7.2): insulin, transferrin, putrescine, sodium
selenite, bovine serum albumin (BSA), L-glutamine, 2-mercaptoethanol, Hepes, and
a mixture of free fatty acids (palmitic acid, palmitoleic acid, stearic acid, oleic acid,
linoleic acid, and linolenic acid). The medium of Protocol 2 does not contain FBS.
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Table 7.2 Chemically defined medium used in Protocol 2 and modified for rat SSCs

Final concentration

aComponent Mouse Rat bIncrease rat vs. mouse

1. BSA(%) 0.2 0.6 3x
2. Iron-saturated transferrin (μg/ml) 10 100 10x
3. Free fatty acids (μeq/liter) 7.6 15.2 2x
4. Na2SeO3 (nM) 30 60 2x
5. L-glutamine(mM) 2 2 –
6. 2-mercaptoethanol (μM) 50 100 2x
7. Insulin (μg/ml) 5 25 5x
8. Hepes (μM) 10 10 –
9. Putrescine (μM) 60 120 2x
10. Water for dilution(%) 0 10 ∞
aThe base medium is MEMα.
bThe concentrations of some components were increased when the medium for mouse SSCs was
modified for rat SSC culture.

Growth factors: Growth factors used in this protocol are similar to but simpler
than those used in Protocol 1. Recombinant growth factors included in the medium
are GDNF, FGF2, and a soluble form of GNDF-family receptor alpha 1 (GFRα1)
at a final concentration of 40, 1, and 300 ng/ml, respectively. No steroid hormones
are used in Protocol 2. GFRα1 is known to potentiate the activity of GDNF [18] and
promote cluster formation and long-term maintenance of SSCs [10].

7.2.1 Similarities and Differences Between the Two
Protocols – What is Necessary to Develop
Human SSC Culture?

Similarities: The development of a human SSC culture technique will likely incor-
porate the commonalities of these two protocols, namely: SSC enrichment the effect
of age and/or cell cycle activity at the beginning of culture, the effect of serum, the
quality of the in vitro environment and the type of growth factors to be used.

Before discussing the above five commonalities, it is useful to identify the fact
that mouse SSCs behave similarly in both protocols. Under both culture condi-
tions, SSCs form three-dimensional structures of germ cell aggregates or “clus-
ters”. Thus, the emergence of clusters may also indicate successful initiation of
human SSC culture. Importantly, however, mouse SSCs comprise only a minor
subpopulation of cluster cells, estimated to be <10%, in both protocols [9–12].
This is true throughout serial passaging of clusters that leads to long-term main-
tenance and robust expansion of mouse SSCs ex vivo. This observation points
to an important issue; the survival and proliferation of SSCs in vitro coincide
with the production of non-stem, progenitor cells (i.e., cells that are primitive
but committed to differentiation). In other words, both protocols do not simply
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force SSCs to proliferate, but rather, generate a balance in SSC survival, self-
renewal, and differentiation. This may suggest that a successful SSC culture requires
an in vitro environment that promotes not only SSC self-renewal but also the
production and survival of progenitors, thereby inducing a heterogeneous cell com-
munity in a cluster. A similar condition is anticipated to apply in a human SSC
culture.

The first commonality is that the starting material is enriched for SSCs in both
protocols. An increased SSC concentration is thus likely to be an important fac-
tor for successful human SSC culture. It is known that without SSC enrichment,
contaminating testicular somatic cells aggressively proliferate and overwhelm the
culture with time, interfering with SSC activity [15, 16]. This is the case in par-
ticular when growth factors are used, such as FGF2, or when pup or neonatal
testes, in which many cell types are actively proliferating, are the source of SSCs.
SSC enrichment can be accomplished using immunological cell sorting techniques,
immunomagnetic cell sorting or fluorescent-activated cell sorting (FACS), which
allows isolation of live cells based on the expression of cell-surface molecules. In
our experience, somatic cells also proliferate aggressively in culture of testis cells
from non-human primate and human origin (unpublished). Cell sorting is thus likely
to be critical for successful human SSC culture (see Section 7.4).

Second, cluster formation in both protocols is dependent on the age of donor
mice, with the greatest efficiency with pup testis cells. This age-dependence may
arise from two characteristics of postnatal development of spermatogenesis. Related
to the first commonality, while adult testes contain germ cells at all differentiation
stages, pup testes contain only primitive spermatogonia as germ cells, allowing more
efficient enrichment for SSCs. Further, mouse SSCs at this stage of postnatal devel-
opment are rapidly dividing; those in neonatal testes are quiescent whereas they
divide only slowly in adult testes [19–21]. Pup SSCs may therefore be predisposed
to an active cell cycle and to an efficient response to growth factors, allowing them
to compete against proliferation of somatic cells, particularly at the beginning of
culture. Analogously, germ cell samples from juvenile men could yield the best
results. We may thus need a robust SSC enrichment and division activation protocol
that is effective regardless of age.

Third, contrary to a number of culture systems for somatic cells and embryonic
stem cells, mouse SSC culture does not include serum (Protocol 2) or includes
only a low level of serum (Protocol 1). Serum may contain factors that are detri-
mental to SSC survival and self-renewal. It is also possible that serum encourages
proliferation of somatic cells and indirectly interferes with SSC activity. Success-
ful human SSC culture is also anticipated to employ serum-free or serum-reduced
medium.

The fourth similarity is the use of feeder cells. Although feeder-free mouse SSC
culture has been reported, the initial induction of culture requires feeder cells [22].
A feeder layer apparently provides an in vitro environment that is critical to “initi-
ate” SSC culture by expressing cell-surface and soluble factors that stimulate SSC
survival, proliferation, and differentiation. In relation to the second commonality,
contaminating somatic cells may also mask the function of feeder cells. The use of
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a feeder layer is thus likely to be an integral component of successful human SSC
culture. Since the function of feeder cells remains largely unknown, studies focusing
on the role of feeder cells in mouse SSC culture should facilitate the development
of human SSC culture.

Finally, it is important to note that both protocols use GDNF and FGF2. With-
out GDNF [9, 10], clusters do not emerge and SSCs rapidly disappear in vitro.
Clinical observations support the notion that these growth factors are also essential
to a human SSC culture [23, 24]. Gain-of-function mutations in FGF receptor 2
(FGFR2), FGFR3, and c-Ret (a co-receptor of GDNF) are a known cause of var-
ious familial disease syndromes; i.e., Apert, Crouzon, and Pfeiffer syndromes for
FGFR mutations, and multiple endocrine neoplasisa 2A for c-Ret mutation. Impor-
tantly, these syndromes are transmitted exclusively by male gametes, and the disease
incidence increases with paternal age [23, 24]. Recent studies suggest a poten-
tial mechanism of this male-biased, age-dependent disease transmission. Mutations
in FGFR and c-Ret may give spermatogonia, if not exclusively SSCs, a selective
advantage for survival and/or proliferation that results in clonal expansion, and the
cells carrying the mutations dominate spermatogenesis over time [23, 24]. It is thus
likely that GDNF and FGF2 are also critical growth factors in humans to promote
SSC maintenance and proliferation in vitro.

Differences: The two protocols involve two important differences, which are
found in the medium composition and additional growth factors.

The medium used in Protocol 2 is completely defined in its chemical composi-
tion. The MEMα medium was chosen as a base medium in this protocol because
a previous study showed that the use of another medium, DMEM, led to a rapid
disappearance of SSCs [25]. The superiority of MEMα over DMEM is not clear,
but DMEM is richer in nutrients (e.g., higher concentrations of glucose, amino
acids, and vitamins), which might favor the proliferation of somatic cells. Since
all medium components are identified, Protocol 2 provides an ideal condition to
study the mechanism of SSC fate decision control. In contrast, the medium used in
Protocol 1 is not completely defined, as it includes proprietary products (StemPro
medium and supplements) and FBS. Kubota et al. examined the effect of FBS in
Protocol 2 [10] and reported that the inclusion of 1% FBS, as used in Protocol
1, was detrimental to SSC culture. Since Protocol 1 introduces unknown elements
in SSC culture, it involves a weakness when applied to the study of the SSC fate
regulation mechanism.

It is noted, however, that mouse SSCs appear to proliferate more rapidly in Pro-
tocol 1. Kanatsu-Shinohara et al. report that a 1014-fold expansion of SSCs can be
achieved over a 5-month period, using Protocol 1 [9], which gives an estimated
population-doubling time of ∼3.2 days. Protocol 2 has been shown to induce a
5,000–10,000-fold expansion of SSCs in 10 weeks with a population-doubling time
of ∼5.5 days [10, 11]. An initial technical development for human SSC culture may
therefore benefit from the condition used in Protocol 1.

Protocol 1 employs a more complex cocktail of growth factors and steroid hor-
mones compared to Protocol 2. Additional growth factors and hormones may work
together with GDNF and FGF2 and allow more rapid SSC proliferation in Protocol
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1. Except for GDNF and FGF2, however, the significance of other growth factors
and hormones is not clear. Further analyses using mouse SSCs is necessary to
address this issue. The use of a soluble form of GFRα1 is another difference between
the two protocols. This factor promotes long-term maintenance and proliferation of
SSCs in Protocol 2, whereas it apparently has no effect in Protocol 1 [10, 26]. This
may also be due to the presence of additional growth factors and steroid hormones
in Protocol 1, which may eliminate the requirement for GFRα1.

7.3 Modifications of Mouse Protocols for the Application
of SSC Culture from Other Species

These protocols have been successfully adapted to rat SSCs (Protocol 2) or hamster
SSCs (Protocol 1). Surprisingly, even though these species are closely related in
evolution, significant modifications were essential for successful SSC culture.

Two evident modifications were introduced to Protocol 2 to apply mouse SSC
culture for rat SSCs [27]. One is the choice of a SSC selection marker. Rat pup testis
cells are enriched for SSCs using EpCAM (epithelial cellular adhesion molecule),
which is expressed on rat SSCs [28]. The other is the medium composition. When
the mouse SSC medium is used for rat SSCs, rat clusters initially form but quickly
disappear after a few passages [27] (unpublished). This problem is solved by
increasing the concentration of several medium components (Table 7.2). A tenfold
increase is made for transferrin, fivefold for insulin, threefold for BSA, and twofold
for free fatty acids, sodium selenite, 2-mercaptoethanol, and putrescine. These mod-
ifications are apparently directed to encouraging cell survival, metabolism, and
proliferation (transferrin, insulin, selenite, and putrescine) and to protecting pro-
teins from oxidization (2-mercaptoethanol). Further, MEMα medium was diluted
by adding water at 10% to reduce the osmolarity. This modification was introduced
based on the authors’ experience that decreased osmolarity was beneficial for mouse
egg culture.

Despite these modifications, however, the proliferation rate of rat SSCs was at
most only half the proliferation rate of mouse SSCs. This may suggest that the rat
culture system is still suboptimal. It is also possible, however, that the proliferation
activity of rat SSCs is inherently lower or cell cycle is longer than mouse SSCs,
as the length of spermatogenic cycle is 10–13 days in rats while 8–9 days in mice
[29]. The proliferation rate could thus be species-specific, and human SSCs may
proliferate more slowly than rodent SSCs, since the length of the spermatogenic
cycle is 16 days in humans [29].

