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Preface

In the summer of 1968 two staff scientists at Oak Ridge National Laboratory, Stanfield Rogers and Peter Pfuderer,  
suggested in a letter to Nature that “viral RNA or DNA information” could be used in the control of genetic deficiency 
diseases as well as nonheritable disorders such as cancer.1 Their proposition was based, like many scientific breakthroughs, 
on an experiment of nature: the observation that circulating arginine levels are elevated in humans following infection with 
Shope papilloma virus, which was thought to induce a virus-specific arginase. Theirs was a prescient thought, borne on the 
eve of the birth of recombinant DNA technology. But it took some four decades to begin realizing its promise.

The first approved use of gene therapy occurred in 1991 under the direction of W. French Anderson. Ashanti DeSilva 
was a four year old girl with the enzyme-based immune deficiency disorder ADA-SCID. Retrovirus-mediated transfer of an 
adenosine deaminase gene into her autologous T cells led to a clinical response, albeit incomplete and temporary.2 This was 
followed by a “loss of innocence” attendant on the treatment, in 1999, of Jesse Gelsinger, an 18 year old man with ornithine 
transcarbamylase deficiency.3 He died as a consequence of an adenovirus vector-associated inflammatory process. Shortly 
there after five infants with SCID-X1 developed acute leukemia after receiving a murine retrovirus-based gene therapy to 
replace a defective interleukin 2 receptor H chain.3 But then only one of those five patients died from their leukemia. And 
with a final enrollment of 20 SCID-X1 infants, and correction of severe immune deficiency in 17 of them over a median 
follow up of 9 years, gene therapy was finally established as a realistic therapeutic for those without alternatives.4

Since that time over 1800 gene therapy trials in 31 countries have been initiated or completed.4 And the field’s prom-
ise is not restricted to “simple” replacement or excision of a defective gene. For example, genetic engineering techniques 
have been used to inculcate tumor recognition or virus resistance in autologous lymphocytes of patients with metastatic 
cancer5 and advanced AIDS.6 Although there are currently no U.S. FDA licensed gene therapy products, in 2012 Glybera 
(alipogene tiparvovec) became the first example of this technology to be approved for clinical use, in Europe, after its 
endorsement by the European Medicines Agency.7 Based on an adeno-associated virus type 2 (AAV2) vector, Glybera 
corrected a defect in the lipoprotein lipase gene that otherwise leads to severe pancreatitis. Like most new technologies 
Glybera is expensive—about $1.6 million per patient—partially related to the ultra-orphan nature of the target disorder. 
(There are only a few hundred cases annually in the resource rich world.7,8) But its clinical success, as well as prelimi-
nary data from phase 1/2 and phase 3 clinical trials for more common conditions, as outlined in our text, has led to an 
explosion in commercial interest; between 2013 and early 2014 US companies have invested some $600 million in gene 
therapy research.9

The text you are about to explore is an introduction for the translational and basic researcher as well as the clinician 
to the vast field of gene therapy technology. It is the first book in a new series, Advances in Translational Medicine. The 
project is a direct outgrowth of our editing of an illustrious journal, Translational Research, The Journal of Laboratory 
and Clinical Medicine. It is coincident with the journal’s celebration of a legacy of 100 years in the promotion of excel-
lence in clinical and translational research. This first volume is also a perfect opportunity to congratulate the Central 
Society for Clinical and Translational Research (CSCTR), a key partner with the journal. Albeit technically only in its 
87th year, CSCTR traces its heritage to the Central Interurban Clinical Club, the establishment of which, in 1919, places 
it not far off the 100-year mark. Its fundamental goals, shared by our journal and this series, are critical and constant. 
Above all, champion the young investigator, bring in new ideas, establish diverse collaborations, and limit inbreeding. 
The special topics issues published annually in Translational Research are highly quoted. They achieved sufficient 
notice that the book division of Elsevier, publisher of our journal, began this series based upon expanded versions of our 
special issues and invited reviews.