In the application of Protocol 1 to hamster SSCs, Kanatsu-Shinohara et al. [30]
enriched pup testis cells for SSCs using integrin α6 as a marker, and reduced the
FBS concentration from 1 to 0.04%. In addition, hamster SSCs were maintained
more readily and proliferated more rapidly on laminin as a culture substrate, rather
than on a feeder layer. A feeder-free condition thus appears to be more favorable
for long-term culture of hamster SSCs. It should be noted, however, that feeder
cells were required to initiate hamster SSC culture. Another modification was to use
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TX-WES medium (Thrombogenics, Leuven, Belgium) for long-term maintenance
of hamster SSCs, rather than StemPro medium used in mouse SSC culture. Why
these modifications were required remains unclear. Apparently, some empiricism is
unavoidable when developing a SSC culture system for a new species.

7.4 Issues to Be Considered for Development
of Human SSC Culture

Based on animal studies, it is reasonable to expect that the initiation of human SSC
culture will require a serum-free medium, a feeder layer, and growth factors, partic-
ularly GDNF and FGF2. In addition, the enrichment of testis cells for SSCs and the
reduction of somatic cell numbers will likely be essential for successful human SSC
culture.

Selection of live cells for SSC enrichment can be achieved using immunomag-
netic cell sorting or FACS based on expression of cell-surface marker molecules
[10, 11, 14, 20, 27]. Markers that are expressed on SSCs enable SSC enrichment
(positive selection), whereas markers not expressed allow the reduction of unwanted
cells (negative selection). Here, we describe rodent SSC markers and consider their
application for human SSCs.

Cell-surface markers: Table 7.3 lists positive and negative cell-surface markers
for rodent SSCs. Thy-1, CD9, EpCAM, and integrin α6 and β1 have been success-
fully used as positive markers for rodent SSC enrichment. In all culture studies
reported thus far, immunomagnetic cell sorting is preferred to FACS, because it
causes less damage to the cells, is faster, requires fewer cells, and does not demand
significant technical expertise with cell-sorting equipment. A disadvantage is that it
is not as precise as FACS, and only one positive marker is applicable at a time, since
cell selection relies on only one parameter; i.e., binding to a magnetic bead. It should
be noted, however, that neither immunomagnetic sorting nor FACS purifies SSCs to
100% enrichment. At this time, no known SSC markers are expressed exclusively
on SSCs. For instance, CD9 is a positive marker for SSCs, but it is also expressed
on non-stem germ cells [14]. Nonetheless, these sorting techniques produce a live
cell preparation with a high SSC concentration.

Table 7.3 Cell-surface molecules identified as positive and negative markers for rodent SSCs

Positive markers Negative markers

Integrin α6 Integrin αv
Integrin β1 MHC-I
Thy-1 c-Kit
CD9 Sca-1
EpCAM
GFRα1
c-Ret
CD24
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Negative selection is also a powerful tool to reduce non-stem cells, includ-
ing testicular somatic cells. Among the negative SSC markers listed in Table 7.3,
MHC-I is a particularly attractive target. Although MHC-I molecules are expressed
on virtually all cell types, they are known to be absent on spermatogonia in both
animal models and humans [31]. It may thus be possible that antibodies against
MHC-I allow us to purge or significantly reduce non-spermatogonial cells, includ-
ing somatic cells, from human testis cells, and to generate a favorable in vitro
environment for SSC activity.

The search for human SSC markers will be an empirical endeavor, but those
identified for rodent SSCs should be the initial targets. In rodents, we have a trans-
plantation assay to definitively determine SSC markers, a procedure not available for
human SSCs. Therefore, we first need to identify the molecules expressed by human
spermatogonia using immunological staining. Unfortunately, the information about
cell-surface molecules expressed on human spermatogonia is scarce. Some leads
could come, however, from primate studies. For example, a recent study using
rhesus monkey shows that a rodent SSC marker, GFRα1, is expressed on a sub-
population of spermatogonia [32]. Considering a close phylogenetic relationship of
the rhesus monkey to humans, GFRα1 could be an effective marker to enrich human
SSCs, and its expression pattern should be examined in human testes.

Other potential SSC markers – Side Population: Cell-surface molecules may
not be the only tool for human SSC enrichment. It has been reported that a small
subpopulation of cells from various cell lineages (hematopoietic, skeletal muscle,
neural, and embryonic stem cells [33, 34]) exhibits a high activity to efflux vital
fluorescent dyes. The efflux occurs due to the activity of the ATP-binding cassette
transporter family molecules, which confers drug resistance to a cell. This subpop-
ulation, called “side population” (SP), is enriched for stem cells and can be sorted
using FACS. The fluorescent vital dyes commonly used are Hoechst 33342 (DNA
dye) and rhodamine 123 (mitochondrial dye). Using either dye, recent studies have
identified a SP in mouse spermatogenic cells that is enriched for SSCs [35–37].
Therefore, human SSCs may also possess a similar dye-efflux activity and could
be enriched in the SP. The advantage of this approach is that we do not need to
know specific cell-surface antigens, yet may be able to isolate a SSC-enriched cell
population. The disadvantage is the cytotoxicity of fluorescent dyes [17], in addition
to those inherent to FACS described above.

7.4.1 How Can SSC Enrichment Be Verified? – The Necessity
for a Secondary Marker

Separation of human testis cells is possible using the approaches described above.
However, how can we measure an enrichment of human SSCs? In animal mod-
els we transplant sorted and unsorted cells and count the number of foci in which
donor-derived spermatogenesis is regenerated in recipient testes [38]. If SSCs are
enriched, the number should be higher with sorted cells than unsorted cells. A
similar approach can be taken to evaluate the enrichment of human SSCs, by
transplanting human cells into an animal model.
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Human spermatogonia are known to colonize and survive for at least 6 months
in the testes of immunodeficient nude mice after transplantation, even though no
spermatogenesis is regenerated [39]. These spermatogonia are observed in the form
of foci that are composed of single cells or short “chains” of cells on the basal
membrane of the mouse seminiferous tubules. The chain formation is commonly
seen in spermatogonia of all species, in which cells are connected with the cyto-
plasmic bridge that occurs due to incomplete cytokinesis of male germ cells [40].
The cell chains elongate as spermatogenic cell division and differentiation proceed,
and single cells are believed to be the most primitive spermatogonia, which include
SSCs. The foci of human spermatogonia are thus likely to arise from transplanted
SSCs [39], and the number of foci reflects the number of human SSCs. On this
basis, we should be able to estimate the degree of SSC enrichment by comparing
the number of foci after transplanting sorted and unsorted cells into mouse testes.

This scheme requires visualization of human spermatogonia in mouse testes by
whole-mount immunohistochemistry using antibodies against human antigens. In
the rhesus monkey study [32], antibodies raised against primate testis cells were
employed, which did not crossreact with mouse testis cells. For human cells, in
our experience, an antibody against an oncofetal protein, MAGE A4 (known to be
expressed in human spermatogonia [41]), is apparently effective, as it reacts with
human spermatogonia but not with mouse testis cells (unpublished). Once various
molecules are found to be expressed in human spermatogonia, they can also be used
similarly, given that they do not crossreact with mouse testis cells. The experimental
scheme outlined above is probably the most practical approach to assessing SSC
enrichment.

With the lack of a transplantation assay, however, can we indeed determine the
activity of human SSCs? In theory, it is not possible unless we have a method that
allows complete regeneration of human spermatogenesis. If long-term SSC culture
is established, however, we can detect SSCs based on one of two critical functions
that define stem cells, i.e., self-renewal potential. The ability of germ cell clusters to
continuously grow through prolonged passage generations is evidence of long-term
self-renewal activity. Although this approach does not consider the differentiation
activity of SSCs and thus, remains equivocal, it may be the most practical means for
human SSC detection in the absence of a transplantation assay.

7.5 Feeder-Free Culture and Bioreactor: Two Techniques
that Need to Be Explored in Animal Models for Clinical
Application of Human SSC Culture

While culture of rodent SSCs will remain important to understand the biology of
SSCs, it will also provide unique opportunities to further develop techniques for
clinical applications of human SSCs. Based on the technical development related to
embryonic stem cells (ESCs) and neural stem cells (NSCs), two techniques should
be beneficial to this end: feeder-free culture and bioreactor.
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In consideration of the clinical application of ESCs, the presence of feeder cells
and serum in culture was a significant concern, because both agents can cause
transmission of pathogens. For SSCs, the absence of serum has provided a favor-
able in vitro environment in animal models, which should apply to human SSCs.
A feeder layer, however, has been prerequisite for the initiation of SSC culture.
Interestingly, all feeder-free SSC cultures thus far reported contain serum, which
might be required to compensate the lack of feeder cells [22, 26]. We therefore
need to better understand the role of feeder cells in SSC culture. Cataloguing and
identifying factors that feeder cells supply to the culture environment should help us
eliminate the need of a feeder layer from the beginning of SSC culture, eliminating
the possibility of pathogen transmission. Animal studies should generate essential
information for this purpose.

Production of a large number of SSCs would be beneficial in the clinical appli-
cation of human SSC culture. Male fertility should be restored more efficiently
when a greater number of SSCs are transplanted. All protocols described above
are based on a two-dimensional culture system; thus, the space for SSCs to pro-
liferate is physically restricted. A three-dimensional space provided in suspension
culture will enlarge the growth space. In contrast to SSCs that form clusters that
are attached to two-dimensional culture substrate (e.g., a feeder layer), NSCs form
spheroid cell clusters, called neurospheres, that float in culture medium. Taking this
advantage, bioreactors have been developed in which neurospheres and NSCs are
maintained and amplified in a three-dimensional suspension culture with automated
equipment (see [42] as an example). If applicable to SSCs, such a technique will
produce a large number of human SSCs for an efficient recovery of fertility upon
transplantation.

In this regard, the integrity of SSCs that are exposed to an artificial, in vitro
environment will be a significant concern in a clinical application. In animal mod-
els, no adverse phenotype has been reported in offspring produced using sperm
derived from transplanted SSCs. Such analyses, however, have not been extensive,
and questions still remain if genetic and epigenetic alterations occur in cultured
SSCs. Since analyses of these potential alterations require a large number of cells,
the development of SSC expansion culture systems should provide an effective
means to address the integrity of cultured SSCs in both humans and experimental
animals.

7.6 Concluding Remarks

Although the importance of human SSC culture is evident for biological studies
and clinical applications, such a system has yet to be developed. Studies using ani-
mal models have generated most, if not all, techniques required for achieving this
goal, and rodent SSC culture methods provide prototypes of human SSC culture.
This chapter has described the essential elements that need to be considered in the
efforts for establishing a human SSC culture system, and presented some issues
and directions that could be useful. The most critical issue at present appears to be
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the development of methods to enrich human SSCs and to remove or significantly
reduce somatic cells. Even though empiricism is unavoidable in any types of tech-
nical development, with rapid and extensive advances seen in the research of rodent
SSCs, we can be optimistic for the success of human SSC culture in the near future.
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Chapter 8
Hair Follicle Pluripotent Stem (hfPS) Cells

Robert M. Hoffman

Abstract Our laboratory has discovered that nestin, a protein marker for neural
stem cells is also expressed in hair follicle stem cells and their immediate, differenti-
ated progeny. The fluorescent protein, GFP, whose expression is driven by the nestin
regulatory element in transgenic mice (ND-GFP mice), served to mark hair folli-
cle stem cells and enabled us to make this observation. The ND-GFP hair-follicle
stem cells are positive for the stem cell marker CD34 but negative for keratinocyte
marker keratin 15, suggesting their relatively undifferentiated state. We have shown
that these hair follicle stem cells can differentiate into neurons, glia, keratinocytes,
smooth muscle cells and melanocytes in vitro. In vivo studies show the hair follicle
stem cells can differentiate into blood vessels and neural tissue after transplantation
to the subcutis of nude mice. Hair follicle stem cells implanted into the gap region
of severed sciatic or tibial nerves greatly enhance the rate of nerve regeneration
and the restoration of nerve function. When transplanted to severed nerves in mice,
the follicle cells transdifferentiate largely into Schwann cells, which are known to
support neuron regrowth. The transplanted mice regain the ability to walk normally.
We have also shown that hair follicle stem cells can affect the functional joining
of the severed spinal cord. When the hair follicle stem cells are injected into the
severed spinal cord, they differentiate into Schwann cells enabling the cord to rejoin
and the mouse to regain function of its rear legs. Thus, hair follicle pluripotent
stem (hfPS) cells can provide an effective, accessible, autologous source of stem
cells for treatment of peripheral nerve injury and appear to be a paradigm for adult
stem cells.
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8.1 Introduction

8.1.1 The Hair Follicle as a “Mini-Organ”

The hair follicle produces a terminally differentiated keratinized end product, the
hair shaft, that is eventually shed. The follicle undergoes cyclical regeneration with
at least 10 different epithelial and mesenchymal cell lineages [1]. Hair is formed
by rapidly proliferating matrix keratinocytes in the bulb located at the base of the
growing (anagen) follicle. The duration of anagen varies greatly between hairs of
differing lengths. Nevertheless, matrix cells eventually stop proliferating, and hair
growth ceases at catagen when the lower follicle regresses (telogen). After telogen,
the lower hair-producing portion of the follicle regenerates, starting the new anagen
phase [1].

Hair follicle stem cells, located in the hair follicle bulge, possess stem cell char-
acteristics, including multipotency, high proliferative potential, and ability to enter
quiescence. Lineage analysis has demonstrated that all epithelial layers within the
adult follicle and hair originate from bulge cells [1, 2]. The hair follicle stem cells,
therefore appear to be responsible for regenerating the hair follicle in each hair cycle.

After wounding, hair follicles form de novo in adult mice. The nascent follicles
arise from epithelial cells outside of the hair follicle stem cell niche, suggesting that
epidermal cells in the wound assume a hair follicle stem cell phenotype. The newly
generated hair follicles establish a stem cell population, express known molecular
markers of follicle differentiation, produce a hair shaft, and progress through all
stages of the hair follicle cycle [3].

8.1.2 Tracking Hair Follicle Stem Cells In Vivo

The insufficiency of markers to identify and track hair follicle stem cells in the
bulge area has hindered the study of hair follicle stem cells. CD34 expression, as
first defined by Trempus et al. [4], is a marker for hair follicle stem cells. Antibodies
recognizing CD34 were used to collect viable bulge cells by fluorescent activated
cell sorting [4, 5]. K15 is expressed at high levels in the bulge, but lower levels of
expression can be present in the basal layers of the lower follicle outer-root sheath
(ORS) and the epidermis [6, 7]. A K15 promoter used for generation of transgenic
mice was active only in the bulge in the adult mouse [8].

A breakthrough occurred with the use of transgenic mice in which the neural
stem cell marker, nestin, drove the expression of green fluorescent protein (GFP)
(ND-GFP). We observed in these mice that nestin was also a marker for hair follicle
stem cells which suggested that hair follicle stem cells could form neurons and were
pluripotent [9]. The hair follicle stem cells could then be tracked by their green
fluorescence. These relatively small, oval-shaped, ND-GFP-expressing cells in the
bulge area surround the hair shaft and are interconnected by short dendrites. In mid-
and late anagen, the ND-GFP-expressing cells are located in the upper outer-root
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sheath as well as in the bulge area but not in the hair matrix bulb. These observations
show that the ND-GFP-expressing cells form the outer-root sheath. Following our
report that ND-GFP can serve as a marker for hair follicle stem cells to track them
in the live animal, Morris et al. [10] subsequently used GFP to isolate hair follicle
stem cells in transgenic mice. Fuchs’ group also subsequently used GFP to identify
hair follicle stem cells and possibly other skin stem cells in transgenic mice [11, 12].
Mignone et al. [13] have confirmed our results that hair follicle stem cells express
nestin. Yu et al. [14] showed that nestin was present in human hair follicle stem cells
also confirming our original observation [9].

The evidence that nestin-expressing cells in the hair follicle bulge are hair follicle
stem cells rather than a population of stem cells that reside in the hair follicle whose
purpose is to regenerate the neuronal and endothelial components associated with
the pilosebaceous unit is that the nestin-expressing (and GFP-expressing) cells have
been imaged over time to regenerate a large portion of the hair follicle as described
above [9]. The ND-GFP marker may have enabled the identification and isolation
of the most puripotent cells in the hair follicle bulge area.

8.1.3 The Ability of Hair Follicle Stem Cells to Differentiate
to Follicular and Non-Follicular Cell Types

Hair follicle stem cells from adult mice, when combined with neonatal dermal
cells, formed hair follicles after injection into immunodeficient mice [5, 10]. Cul-
tured, individually cloned bulge cells from adult mice also were shown to form hair
follicles in skin reconstitution assays [5].

Taylor et al. [15] reported that hair follicle bulge stem cells are potentially bipo-
tent because they can give rise to not only cells of the hair follicle but also to
epidermal cells. However, hair follicle stem cells may form epidermal stem cells
only when the epidermis is wounded [16]. Other experiments [17] also have pro-
vided new evidence that the upper outer-root sheath of vibrissal (whisker) follicles
of adult mice contains multipotent stem cells, which can differentiate into hair
follicle matrix cells, sebaceous gland basal cells, and epidermis. Toma et al. [18]
reported that multipotent adult stem cells isolated from mammalian skin dermis,
termed skin-derived precursors (SKP), can proliferate and differentiate in culture
to produce neurons, glia, smooth muscle cells, and adipocytes. However, the exact
location of these stem cells in skin is unknown, and their functions are still unclear.
They may have arisen in hair follicles.

8.1.4 Blood Vessels Derived from Hair-Follicle Stem Cells

We observed that in ND-GFP mice, skin blood vessels express ND-GFP and appear
to originate from hair follicles and form a follicle-linking network. This was seen
most clearly by transplanting ND-GFP-labeled vibrissa (whisker) hair follicles to
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unlabeled nude mice. New vessels grew from the transplanted follicle, and the
number of vessels increased when the local recipient skin was wounded. The ND-
GFP-expressing blood vessels display the characteristic endothelial-cell-specific
markers CD31 and von Willebrand factor [19].

8.1.5 Differentiation of Hair Follicle Stem Cells to Neural
and Other Cell Types

ND-GFP hair follicle stem cells can differentiate into neurons, glia, keratinocytes,
smooth muscle cells, and melanocytes in vitro. These pluripotent ND-GFP stem
cells are positive for the stem cell marker CD34, and negative for keratin 15,
suggesting their relatively undifferentiated state as mentioned above. The apparent
primitive state of the ND-GFP stem cells is compatible with their pluripotency. The
ND-GFP hair follicle stem cells may be more primitive than those hair follicle stem
cells previously isolated [2]. Furthermore, we showed that the hair follicle stem cells
differentiated into neurons after transplantation to the subcutis of nude mice [20].

Mignone et al. [13] confirmed our data that hair follicle stem cells are pluripo-
tent when isolated from the ND-GFP mice. In addition, the hair follicle stem cells
formed neuronal cells when implanted in chick embryos. Transcriptional profil-
ing showed that the nestin-expressing hair follicle stem cells are similar to neural
stem cells.

Li et al. [21] have reported that nuclei from hair follicle stem cells can be suc-
cessfully used as nuclear transfer (NT) donors, resulting in live cloned mice. Thus,
the nuclei of hair follicle stem cells can be reprogrammed to the pluripotent state by
exposure to the cytoplasm of unfertilized oocytes. These results confirm our earlier
results demonstrating the pluripotency of hair follicle stem cells [9].

8.1.6 Hair Follicle Stem Cells Can Effect Nerve Repair

When the GFP hair follicle stem cells were implanted into the gap region of a
severed sciatic nerve they greatly enhanced the rate of nerve regeneration and the
restoration of nerve function. After transplantation to severed nerves, the hair folli-
cle stem cells differentiated largely into Schwann cells, which are known to support
neuron regrowth. Function of the rejoined sciatic nerve was measured by contrac-
tion of the gastrocnemius muscle upon electrical stimulation. The transplanted mice
recovered the ability to walk normally [22].

8.1.7 Hair Follicle Stem Cells Can Effect Spinal Cord Repair

We severed the thoracic spinal chord of C57BL/6 immunocompetent mice and trans-
planted mouse GFP-expressing hair follicle stem cells to the injury site. Most of the
transplanted cells also differentiated into Schwann cells that apparently facilitated
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repair of the severed spinal cord. The rejoined spinal cord reestablished extensive
hind-limb locomotor performance. These results suggest that hair follicle stem cells
can promote the recovery of spinal cord injury. Thus, hair follicle stem cells pro-
vide an effective accessible, autologous source of stem cells for the treatment of
peripheral nerve and spinal cord injury [23].

8.2 Discussion

Sieber-Blum et al. [24] showed that neural crest cells grew out when the hair fol-
licle was explanted, resulting in differentiation to a variety of cell types including
neurons, smooth muscle cells, rare Schwann cells, and melanocytes. The location
of these cells within the follicle was not determined. Sieber-Blum et al. [25] char-
acterized the behavior of implanted neural crest stem cells from the hair follicle in
the contusion-lesioned murine spinal cord. The grafted neural crest cells survived,
integrated, and intermingled with host neurites in the lesioned spinal cord. They did
not proliferate and did not form tumors. Subsets expressed neuron-specific beta-III
tubulin, the GABAergic marker glutamate decarboxylase 67 (GAD67), the oligo-
dendrocyte marker, RIP, or myelin basic protein (MBP). However, glial fibrillary
acidic protein (GFAP) was not detected by immunofluorescence.