Early on, the national importance of our society was well recognized. It also had an unanticipated impact on gene  
therapy related issues. The policies of genetic modification in clinical trials are regulated by the Declaration of Helsinki. And 
in 1966, only four societies were requested to endorse this declaration relating to “ethical principles for medical research 
involving human subjects”; the American Medical Association, the American Society for Clinical Investigation, and the 
American Federation for Clinical Research joined us. This declaration, along with the 2001 HUGO (Human Genome 
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Organization) consensus, covers the types of somatic gene therapies discussed in our text. Germline gene approaches by 
which gametes (sperm or ova) are modified, permitting a therapeutic manipulation to be passed on to future generations, 
are proscribed for ethical reasons in many countries, and are not covered here.

The authors of the following chapters are leaders in the field of gene therapy. They cover a range of topics and technolo-
gies with a depth and clarity to be commended, providing helpful illustrations and comprehensive citations to the literature. 
Several chapters focus on specific diseases, while others cover new technologies or barriers to progress. It strives to cover, 
in depth, disease-specific areas of particular promise. Its initial focus is on mechanisms of introducing a gene, generally via 
a viral vector, that either: (1) causes a protein to be expressed in a patient with a defective protein product, or two little of 
the normal one; or (2) introduces editing genes, “molecular scissors” that excise or disrupt genes causing a disease. As the 
field has evolved to encompass non-DNA-based technologies, utilizing antisense oligonucleotides, small interfering RNAs, 
etc. that do not alter a gene, but directly interact with RNAs or proteins, are also presented here.

These chapters also provide roadmaps to the ontogeny of current gene therapy trials and methods by which a group 
might design their own. I have borrowed a recently published patient-centered approach to designing a gene therapy for 
epilepsy10 as an example of how the introductory chapters of this text set the stage for strategies to tackle your own areas 
of therapeutic interest.
  

 1.  Choose an animal model that accurately reflects the clinical problem in which to conduct preclinical studies.
 2.  Decide on a therapeutic approach. This is simpler when a single-gene defect is involved, limiting a functional protein 

product correctable by a relatively small increase in that product, as in hemophilia B. In a complex phenomenon such as 
epilepsy, one needs to decide if the target might best be decreasing neuronal excitation or increasing neuronal inhibitory 
pathways. Targeting of an entire cohort of genes could be contemplated.10

 3.  Choose a safe, effective vector. At the moment this usually means AAV, in which case limited payload size is a major 
impediment, or a lentivirus. But retrovirus, adenovirus, herpes simplex virus, plasmid, and other transport systems are 
also in various stages of clinical testing, and are outlined herein.

 4.  Consider all potential obstacles and explore them. Our text considers issues of payload toxicity, vector targeting, suffi-
ciency of gene product expression, and the limits of in vitro and animal models. It also touches upon potential regulatory 
issues and good manufacturing-practice costs, but related details are left to other sources. For example, the American 
Society of Gene & Cell Therapy offers Web sites with information on issues related to the conduct of clinical gene 
therapy trials and the regulatory issues they raise.

  

This book provides coverage of the full spectrum of scientific and clinical progress, emphasizing new approaches in the 
field that currently have the greatest therapeutic application or potential and those areas most in need of future research. 
Serving both as an introduction to the field of gene therapy and as a general reference, it should prove an invaluable 
resource for both the expert and new investigator entering the field, as well as the clinician considering enrolling patients 
in clinical trials.

Jeffrey Laurence, M.D.
August 2014
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Chapter 1

Translating Genome Engineering  
to Survival
Jakub Tolar
Stem Cell Institute, Department of Pediatrics, Division of Blood and Marrow Transplantation, University of Minnesota, Minneapolis, MN, USA

“Daring ideas are like chessmen moved forward; they may be beaten, but they may start a winning game.”