This apparent puzzle is probably due to different cell types transplanted by
Sieber-Blum et al. [25] compared to the cell types we transplanted to the lesioned
spine. Sieber-Blum et al. explanted the bulge area of a whisker (vibrissa) in vitro.
Within 3–4 days, cells migrated from the explanted bulge area and grew on the
surface of the culture dish. Glial markers were not expressed or expressed only at
low levels in the migrating cells. Four days after onset of migration, these cells were
harvested and further expanded in culture for another four days. After four days of
expansion, the cells were implanted in the lesioned spinal cord. Although neurons
and oligodendrocytes formed after transplantation, glial cells did not appear.

Our approach was to actually isolate the vibrissa stem cells, culture them for two
months and then implant the cells in the lesioned spinal cord. In contrast to Sieber-
Blum et al., in our study, the vast majority of the implanted cells (82%) formed
glial cells in the lesioned spinal cord. Our hypothesis is that the glial cells promoted
axon growth and recovery of spinal cord function. Perhaps the outgrowth method
of Sieber-Blum et al. [25] did not allow for recovery of sufficient numbers of cells
capable of glial differentiation, which in turn did not allow for sufficient axon growth
for spinal cord recovery.

Toma et al. [18] reported that multipotent adult stem cells isolated from mam-
malian skin dermis, the SKP mentioned above, can proliferate and differentiate in
culture to produce neurons, glia, smooth muscle cells, and adipocytes. However,
while the exact source of the skin-derived precursors was not identified, it is possi-
ble they originated in the hair follicles. This same laboratory then observed that the
SKPs could form myelinating Schwann cells when injected into the injured sciatic
nerve [26] which is similar to our earlier results with the nestin-expressing hair
follicle stem cells [22]. The same laboratory then showed that SKPs could promote
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spinal cord repair. The SKPs were released from skin by collagenase treatment of
the skin which produced a mixture of cells [27]. The origin of SKPs within the skin
is thus unclear. In contrast, our results show that the hair follicle stem cells, a defined
population, can functionally repair the severed spinal cord. It should also be noted
that our studies as well as the studies with SKPs used fluorescent proteins to track
the transplanted cells, a technology pioneered in our laboratory [28–32].

Soluble factors secreted from host cells as well as hair follicle stem cells may
play a role in the regeneration of spinal cord injury. For example, brain-derived
neurotrophic factor (BDNF) and insulin-like growth factor (IGF-1) were shown to
be involved in nerve regeneration [33]. Future experiments will examine this issue
in the case of hair follicle stem cells.

Cell-replacement therapies show particular promise in the nervous system, where
transplanted embryonic or bone marrow stem cells have been shown to promote
recovery of function in animal models of spinal cord or peripheral nerve injury
[34, 35]. Although the therapeutic potential of such transplants is clear, a number
of problems remain. In particular, fetal tissue is the current tissue source for human
neuron-specific and embryonic stem cells, raising significant ethical issues. More-
over, the use of human tissue involves heterologous transplantation with attendant
immune response. The requisite accompanying immuno-suppression is particu-
larly problematic in individuals with long-term neuron-specific problems. Recently,
induced pluripotent stem (iPS) cells have been derived from skin and other organs
by gene transfer [36–38]. However, the vectors used for gene transfer have made
these stem cells potentially malignant. In this regard, nestin-expressing hair follicle
pluripotent stem (hfPS) cells are available from autologous, accessible adult tissue
source, normal skin and they do not form tumors. hfPS cells can readily generate
neuron and glial cells and provide a potential solution to these problems.

8.3 Conclusions

We have shown that the hair follicle bulge area is an abundant, easily accessible
source of actively growing pluripotent adult stem cells that could serve a clinical
source in humans. The availability of the ND-GFP mice has enabled the identifica-
tion, isolation, and characterization of the hfPS cells. These hair follicle stem cells
express the stem cell marker CD34 and nestin but are negative for the keratinocyte
marker keratin 15, indicating their relatively undifferentiated state. The hair follicle
stem cells can differentiate into neurons, glia, keratinocytes, smooth muscle cells
and melanocytes in vitro. In vivo studies show the nestin-driven GFP hair follicle
stem cells can differentiate into blood vessels and neural tissue after transplantation
to the subcutis of nude mice. Hair follicle stem cells implanted into the gap region
of a severed sciatic or tibial nerve greatly enhance the rate of nerve regeneration
and the restoration of nerve function. After transplantation to the severed nerve,
the follicle cells transdifferentiate largely into Schwann cells, which are known to
support neuron regrowth. The transplanted mice regain the ability to walk normally.
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Thus, hfPS cells provide an effective, accessible, autologous source of stem cells for
treatment of peripheral nerve injury.

The hfPS cells thus have the potential as an alternative to the use of embryonal
stem cells or fetal cells for regenerative medicine. The hfPS cells do not have the
ethical problems that embryonal or fetal stem cells have. Even more important, the
hfPS cells are much more easily accessible than other stem-cell types and offer the
potential for autologous treatment as they can be readily expanded in culture after
isolation from the patient. The fact that Yu et al. [14] have shown nestin expres-
sion and pluripotency of human hair follicle stem cells further suggests the clinical
potential of hair follicle stem cells for regenerative medicine. Hair follicle stem cells
also have great potential for hair restoration [1].

Li et al. [21] have shown that nuclei from hair follicle stem cells can be used to
clone mice, further demonstrating the pluripotency of these stem cells.

It is also important to note that the dermal papilla is a potential source of
multipotent stem cells that may have use in regenerative medicine. For exam-
ple, Jahoda’s group has demonstrated that hair follicle dermal cells repopulate the
mouse haematopoietic system [39], can differentiate into adipogenic and osteogenic
lineages [40] and participate in wound healing and induction [41].

8.4 Materials and Methods

8.4.1 GFP-Expressing Transgenic Mice (Green Mice)

Transgenic C57/B6-GFP mice were originally obtained from Professor M. Okabe
at the Research Institute for Microbial Diseases (Osaka University, Osaka). The
C57/B6-GFP mice expressed the Aequorea victoria GFP under the control of the
chicken β-actin promoter and cytomegalovirus enhancer (β-actin-driven GFP). All
of the tissues from this transgenic line, with the exception of erythrocytes and hair,
express GFP [22].

8.4.2 ND-GFP Transgenic Mice

Transgenic mice carrying GFP under the control of the nestin second-intron enhancer
(9, 19) were obtained from G. Enikolopov (Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY) [20].

8.4.3 GFP-Expressing, Hair Follicle Stem Cells Cultured
from Isolated Vibrissa Follicles

To isolate the vibrissa follicles, the upper lip containing the vibrissa pad was cut,
and its inner surface was exposed. The vibrissa follicles were dissected under a
binocular microscope and plucked from the pad by pulling them gently by the neck
with fine forceps. The follicles were then washed in DMEM-F12 (GIBCO/BRL,
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Grand Island, NY) containing B-27 (GIBCO/BRL) and 1% penicillin-streptomycin
(GIBCO/BRL). All surgical procedures were made in a sterile environment. The
GFP-expressing vibrissa follicular stem cells located under the sebaceous gland (9)
were isolated under a binocular microscope and suspended in 1 ml of DMEM-
F12-containing B-27 with 1% methylcellulose (Sigma-Aldrich). The culture was
supplemented every 2 days with basic FGF at 20 ng·ml−1 (Chemicon). Cells were
cultured in 24-well tissue culture dishes (Corning) in a 37◦C, 5% CO2/95% air
tissue-culture incubator. After 4 weeks, GFP-expressing vibrissa follicle stem cells
formed GFP-expressing colonies. For differentiation, GFP-expressing cell colonies
were centrifuged, the growth factor-containing supernatant was removed, and the
colonies were resuspended in fresh RPMI medium 1640 (Cellgro, Herndon, VA)
containing 10% FBS in SonicSeal four-well chamber slides (Nunc). After 8 weeks
of expansion, the GFP-expressing cell colonies were switched to RPMI medium
1640 containing 10% FBS in the SonicSeal four-well chamber slides and then
differentiated [22].

8.4.4 Nestin-, CD34-, and K15-Expression in Vibrissa
Follicles of Green Mice

Skin samples were dissected from 6- to 8-week-old β-actin-driven GFP mice. These
mice were anesthetized with tribromoethanol (i.p. injection of 0.2 ml per 10 g of
body weight of a 1.2% solution), and samples were excised from the skin con-
taining vibrissa follicles. Immediately after excision, the vibrissa follicle samples
were frozen in liquid nitrogen, embedded in tissue-freezing embedding medium
(Triangle Biomedical Sciences, Durham, NC) and stored at −80◦C until further
processing. Frozen vibrissa follicle sections (5 μm thick) were cut with a Leica
CM1850 cryostat and were air-dried. The sections were directly observed by flu-
orescence microscopy and used for immunofluorescence (nestin and K15) and
immunohistochemical (CD34) staining [22].

8.4.5 Transplantation of GFP-Expressing Hair Follicle
Stem Cells to the Thoracic Region of the Severed
Spinal Cord in C57BL/6 Immunocompetent Mice

The GFP-expressing stem cells, cultured for two months in DMEM-F12 containing
B-27 and 1% methylcellulose, were used for transplantation. Six- to eight-week
old C57BL/6 immunocompetent mice (Harlan, San Diego, CA) were anesthetized
with tribromoethanol. Using a binocular microscope, a laminectomy was made at
the 10th thoracic spinal vertebra, followed by transversal cut. The GFP-expressing
hair follicle stem cells were transplanted between the severed thoracic region (spinal
level T10) of the spinal cord in C57BL/6 immunocompetent mice. After 2 months,
the spinal cords of the transplanted mice were directly observed by fluorescence
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microscopy under anesthesia. A total of 12 mice were transplanted with hair follicle
stem cells [22].

8.4.6 Transplantation of GFP-Expressing Hair Follicle
Stem Cells Between Severed Sciatic or Tibial Nerve
Fragments In Immunocompetent C57BL/6 Mice

The GFP-expressing hair follicle stem cell colonies from the vibrissa follicle bulge
area were transplanted between the severed sciatic or tibial nerve fragments in
immunocompetent C57BL/6 mice under tribromoethanol anesthesia. The skin inci-
sion was closed with nylon sutures (6–0). After 2 months, the sciatic nerve of
the transplanted mouse was directly observed by fluorescence microscopy under
anesthesia. The sciatic nerve samples were embedded in tissue freezing embed-
ding medium and frozen at −80◦C overnight. Frozen sections 5 μm thick were
cut with a Leica CM1850 cryostat and air dried. The sections were first directly
observed under fluorescence microscopy. The frozen sections were then used for
the immunofluorescence staining of β-III-tubulin, glial fibrillary acidic protein, K15,
and smooth muscle actin as described above. For quantification of the percentage of
cells producing a given marker protein in any given experiment, at least three fields
were photographed, and the number of positive cells determined relative to the total
number of cells [22].

8.4.7 Histology and Immunohistochemistry

Spinal cord or nerve biopsies of the transplanted mice were excised under anes-
thesia. Tissues were embedded in tissue-freezing embedding medium (Triangle
Biomedical Sciences, Durham, NC) and frozen at −80◦C overnight. Frozen sec-
tions, 5 μm thick, were cut with a Leica CM1850 cryostat, and were air-dried. The
sections were directly observed by fluorescence microscopy. The sections were then
used for immunofluoresence (IF) staining of βIII-tubulin, GFAP, CNPase, K15, and
SMA. The primary antibodies used were: anti-βIII-tubulin monoclonal (1:500, Tuj1
clone; Covance Research Products, Inc., Berkeley, CA), anti-glial fibrillary acidic
protein (GFAP) monoclonal (1:200; Lab Vision, Fremont, CA), anti-2′-3′-cyclic
nucleotide 3′-phosphodiesterase (CNPase) monoclonal (1:50; Lab Vision), anti-K15
monoclonal (1:100; Lab Vision), and anti-smooth muscle actin (SMA) monoclonal
(1:200; Lab Vision). Secondary antibodies were Alexa Fluor� 568 goat anti-mouse
(1:200; Molecular Probes, Eugene, OR), or Alexa Fluor� 568-conjugated goat
anti-rabbit (1:200; Molecular Probes). For quantification of the percentage of cells
producing a given marker protein, in any given experiment at least three fields were
photographed, and the number of positive cells determined relative to the total num-
ber of GFP-expressing cells. For each mouse, a minimum of three fields of 400x
were photographed and analyzed.
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8.4.8 Basso-Beattie-Bresnahan (BBB) Locomotor
Rating Scale

Behavioral analyses of mice with nerves or spinal cords repaired by hfPS cells
were conducted for 12 weeks using the BBB locomotor rating scale [42, 43]. Each
experimental group consisted of seven mice.

8.4.9 Fluorescence Microscopy

The spinal cord or peripheral nerve in the live mouse, transplanted with GFP-
expressing hfPS cells, was directly observed under an Olympus IMT-2 inverted fluo-
rescence microscope equipped with a mercury lamp power supply. The microscope
had a GFP filter set (Chroma Technology, Brattleboro, VT).

8.4.10 Statistical Analysis

The experimental data are expressed as the mean ± SD. Statistical analysis was
performed using the two-tailed Student’s t test.
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Chapter 9
Pancreas

Fang-Xu Jiang and Grant Morahan

Abstract Type 1 diabetes and some forms of type 2 diabetes are caused by defi-
ciency of insulin-secretory islet β cells. Although diabetes may be treated with
exogenous insulin replacement, this is not a cure, and this therapy may be asso-
ciated with some devastating complications, such as nephropathy, retinopathy and
neuropathy. An ideal treatment for diabetes would be to transplant donated islets
or to regenerate endogenous β cells. However, the poor availability of donor islets
has severely restricted the broad clinical use of islet transplantation. The ability
to differentiate embryonic stem cells into insulin-expressing cells initially showed
great promise, but the generation of functional β cells has proven extremely difficult
and far slower than originally thought. Pancreatic stem cells (PSC) or transdiffer-
entiation of other cell types in the pancreas may therefore provide an alternative
renewable source of surrogate β cells.

The term “stem cell” was initially used in embryology in the late 19th century
in the context of the origin of blood system and gametes (see [53]). Stem cells
are undifferentiated cells that are capable of both self-renewal and giving rise to
specialized functional cells. Depending on the developmental stages of their origin,
stem cells can be divided into embryonic stem cells (derived from the inner cell
mass of pre-implanted embryos) [18, 40]; epiblast stem cells (derived from post-
implanted epiblast-stage embryos) [10, 70]; germline-derived stem cells (derived
from embryonic gonadal ridges or postnatal testes) [22, 35, 64]; induced pluripotent
stem cells (from foetal or adult cells) [2, 25, 47, 69] or adult stem cells (derived
from postnatal tissues). Adult stem cells are a rare population in specific tissues but
show powerful potential for regeneration. They can be further divided based on their
tissue origin into a number of categories such as haematopoietic stem cells, neuronal
stem cells, skin stem cells, as well as mesenchymal stem cells. Unlike other tissue-
specific stem cells, pancreatic stem cells (PSC) were proposed relatively recently
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[54]. In order to understand the role and potential of PSC, a knowledge of pancreas
development is required.

9.1 Pancreas Development and Function

The pancreas is an endoderm-derived organ. The endoderm is one of the three pri-
mary germ layers formed during the early embryo stage known as gastrulation. Tak-
ing the mouse as an example, the pancreas originates from the thickened endodermal
epithelium along the dorsal and ventral surfaces of the posterior foregut. These
thickenings can be identified histologically at 9.0–9.5 days postcoitum (dpc) [49].
Subsequently, these epithelia evaginate into the surrounding mesoderm-derived
mesenchymal tissue and form dorsal and ventral pancreatic buds. These buds con-
tinue to expand, branch and fuse as a result of gut rotation bringing the buds together.
The fused developing pancreas continues to proliferate, differentiate and, ultimately,
develop into mature pancreas. In humans, the dorsal bud can be detected as early as
26 dpc (an equivalent stage to 9.5 dpc mouse embryos), but insulin-positive cells are
first visible at 52 dpc, approximately 2 weeks later than the equivalent stage seen in
mice. The appearance of human insulin-positive cells precedes of that of glucagon-
positive cells at 8–10 weeks of development [51]. All islet cells are detectable at
the end of the first trimester in humans [51], but at later stages in mice [29]. These
data indicate a human-mouse temporal difference in lineage development [55], and
this is supported by differences in gene expression patterns during developmental
and disease processes in these two species [19]. More studies of the development of
human pancreas can be found elsewhere [15, 39, 52].

During the last decade or two, our knowledge of pancreas development, including
key transcriptional controls, has increased exponentially. Transcriptional regula-
tion of specification and differentiation of the various lineages in the pancreas
has been extensively reviewed [4, 24, 30, 44, 63, 75] and is briefly summarised
in Fig. 9.1.

The adult pancreas consists of digestive enzyme-secreting exocrine tissue, diges-
tive enzyme-transporting ductal tissue and hormone-secreting tissue found in the
islets of Langerhans. The islets are composed mainly of α, β, δ, ε and PP cells
(Fig. 9.1) that secrete glucagon, insulin, somatostatin, ghrelin and pancreatic poly-
peptide respectively [34]. These hormones are generally responsible for the regu-
lation of glucose homeostasis. The β cells sense the fluctuation of blood glucose
levels and secrete insulin in a manner dependent on the glucose concentration. In
adult humans, there are 2000–3000 β cells/islet of Langerhans, with approximately
1 million islets scattered throughout the pancreas [66]. Insulin regulates circulating
blood glucose concentrations through its actions on peripheral tissues, such as to
inhibit hepatic glucose release and stimulate glucose uptake and storage by skele-
tal muscle and adipocyte tissue. Insulin insufficiency or unresponsiveness leads to
diabetes, which has recently manifested a global prevalent trend and has been a
major public health problem in the world, not only in Western developed coun-
tries, but also in developing countries, such as China and India. Diabetes currently
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Fig. 9.1 Lineage development in the pancreas showing role of defined transcription factors. Pro-
genitors within a defined domain of foregut endoderm express Tcf2 (T cell factor 2, also known
as hepatocyte nuclear factor 1b, Hnf1b) and Hnf6. Suppression of sonic hedgehog (Shh) sig-
nalling leads to the development of pancreatic precursor cells, which are marked by expression
of a number of transcription factors, especially Pdx1 (pancreas and duodenum transcription factor
1), pancreas transcription factor 1a (Ptf1a), Nkx2.2 (Nk family homeobox factor 2.2) and Nkx61.
Up-regulation of neurogenin-3 (Ngn3) allows these pancreatic precursors to commit to progenitors
of the endocrine islet lineages; these endocrine progenitors also express NeuroD (neural differ-
entiation 1), IA1 (insulinoma associated 1), Isl1 (Islet 1) and Pax6 (paired box factor 6). The
endocrine progenitors then may differentiate into five types of islet cells (α, β, δ [somatostatin],
PP [pancreatic polypeptide] and ε [ghrelin]). For example, whereas cells that express Brn4 (the
brain-specific POU-box factor) and Pax6 are destined to become glucagon-secreting a cells, a
group of MafB- (musculoaponeurotic fibrosarcoma oncogene family protein B), Pdx1-, Pax4- and
Nkx2.2-expressing cells give rise to mature insulin-secreting β cells

affects approximately 200 million people, and is likely to increase to 400 million
by 2030 [38]. Absolute deficiency of β cells results in type 1 diabetes, which rep-
resents approximately 10% of diabetes cases. The best prospect for a cure of type
1 diabetes is to transplant donated islets or to regenerate β cells of people with
this disease, provided that autoimmunity to β cells can be controlled. However, the
poor availability of donor islets has severely restricted the broad clinical use of islet
transplantation. This is why much attention has been paid to stem cells, including
PSC, as a renewable source of insulin-producing β cells. However, despite inten-
sive research, the presence and origin of human PSC (hPSC) both are still hotly
debated.
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9.2 Regeneration of β Cells Occurs Physiologically
and Pathophysiologically

β cells are regenerated during pregnancy, partial pancreatectomy and obesity. These
observations led to the birth of the PSC concept [7]. The existence of PSC is also
inferred from the continued function of islets after transplantation [58, 59]. Since
there is no convincing evidence of contribution of haematopoietic stem cells to islet
cells [74] nor that β cells are long-lived [5], the continued function of transplanted
islets suggests that either hPSC reside inside the islets or the β cells are capable of
self-renewal (or some combination of these).

9.2.1 Regeneration of β Cells During Pregnancy

To cope with physiological demand, pancreatic β cells regenerate during pregnancy
in humans and experimental animals. For example, the uptake of bromodeoxyuri-
dine (BrdU), a thymidine analogue that may be incorporated into DNA during
S-phase, increases 3-fold at 10 dpc and 10-fold at 14 dpc in islets of pregnant rats
[48], providing indirect evidence that proliferation of islet cells contributes signif-
icantly to the increase of islet volume [28, 72]. However, there only is a 2-fold
increase in islet volume and a 3-fold increase in BrdU labelling in 15.5 dpc maternal
mouse islets [36]. This discrepancy may reflect a species difference in regeneration
capacity or a difference in sensitivity of detection methods. During human preg-
nancy, both an increase in volume of maternal islets and hyperplasia of “β” cells
have also been observed [73], but direct evidence of proliferation in these islets is
still lacking. Furthermore, in rodents and humans, prolactin and placental lactogens
may stimulate β-cell proliferation [45], via suppression of the transcriptional co-
activator menin, encoded by the gene multiple endocrine neoplasia type 1 (MEN1).
This was demonstrated by experiments in which a short infusion of prolactin was
sufficient to reduce menin expression and stimulate proliferation of mouse islet cells
[36]. However, it is still unknown whether proliferation comes from functional β

cells and/or from PSC. Future research should be directed to recapitulate this effect
in vitro with purified islet cells, in which novel stimuli and molecular pathways may
be identified. Defining these pathways may establish a platform on which novel
strategies can be developed for a cure of type 1 diabetes.