Goethe

LIST OF ABBREVIATIONS
DNA Deoxyribonucleic acid
HCT Hematopoietic cell transplantation
iPSCs Induced pluripotent stem cells
mRNA Messenger ribonucleic acid
SCID X-linked severe combined immunodeficiency
CRISPR Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system

1.1  ORIGINS

The process of research and its clinical translation is not just driven by doctors and scientists; they are driven by the patients 
themselves. In the boundaries between science and society, there is a subset of individuals with genetic disorders for whom 
simply living life is inherently unsafe. These patients and their families frequently view risks of therapy very differently than 
healthy people do. Probabilities of success or failure that would be unthinkable for a healthy person can be  acceptable to those 
with debilitating or fatal diseases. These extreme situations, in which the possibility of benefit outweighs the  significant risk, 
are fortunately rare but critical to clinical translation. Human suffering is the same whether it is caused by a rare or a wide-
spread disease, but the attention of experts and commitment of society may differ between the two conditions. Because of 
this disparity, it is important to stress that gene therapy approaches will apply equally to the orphan diseases in which they are 
pioneered and to the diseases and injuries that cause much of the morbidity and mortality in the world.

Gene therapy has been on the horizon for over 30 years. Encouraged by its early promise, patients and their despair-
ing families have had their hopes raised again and again only to be repeatedly disappointed. However, in 2014, evidence 
of clear success in selected diseases and the application of safer technologies have added to the intellectual mass needed 
to forward the process of bringing gene therapy to the clinic, thus rendering countless grim disorders treatable and ulti-
mately curable.

The concept of gene therapy for genetic disorders has its origins in Gregor Mendel’s theory that cells contain small 
units that are messengers of inherited characteristics1 and Erwin Schrödinger’s insight that genes are blueprints of cellular 
function.2 Gene therapy is one of the most appealing theories in biomedicine because it is aimed at the cause rather than the 
symptoms of the disease. However, the ability to harness the potential of gene transfer or DNA repair to correct a specific 
genomic lesion has simultaneously been one of the most daunting concepts to put into practice, although such “corrective” 
mutations can occur spontaneously in the setting of somatic cell mosaicism.

Mosaicism, the naturally occurring, spontaneous restoration of function in revertant cells, has been reported in patients 
with several genetic diseases: the skin disease epidermolysis bullosa; the metabolic disorder hereditary tyrosinemia 
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type I; the bone marrow failure syndromes Fanconi anemia and dyskeratosis congenita; and the primary immuno 
deficiencies, Wiskott–Aldrich syndrome, Bloom syndrome, X-linked severe combined immunodeficiency (SCID), 
and adenosine deaminase (ADA)-deficient SCID.3–14 Therefore, in theory any genetic disease can be spontaneously 
corrected by a gene conversion, compensatory mutation in cis, or by intragenic crossover between maternal and pater-
nal alleles with two different mutations in the same gene.15

Despite this knowledge, there clinically are several blocks to applying revertant mosaicism. For example, it remains 
unclear why in some conditions the self-correction occurs rarely and why in others it may occur repeatedly even in a single 
individual.16–18 Furthermore, when self-correction does occur, it may not be clinically meaningful because the revertant 
event is unpredictable in the molecular mechanism of reversion (and may restore the gene function only partially) and in the 
location in the gene. Also relevant is the unpredictability of the type of cell in which the reversion occurs, ranging from cells 
and tissues relevant to the disease phenotype to those that are functionally neutral. It is also currently impossible to predict 
the type of cell where revertant mosaicism will occur: in stem cells with significant repopulation potential, in progenitor 
cells—more differentiated but still possessing a variable degree of “stemness”—or in fully differentiated postmitotic cells 
with limited functional effect beyond the corrected cell.

If revertant mosaicism does not supply the clinical answers we seek, then where do we look next? To see the future, it 
is useful to first examine the past.

1.2  SYNCHRONICITY OF DISCOVERIES

The foundations for the practice of stem cell gene therapy today and for optimism about its future effect are three unrelated 
discoveries made 60 years ago in the 1950s. They are the following:

 1.  Defining the structure of DNA.19

 2.  Inducing immunological tolerance by tissue transplantation.20

 3.  Creating induced pluripotency by removing the nucleus of an egg and putting in the nucleus of a differentiated cell.21

Together, these three discoveries established the science needed for gene therapy to become a reality: from understand-
ing the arrangement of the molecules in DNA, which allowed them to be rearranged; to understanding the mechanisms of 
immune tolerance, which allowed for cells and tissue to be transplanted; to being able to create a pluripotent cell from a 
gene-corrected one, which allows these cells to be multiplied and differentiated into different lineages to work in physi-
ologically meaningful ways throughout the body.

1.3  GENE ADDITION

The discovery of the double-helix structure of DNA by James Watson and Francis Crick is obviously important to gene 
therapy because it showed that the nucleotides are organized in specific pairs. The understanding of this structure, and of 
the mechanism by which it divided, opened the new field of genome engineering, in which genes could be cut out of the 
genome of one cell and spliced into the genome of another as described in this volume by Gersbach. Gene therapy without 
this recombinant DNA technology is unimaginable.

1.3.1  Genes as Medicine

Of the more than 1800 genetic disorders described in humans, only a small fraction can be treated and even fewer cured. 
At this time, we are seeing possible cures using gene therapy for sickle cell disease, thalassemia, and ADA deficiency. In 
a field with so many challenges, these imminent steps into clinical application remind us how important and beneficial 
 successful methods of gene therapy will be. Even with this powerful motivation, there are formidable technological barriers 
to accomplishing successful gene transfer, such as crossing the cellular membrane, escaping from the endosome, moving 
through the nuclear membrane, and integrating into the host genome.

The first technological problem is crossing the cellular membrane, the divider between the cell and its environment, 
a  protective barrier that is quite selective about what it will let into the cell. Large molecules such as DNA, which might 
compromise the cell’s existing DNA, are kept outside. Should the DNA cross the membrane, it must then encounter another 
cellular defense, the endosome, where material from outside the cell is either broken down into harmless components to be 
expelled or encapsulated and sent forward for use in the cell. Should the first two obstacles be surmounted, the third and 
most difficult remains: how to get the cell’s genome, neatly and strictly paired and sequenced, to break open and accept 
foreign DNA.
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1.3.2  Viral Gene Therapy and the “Selfish” Transgene22

Many of these biological hurdles are surmounted by adapting viral vectors, which are already evolutionarily perfected to 
penetrate a cell and transfer DNA, for use in gene therapy.23 This method has its own risks: reactivation of the original virus, 
formation of tumors or other cancers, and immune reaction to the viral components. The issues of immunity are discussed 
by Mingozzi in another chapter in this book.

In terms of delivering a wild-type gene into a genome with a pathogenic mutation in the same gene, gene therapy as 
we know it today has been most advanced by its remarkably successful application to the therapy of primary immune 
 deficiency states, namely SCID (X-linked and ADA) and Wiscott–Aldrich syndrome. Another triumph of gene therapy 
has been improvement of vision in individuals with Leber congenital amaurosis.24–27 In this volume, McClements and 
MacLaren review gene transfer approaches to retinal disease with special consideration of the viral serotype and regulation 
elements of the therapeutic transgene.

In addition to the many advantages, significant questions remain about the use of viral vectors. In the brief course of this 
century, close to 100 individuals with (mostly) fatal genetic disorders have been treated using autologous  transplantation 
with gene-corrected cells that were transduced with retroviral vectors carrying the therapeutic gene. This strategy relied on 
delivering a functional gene along with exogenous regulatory elements that promoted sustained, high-level gene expression. 
However, the consequences of integrating the retroviral vector and its “selfish transgene” into the host genome included loss 
of physiological regulation of the treated gene and the disruption and possible dysregulation of other endogenous genes.28–30 
For example, in the French-British SCID trial, 5 of 20 individuals experienced integration of the viral vector and cargo in 
close proximity to an oncogene, activation of which led to clonal expansion and leukemia. Four of the five children with 
leukemia were successfully treated, but one died. Despite these serious complications, the overall outcome of the trial pro-
vided evidence that gene therapy is superior to the previous standard of care (i.e., bone marrow transplantation) by providing 
better immune function with polyclonal T-cell repertoire, increased disease-free survival (>80%), and a better quality of life.