9.2.2 Regeneration of β Cells During Obesity

β cells regenerate in response to pathological processes such as obesity. For exam-
ple, up to 10-fold increase in β-cell mass has been observed in obese rodents,
responding to their insulin resistance [11]. Double staining of pancreas sections
from obese mice and humans can detect insulin-producing cells that express
Ki-67, a marker strictly associated with cell proliferation [11, 12], indicating that
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regeneration may occur in the islets. Again, the regeneration capacity seems to be
significantly greater in mice than in humans, although the underlying mechanism
is unclear yet. Studies of one obese mutant mouse line, termed Ay , showed that
reduction of menin contributes to adaptive β-cell proliferation [36]. Taken together,
these data suggest that a similar mechanism for β-cell regeneration may operate in
physiological pregnancy and pathophysiological obesity in mice. It would be inter-
esting to determine whether this mechanism is also at work during human pregnancy
or obesity.

9.2.3 Regeneration of β Cells After Partial Pancreatectomy

Like many other organs in the body, islets do regenerate in response to injury, in this
case, pancreatectomy. In rats 4 weeks after 90% pancreatectomy, for example, there
is a regeneration to 27 and 45% of sham-operated pancreas and islet mass, respec-
tively [7]. However, there are species differences in regeneration capacity. Even a
50% pancreatectomy in adult dogs would cause impaired fasting glucose in the short
term [41] and diabetes in the longer term [65]. Likewise, a 50% pancreatectomy
in adult humans also leads to subsequent obesity and diabetes [56]. These studies
again indicate that there is a difference between species in their capacity to mount
islet regeneration: this is much more powerful in rodents than in larger mammals.
Additional studies are needed to confirm this capacity difference and understand its
underlying mechanism. Furthermore, it is less clear to what extent islet regeneration
contributes to maintain β-cell mass in adult humans from existing islet cells and
how much is from cells of any other origins. This knowledge is critical for a viable
strategy to promote β-cell regeneration both in vivo and in vitro. Additionally, it is
unknown whether PSC also contribute to this type of regeneration. In the follow-
ing sections, we will examine several possible mechanisms that may lead to β-cell
generation and regeneration.

9.3 Evidence that β Cells Are Generated from PSC

In addition to the observations of long-term survival of transplanted islets men-
tioned above, substantial in vitro evidence has indicated that “pluripotent PSC”
may be present in all three major pancreas compartments, i.e. the ductal epithelium
[14, 54, 68], islets, and acinar tissue [60, 77] (Fig. 9.2). This evidence comes from
studies of both rodent and human pancreas. For example, a potential PSC candidate
has been purified by flow cytometry in the developing and adult mouse pancreas.
These cells are identified by expression of the receptor for hepatocyte growth fac-
tor, c-Met, and absence of blood cell surface markers such as CD45, TER119,
c-Kit, and Flk-1. These cells can differentiate into multiple pancreatic lineage cells
from individual cells in vitro and give rise to pancreatic endocrine and acinar cells
in vivo following transplantation [67]. However, the molecular characteristics of
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Fig. 9.2 Pancreatic stem cells (PSC) were found in the duct, islet or acinar tissue. ND=not
done; ?=questionable;1=Suzuki et al. [67]; 2=Seaberg et al. [60]; 3=Bonner-Weir et al. [6];
4=Zulewski et al. [27]; 5=Gershengorn et al. [21]; 6=Minami et al. [43]

these c-met expressing cells are largely unknown and clonogenesis at the single cell
level has not been established.

9.3.1 PSC May Be Found in Ductal Epithelium

We investigated the differentiation and proliferation of foetal mouse pancreatic
cells, a rich source for potential PSC. We first demonstrated in vitro that bone
morphogenetic proteins-2, -4, -5 and -6, members of the transforming growth fac-
tor β superfamily, can promote the proliferation of pancreatic progenitors and the
development of pancreatic cystic epithelial colonies containing β cells [31, 33],
a process recapitulating the in vivo developmental process. In addition, we also
revealed that various isoforms of epidermal growth factors stimulate colony for-
mation [32]. These data indicate that extracellular signalling molecules, including
various families of growth factors, modulate fate changes of pancreas progen-
itor/stem cells. However, currently these colony-forming cells may at most be
considered progenitors because their self-renewal has not been demonstrated in vitro
(F.X.J. unpublished observations).

Recently, in vitro and in vivo experiments have indicated that PSC are local-
ized in the ductal epithelium. Bonner-Weir and colleagues were the first to report
that adult human pancreatic ductal epithelial cells can form islet-like clusters and
differentiate into insulin-secreting β cells [8]. Ramiya and colleagues reported that
transplantation of in vitro generated islet-like structures from mouse PSC in the duc-
tal epithelium can reverse diabetes [54]. Another set of experiments used cultures
of “pancreatic ductal cell aggregates” that were left over from pancreas digests after
purification of human islets for transplantation. From these cultures fibroblast-like
cells grew out and have been termed “pancreatic mesenchymal stem cells (pMSC)”.
These cells can undergo at least 12 passages and express a range of bone marrow-
derived MSC markers including CD13, CD29, CD44, CD54, CD105, α6 integrin
subunit (also known as CD49f) and Thy1 (also known as CD90). These pMSC can
give rise to cells of at least two germ layer origins including endoderm-derived cells,
but not convincingly pancreatic lineage cells [61]. In vivo, the large, small, and
centrolobular ducts of the rat pancreas contain foci of cells that express the neural
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stem cell-specific marker, nestin, but do not express the ductal marker cytokeratin
19 (CK19) [77], suggestive of islet progenitor cells.

However, all the above studies have used mixed cell populations and failed to
demonstrate clonogenesis. Using culture conditions suitable for generating neu-
rospheres ex vivo, mouse pancreatic ductal cells gave rise to neurosphere-like
structures that can subsequently be differentiated into several types of islet cells
including β cells [60]. The molecular phenotype of progenitor cells for these islet
cells remains unknown. On the other hand, after pancreatic duct ligation, numer-
ous CK19+ ductal cells are regenerated and then give rise to islet progenitor cells
(namely Ngn3+ cells), transplantation of the latter has further resulted in their differ-
entiation into functional β cells [76], suggesting that the regeneration process may
resemble that of embryonic pancreas development.

These studies did not explore the origin of Ngn3+ cells in adult pancreas and
whether the cells that give rise to these Ngn3+ cells possess PSC features. Recently,
the use of the in vivo genetic tracing Cre-loxP system has generated further knowl-
edge in this regard. In these experiments, Cre expression was directed by the
promoter of carbonic anhydrase II, a marker of mature ductal cells, resulting in the
excision of the stop cassette in the transgenic Rosa26. Therefore β-galactosidase
activity is expressed in the cells that express Cre. At 4 weeks, β-galactosidase
is detected in many ducts, patched acinar cells and 35–40% of islet cells [6].
These data provide direct evidence that adult ductal epithelial cells can give rise
to islet cells, at least in mice. It is still unknown whether the carbonic anhydrase
II-expressing cell population is homogenous or heterogenous, and whether this is
a differentiation process from PSC or a transdifferentiation process from mature
ductal cells. Anyway, these results should be repeated by independent research
laboratories and even in other experimental animals.

9.3.2 PSC May Reside in the Islets

Accumulated in vitro evidence suggests that a subpopulation of islet cells has PSC
potential. A well-planned in vitro study found that uncharacterized cells of mouse
islets give rise to neurosphere-like structures and subsequently could differentiate
into islet β cells. This was a minor property, as they mostly developed into neural
lineage cells [60].

In rat and human islets, a distinct population of nestin+ cells that do not express
the hormones insulin, glucagon, somatostatin or pancreatic polypeptide has been
identified. When cultured in vitro, these cells proliferate extensively (∼8 months),
give rise to cells that express liver and exocrine pancreas markers, such as α-
fetoprotein and pancreatic amylase, and display a ductal/endocrine phenotype with
expression of CK19, neural-specific cell adhesion molecule, insulin, glucagon, and
PDX1 (pancreas and duodenum homeobox factor 1). These nestin+ putative pro-
genitor cells may therefore participate in the neogenesis of islet endocrine cells
[77], mediated at least partially by glucagon-like peptide-1, an incretin hormone
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derived from processing proglucagon [1]. However, recent studies in vivo indicate
that nestin+ cells are mostly restricted in non-endodermal-derived cells [37, 62].
In addition, from donated adult human islets, outgrown fibroblast-like cells do
not express hormones, but proliferate readily and give rise in vitro to hormone-
expressing cell aggregates, characteristics of typical islet cells [21]. Nevertheless,
a rigorous genetic-based lineage tracing in mice under the control of Pdx1 or rat
insulin promoter (RIP) demonstrated that neither PDX1- nor RIP-expressing cells
contribute significantly to these fibroblast-like cells in vitro [13]. Because of its
critical importance, such tracing experiments should be reproduced by indepen-
dent research groups. Further investigations are required to resolve the inconsistent
results from the current studies.

9.3.3 PSC May Be Present in the Exocrine Tissue

In the clinic, a large population of nonendocrine pancreatic acinar cells are dis-
carded after purification of islets from donated pancreas for transplantation. The
best way to make use of these cells has attracted significant interest in recent years.
After co-transplantation with foetal pancreatic cells under the kidney capsule of
immunodeficient mice, these nonendocrine pancreatic epithelial cells are capable
of endocrine differentiation though without evidence of β-cell replication or cell
fusion. These experiments suggest the existence of PSC or progenitor cells within
the acinar compartment of the adult human pancreas [26]. More recently, analy-
sis using the Cre/loxP-based tracing system demonstrated that amylase/elastase-
expressing acinar cells can give rise to insulin-positive cells in a suspension culture
[43]. However, because clonal assay of these amylase/elastase-expressing cells and
their intermediate steps have not been investigated, this study may simply reveal
that mouse and rat pancreatic acinar cells are able to transdifferentiate into surrogate
insulin-expressing cells [3, 42]. On the other hand, similar lineage tracing experi-
ments in vivo demonstrate that after 70–80% pancreatectomy, pre-existing mouse
pancreatic acinar cells do not contribute to regeneration of islet β cells [16]. The
contradiction of in vitro and in vivo findings requires further reconciliation.

9.4 Evidence that Islet β Cells Are Capable
of Self-Replication

There are several pieces of strong evidence demonstrating that islet β cells can repro-
duce themselves. Using the RIP to genetically trace the fate of insulin-expressing
cells, Dor and colleagues [17] first revealed that adult mouse pancreatic β cells
are duplicated by RIP-expressing cells within the islets, either physiologically or
after partial pancreatectomy. This study assumed that all RIP-expressing cells in
adult islets are functional β cells and did not exclude the presence of PSC. Simi-
larly, by using a transgenic model, in which the expression of diphtheria toxin was
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directed by RIP to β cells, diphtheria expression results in apoptosis of 70–80% of β

cells, destruction of islet architecture and, finally, diabetes. Withdrawal of diphtheria
expression leads to a significant regeneration of β-cell mass and a spontaneous nor-
malization of blood glucose levels and islet architecture. Simultaneously, RIP-based
lineage tracing analysis indicates that the proliferation of 20–30% surviving “β”
cells played a major role in this regeneration and in recovery of euglycemia [46].
More recently with human islets, RIP-expressing cells could be dedifferentiated and
proliferate in vitro up to 16 population doublings [57]. As the β-cell population
in the adult islets is in fact functionally heterogeneous [27, 50], studies designed
to address whether the RIP-expressing cells or the remaining 20–30% cells are
unambiguously functional β cells will be critical.

Using a more sophisticated genetic mosaic analysis with a double marker system
in mice known as RIP-CreER; Rosa26GR/ Rosa26RG, each RIP-expressing clone
has been demonstrated to consist of 5.1 ± 5.4 or 8.2 ± 6.9 cells after one or two
months of chase [9]. These RIP-expressing clones have been interpreted as further
evidence of regeneration of functional β cells. Additional loss-of-function study
following knockout of the Hnf4α (hepatocyte nuclear factor 4α) gene suggests that
this regeneration may involve the Ras/Erk signalling cascade [23] and ultimately
regulated by cycling modulators including cyclin D2 [20]. Taken together, further
identification and characterization of the so-called self-replicative or dedifferentia-
tive RIP-expressing cells both in vivo and in vitro will be urgently needed because
they may hold the key for a regenerative therapy for type 1 diabetes.

Again using thymidine-based lineage tracing, β cells were demonstrated to
be produced within an islet by rare self-renewing cells with a slow replication-
refractory period [71], although the identity of these unique cells and the length
of their replication-refractory period remain to be determined. The frequency of
these self-renewal cells can be significantly increased after partial pancreatectomy
or during pregnancy. Further studies should determine the molecular signature and
biological potential of these replicating self-renewal cells. Because of ethical issues,
similar studies cannot be performed in human islet tissues, but such investigation
should at least be repeated in larger mammals.

9.5 The Identity of PSC is Inconclusive

Whereas investigation to characterize β-cell duplication as a mechanism of islet
regeneration has attracted great attention in recent years, much progress has been
made to identify PSC but their identity is still inconclusive. This is due at least
partially to lack of the following factors: specific cell surface markers to characterize
and purify cells that may have PSC potential; a simple, effective and reproducible
in vitro assay to examine self-renewal and differentiation potential of a purified
cell population; in vivo functional assays to determine biological function for both
experimental animals and humans. Finally, well-agreed general criteria for defining
a PSC are required.
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9.6 Future Directions for PSC Research

We believe that future work should reach a consensus that PSC at least satisfy
the following criteria: (1) clonogenesis can be demonstrated at the level of sin-
gle cells sorted by flow cytometry; (2) sorted single cells can self-renew in vitro;
(3) clonogenic cells can give rise in vitro to more than one specialized cell lin-
eage and (4) these cells can differentiate in vivo into several functional cell types
after transplantation. In the future, the investigation of PSC should be particularly
encouraged based on three considerations. First, differentiation of embryonic stem
cells into insulin-expressing cells was initially exciting and promising, but safety
consideration aside, the generation of functional β cells proves extremely difficult
and progress has been far slower than originally expected. PSC and dedifferentia-
tion or transdifferentiation of other cell types in the pancreas may therefore provide
an alternative renewable source of surrogate β cells. Second, the β-cell duplication
theory was mostly established from rodent models. It cannot completely exclude the
existence of PSC, and it assumed that all insulin-expressing cells in the adult islets
are uniformly functional β cells, but in fact these cells are heterogeneous. Last, as
there is a significant difference in regeneration capacity between rodent and human
islets, it may be wise not to directly extrapolate regeneration data from rodents to
humans. Unlike previous studies that were only performed on in vivo or in vitro
experiments without targeting specific cell types, future PSC work may need to
employ integrated approaches, for example, applying cell surface markers to target
particular cell populations; examining in vitro their potential of self-renewal and
clonogenesis, using genetic approaches to dissect molecular mechanisms of their
phenotypic changes and finally to examine their lineage contribution and biological
function. Performing such integrated research is likely beyond the capacity of most
individual laboratories, and therefore requires multi-discipline, multi-laboratory and
even multi-national collaborations including the participation of the pharmaceutical
sector to generate a therapeutic grade of surrogate β cells for a replacement therapy
to diabetes.
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Chapter 10
Prostate

C. Foley, K.T. Brouilette, C. Kane, H. Patel, H. Yamamoto
and A. Ahmed

Abstract Evidence for stem cells in the adult prostate comes from studies per-
formed in rodents. Isaacs and Coffey [20] showed that castration in male rats
resulted in the involution of prostate gland with persistence of the basal layer. On
replacement of androgens, the prostate regained its original size [20]. It was con-
cluded that a population of cells in the basal layer is capable of reconstituting the
prostate in the presence of androgens. Since then good evidence of the existence
and characterization of stem or stem like cells has been shown for mouse prostate
[2, 23, 58]. Stem-like cells have also been described in cell lines derived from human
prostate [34, 46] and from transplantation studies of human malignant prostate in
mice [35]. In contrast to some tissues [10, 11, 28, 48, 49], isolation and charac-
terization of stem cells from freshly procured human prostate tissue has proved
difficult. Although there are numerous studies that have attempted to isolate, prop-
agate and characterize human prostate derived stem cells; conclusive evidence for
the existing of self-renewing, multipotential human prostate stem cells has proved
elusive [46].

10.1 Properties of Stem Cells

Adult stem cells are a small fraction of cells within tissues and are responsible for
maintaining and replenishing the cells within that tissue [4, 47]. Stem cells possess
the capability, unlike differentiated cells, of self-renewal. Self-renewal is defined as
a cell division in which one or both of the daughter cells are stem cells that retain
the same developmental potential as the mother cell [33]. The demonstration of the
capacity of a single cell to self-renew is a benchmark for the validation of stem cell
isolation and characterization. Another important criterion is pluripotency (i.e. the
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ability to differentiate into specialized cells given an appropriate environment with
a specific genetic program) [4, 38, 45].

10.2 Anatomy of the Prostate Gland

Stem cells reside within a specific microenvironment (or niche) within organs [13].
The composition and function of the organ can therefore be critical for the isolation
and maintenance of stem cells in vitro. The prostate gland is situated below the
bladder, surrounding the urethra and ejaculatory ducts. The anatomy of the prostate
is illustrated in Fig. 10.1. It can be described as an inverted pyramid surrounding the
urethra as it exits the bladder; the apex of the pyramid pointing towards the penis
and the base adjacent to the bladder. The ejaculatory ducts, the conduits of sperm
from the testes to the urethra, also pass through the prostate gland, meeting the
urethra at the verumontanum. An anatomical model of the prostate that superceded
earlier anatomical models [12, 27, 52], was proposed by McNeal [29] and divides
the human prostate into three glandular zones (transition, central, peripheral) [29,
52]. The zonal model of the prostate has been supported by evidence from various
different investigations utilizing, for example, histochemistry [1, 24], histology [8],
computed tomography [31], ultrasound [53] and histopathology [30].

Fig. 10.1 A model of the
zonal anatomy of human
prostate [30]

10.3 Prostate Stem Cells – Isolation and Characterization

A basic approach, common to the isolation of stem cells from most studies of human
or mouse tissue, including prostate is described in Scheme 10.1.
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Scheme 10.1 A workflow for the isolation of adult human prostate stem cells

10.4 Sources of Human Prostate Tissue

The main sources for obtaining human prostate are from surgical procedures for
diagnosis or treatment of prostatic diseases such as BPH or cancer. Prior ethical
permission and patient consent is a pre-requisite. Tissue can be obtained from rad-
ical prostatectomy, cystoprostatectomy, Trans-Uretheral Resection of the Prostate
(TURP) and TRansrectal UltraSound (TRUS) biopsy.
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10.5 Tissue Handling

It is critical that there is minimal delay between procurement and processing of
the prostate obtained at surgery. Wherever possible, tissue should remain in sterile
buffered solution (PBS, RPMI 1640 or HBSS) containing antibiotics (10 U/ml) /
streptomycin (10 μg/ml) / fungizone (Amphotericin B 2.5 μg/ml) from the time of
procurement until the time of processing.

10.6 Tissue Processing

To obtain a single cell suspension, prostate tissue is washed in HBSS or PBS and is
processed using enzymatic digestion and mechanical dispersion in digestion buffer
(HBSS + 5 mM CaCl2 containing 0.5% bovine serum albumin and collagenase IV
(400–600 U/ml), Worthington, UK). The tissue (1 g/15 ml of digestion buffer) is
minced using fine scissors into < 1 mm3 pieces. The sample is incubated overnight
at 37◦C on a shaker. After incubation, 2 ml HBSS is added and the collagenase mix-
ture centrifuged at 300 ×g for 15 min. The pellet is resuspended in 100 μl of 0.025%
DNAse and incubated for 5 min. HBSS (3 ml) is added and the suspension passed
through a 40 μm cell strainer (BD Falcon) to remove cell debris and the resulting
suspension is centrifuged at 300 ×g for 15 min. The pellet containing the cells is
resuspended in 100–200 μl medium, and cells counted using an haemocytometer.
Regular pipetting during collagenase exposure improves the dispersion of epithelial
organoids into single cells.

Collagenase I or IA has been used in previous prostate cell isolation protocols
[3, 7, 19, 22, 26, 51]. Collagenase IV has a low tryptic activity and is thought to
maintain the integrity of cell surface proteins [55]. These properties are impor-
tant if cells are subsequently used for fluorescence activated cell sorting (FACS)
or immunomagnetic cell sorting (MACS) based upon expression of cell membrane
proteins. Although it is convenient to leave the tissue to digest in collagenase for
16 h [3, 18, 22, 26], about 40% of the total yield of single cells can be obtained
in the first 4 h of a 16 h digestion protocol. It is also useful to select a batch of
collagenase after optimization [55]; some suppliers can supply sample batches for
optimization and thereafter hold a batch that provides the best yield of viable cells
and greatest digestion efficiency.

10.7 Identification and Characterization of Putative
Prostate Stem Cells

After obtaining a single cell suspension various approaches can be used to identify
and characterize putative prostate and other stem cells. These include cell sorting
and in vitro and growth and characterization.
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10.8 Cell Sorting

FACS and MACS or side-population analysis (based upon the exclusion of Hoechst
33342 dye) [14] have been used for the isolation of putative stem cells from tissue
derived cell populations.

Numerous combinations of cell surface markers have been used to isolate puta-
tive stem cells from various mammalian tissues. A list is posted on http://stemcells.
nih.gov/info/ scireport/appendixE.asp. Some robust markers (e.g. Sca1 in combina-
tion with other cell surface proteins and side-population analysis) have been used to
isolate and characterize putative mouse prostate stem cells and stem-like cells from
prostate cancer cell lines. For example, Witte and colleagues [23, 58] and Tang and
colleagues [46] have used FACS to isolate and characterize stem and stem-like cells
from adult mouse prostate and prostate cancer cell lines, respectively.

Liu and colleagues [26] used antibodies against CD44 and CD57 to separate
epithelial cells from TURP derived benign prostate samples using FACS. Bhatt
et al. [3] used the Hoechst 33342 exclusion assay [14] to identify side populations of
prostate cells obtained from BPH tissue. Hoechst 33342 is extruded by stem cells via
the multi-drug resistance protein (MDR-1) family [14]. As stem cells divide slowly
and are thought to express a multidrug resistant transporter to exclude Hoechst
33342, a small side population of these cells can be isolated. Based upon this reason-
ing, Bhatt et al. [3] suggested that a sub-population that accounts for less than 2% of
the total cell population, could contain the prostate stem cells. MACS has also been
used to identify putative stem cells in whole tissue cell population from diseased
human prostate [7, 40, 46]. Collins and colleagues [7, 40] have also isolated cells
expressing α2ß1hi/CD44+ or CD133+ enriched α2ß1hi/CD44+ for characterization
in colony formation assay to assess proliferative capacity (see below).

10.9 In Vitro Cell Culture Techniques for Maintenance
and Characterization of Stem Cells

Peehl et al. [36] first described the colony forming ability of primary cultures of
human prostate epithelial cells. Hudson et al. [19] plated single cell suspensions
(1000 cells/6 cm) of human prostate cells onto a layer of irradiated NIH 3T3 cells
on collagen, resulting in the growth of two morphologically distinct colony types.
Type I colonies were small and irregular and constituted about 90% of the colonies
and expressed either K8 and K14 or just K8 in the smallest colonies. Type II
colonies were larger and more regular and constituted about 10% of the colonies
and expressed K14. Type II colonies were proposed to be the progeny of basal layer
stem cells, while type I cells derived from transit amplifying (TA) cells. However,
no attempt was made to test whether the cells from the large colonies possess the
ability to self-renew.

Collins and colleagues [7] also used an adherent in vitro growth assay to propa-
gate putative human prostate cells. Prostate cells from TURP derived tissue were
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selected on the basis of rapid adhesion to type I collagen. Basal prostate cells
(selected by their expression of CD44) were plated onto type 1 collagen for five
minutes. In agreement with Hudson and colleagues [18], different colony types
were noted. Adherent cells were α2β1 integrin bright and showed 3.8-fold greater
colony forming efficiency compared to non-selected basal cells. 15% of basal cells
showed strong α2β1-integrin expression and high levels of α2-integrin staining were
also seen in 1% of human basal cells in vivo. However, like other previous attempts
to isolate prostate stem cells, no direct evidence of self-renewal of individual cells
within this heterogeneous cell fraction was provided.

Non-adherent, sphere forming assay has been employed to isolate and character-
ize adult stem cells from solid tissues such as the brain and breast [10, 41] although
not from prostate. Most sphere formation assays use a variation of chemically
defined DMEM/F12 medium containing 2 mM, L-glutamine, 0.6% glucose, 9.6
mg/ml putrescine, 6.3 ng/ml progesterone, 5.2 ng/ml sodium selenite, 0.025 mg/ml
insulin, 0.1 mg/ml transferrin, and 2 mg/ml heparin (sodium salt, grade II; Sigma)
with growth factors (FGF2 20 ng/ml and EGF human recombinant, 20 ng/ml) [16].
A similar formulation for growth of spheres in suspension is available from Stem
Cell Technologies. Using this approach, self-renewal of visually verifiable, single
putative stem cells, could be monitored [39]. Spheres are dissociated and individ-
ual cells plated into single wells and observed for the formation of new clonal
spheres [39]. This procedure is repeated at least up to five generations to validate
self-renewal capability of individual cells [39].

10.10 In Vitro Differentiation Potential
of Self-Renewing Stem Cells

Differentiation into multiple cell types of the tissue of origin, is a critical in vitro
test for the characterization of putative stem cells. Hudson and colleagues [18] used
a 3D culture system to determine the differentiation potential of putative stem like
cells from type II colonies. Cells derived from type II colonies were grown in 3D
Matrigel cultures and formed spherical structures connected by ducts reminiscent
of the two-layered architecture of the prostate in vivo. The spheres consisted of a
basal layer of cells expressing K5 and K14 and one or more luminal layers of larger,
flatter cells expressing weak K5 and K14 and strong K17, K19 and K8 arranged
around a lumen. Shed cells within the lumen expressed AR, but no staining for PSA
or PAP was seen in this androgen free culture.

10.11 Molecular Characterization
of Putative Prostate Stem Cells

Immunochemistry, gene expression microarrays and PCR can be employed to study
stem cell markers [10, 37]. The prostate gland epithelium in humans consists of
neuroendocrine cells and two types of epithelial cells: basal and luminal. A list of
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Table 10.1 Summary of cell marker expression by the different cell populations in normal human
prostate epithelium

Histological location Basal /intermediate Basal epithelial Luminal epithelial

Cell type Putative stem cell Transit amplifying Secretory luminal

Marker CD133+ K14+ K8+ AR+

ABCG2+ K5+ K18+ PSA+

α2β1Hi K15+ K5+ K8+

K17+ K15+ K18+

K19+ K17+ PAP+

p63+ K19+ PSA+

α2β1Hi K7+ CPP32+

CD44+ CD44+ CD57+

Bcl-2+ PSCA+ p21Kip1+

ETS-2+ p63+

pp32+,
Telomerase+

GSTP1+

Ki67+

p63− CD133− CD133− CD133−

PSCA− ABCG2− ABCG2− ABCG2−

AR− PSCA− α2β1Lo α2β1Lo

PSA− AR− p63− p63−

PSA− AR− PSCA−

p21Kip1− PSA− K5−

K8− p21Kip1− K14−

K18−

prostate specific, putative stem cell and differentiated epithelial markers is given in
Table 10.1. Some of these markers have been used to characterize putative prostate
stem cells. The utility of these markers was discussed in a recent review by Tang
and colleagues [46].

A number of genes have been suggested as markers of ‘stemness’ in stem cells
from various tissues [22, 35]. These markers include CD34, mCD24a, CD10, Bmi-1,
Bcrp1, nestin, Bcrp1 and PNA [15, 41, 50]. Furthermore, in a series of publications
[9, 17, 32, 59] transfection of 4 genes (Oct 4, KLF 4, SOX2 and c-MYC) has
been shown to reprogramme adult human and mouse cells to an earlier pluripo-
tent, stem-like state. We have investigated the expression of numerous known stem
cells markers using global gene expression analysis on an Affymetrix chip using
the putative stem cells from type II colonies. The rationale was as follows: if type
II colonies are derived from stem like cells and type I from transient amplifying
cells, there should be differential expression of known stem cell markers in cells
derived from these colonies [21]. Global gene expression profiling of type I and II
colonies (Fig. 10.2) did not reveal any difference in expression for any known stem
cell marker (including CD133, Bmi1, CD18, CD34).

Collins et al. [7] suggested that some basal cells that show rapid adhesion and
are capable of differentiation in vivo express CK18, 34ßE12, CK19, PAP and
PSA. In another study of putative prostate stem cell identification, Litvinov et al.
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Fig. 10.2 No significant difference in the gene expression of 25 known stem cell markers was
found in type I and type II colonies. A representative graph for normalized expression of BMI1,
CD44, CD146, CD46, CD8, PROM1, ABCG5, NOTCH1. Gene expression analysis was per-
formed on 5 pairs of type I and type II colonies using an Affymetrix gene chip array (HGU 133
Plus 2.0). Microarray data was analyzed using GeneSpring (Agilent) version 7.2 using relaxed
statistics (p < 0.1) and 1.5 fold difference

[25] investigated the prostate epithelial stem cell population in vitro that they
defined as CD133+/ABCG2+/α2β1Hi/p63−/PSCA− /AR−/PSA−. Their working
model describes a prostate epithelial differentiation process in which cells proceed
down a neuroendocrine or luminal lineage. Cells destined for the luminal epithelium
become TA cells with the phenotype CD133− /ABCG2− /α2β1Hi/p63+/PSCA−

/AR− /PSA− as well as expressing K5 and K14 and amplify through a number of
divisions. At some point these cells acquire the ‘intermediate’ (TA) cell phenotype
of CD133− /ABCG2− /α2β1Lo/p63−/PSCA+/AR− /PSA− expressing K8 and K18
also. However, whether these are functional stem cells with regards to self-renewal
and pluripotency was not investigated.

10.12 Techniques for In Vivo Characterization
of Putative Human Prostate Stem Cells

In vivo assays are crucial in determining the veracity of stem cells isolated in vitro.
For prostate stem cells there is a lack of quantitative, in vivo, assays similar to those
established for hematopoietic and other solid tissue adult stem cells [42–44, 47, 54],
to assess self-renewal, differentiation potential and frequency of stem cells. This has
proved a major impediment for the purification and physiological characterization
of adult human prostate stem cells.
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For putative prostate stem cells, Collins et al. [7] provided strong evidence of
pluripotency of a cell population isolated from adult prostate using mouse xenograft
assays. Basal epithelial cells (1×105 to 1×106 cells) in a 1:1 ratio with stromal cells
were injected subcutaneously into nude mice. Grafts were removed after 6 weeks,
formalin fixed and embedded in paraffin and sectioned. Microscopic examination
of the grafts indicated development of glandular structures. The capacity of the
grafted cells to differentiate in vivo was measured by the expression of androgen
receptor, prostate specific antigen and prostatic acid phosphatase. Other committed
progenitor and differentiated cells present may also have contributed to the glandular
structures [46].

Prostate development has been studied in vivo by a tissue recombination method
initially developed by Bogden et al. [5]. This was subsequently modified for prostate
by Cunha and colleagues [6]. The ‘subrenal capsule assay’ (SRC) involved trans-
plantation of adult mouse prostate tissue fragments under the renal capsule of
an immunodeficient mouse with rodent urogenital sinus mesenchyme (UGSM).
This technique, initially applied to whole tissue fragments, was later applied to
enzymatically dissociated cells. This approach had the advantage that specific sub-
populations of cells could be selected on the basis of their cell surface markers
prior to transplantation [23, 56]. An interpretational problem arises from the fact
that thousands of cells from a heterogenous population need to be injected and
therefore the origin of cells giving rise to the glandular structure is difficult to
ascertain. For mouse derived stem cells, this problem can be limited using mice
expressing GFP or dsRED. Witte and colleagues have utilized this method to show
that ductal structures may be clonal [57]. Techniques to determine single stem cell
self-renewal and differentiation in vivo, as used in breast an skeletal muscle stem
cells studies [42, 44], have not yet been applied to putative stem cells from the
prostate.
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