1.3.3  Safety and Bioinformatics

The biological challenges to gene therapy have not been the only obstacles. In 1974, approximately a century after Mendel was 
so brilliantly right about genes as “atoms of heredity,” worries about the dangers of recombinant DNA technology led research 
scientists to create a voluntary moratorium of all research involving genome engineering.31 In response, the 1975  Asilomar 
Conference on Recombinant DNA in Pacific Grove, CA, developed and released safety recommendations under which research 
could proceed.32 This attempt by scientists to address public concerns through self-regulation focused attention on the research 
and resulted in nearly worldwide governmental regulation. In retrospect, the constraints of these recommendations may have 
delayed research efforts by focusing on “dangers” that, as one of the conference’s intellectual leaders commented decades later, 
“…were strictly conjectural (that is, you thought they were dangers).”33 This emphasis on safety resulted in enormous efforts 
being redirected to the evaluation of off-target effects using comprehensive large-scale integration site analysis to identify 
 common integration sites and to associate clonal dominance with malignant lymphoid or myeloid proliferation.

One of the advantages of gene transfer is its spectacular modularity: with various building blocks of the vector-cargo 
complex adapted to deliver to specific organ locations, to express in a tissue-specific manner, or to transduce cell types 
committed to cell-specific differentiation programs. Gene therapy can be designed for injuries, for systemic disorders, 
or for diseases limited to individual organs. In this book, Tang and Hammond provide an update on gene therapy for 
 congestive heart disease. Frazier and Kontos cover the exciting possibilities of ex vivo gene modification of a venous graft 
used in revascularization bypass surgery for ischemic cardiovascular disease. Prickett and Jain summarize advances in gene 
transfer and gene repair of the cystic fibrosis transmembrane regulator gene, and a new perspective on the gene therapy of 
rheumatoid arthritis and osteoarthritis is given by Evans, Ghivizzani, and Robbins.

Looking forward, this information will be amplified by the application of bioinformatics, in which huge amounts of 
information can be analyzed for minute connections and more complex relationships revealed (see Figure 1.1). The current 
knowledge of common integration sites in clonally expanded hematopoietic cells may evolve into a “genome  instability 
index” that takes into consideration the alteration of signal cascade maps, gene regulatory pathways, and the cellular state 
after transduction or transfection. Thus, this future directory would better map the neighborhoods of influence on the 
 specific transgene and quantify the risks of gene transfer in a systematic, comprehensive way. The collective  intelligence on 
genotoxicity has already made real the concept of large-scale, computer-automated amplification of  knowledge34 and will 
further advance with this kind of integrative model.35 We are now in the early stages of computational science, which is based 
on modeling tremendously complex interactions among genes, cells, tissues, individuals, and societies  (epidemiology), and 
moving steadily into international cooperation.
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1.3.4  Nonviral Gene Therapy

The expense associated with clinical-grade, viral-based gene therapy trials is rarely given much attention in academia, but 
it remains a major consideration for those who would conduct clinical trials. DNA-transposable elements are an elegant 
answer for the financial concerns, but their position effect after genome integration needs to be assessed with the same 
diligence with which viral vectors were evaluated. Hackett, Starr, and Cooper herein present a cautious, balanced view of 
insertional mutagenesis of transposons as a tool of discovery and as a challenge for clinical gene therapy.

1.4  FROM GENE ADDITION TO GENE EDITING

In efforts to improve the safety and efficacy of potential clinical therapies, the center of gravity for gene therapy may be shifting 
from gene addition (in which a whole new gene is pasted into the genome with the use of viruses or  transposons) to genome 
editing (see Figure 1.2) (where the pathogenic mutation is corrected in its natural gene location with  zinc-finger nucleases, tran-
scription activator-like effector nucleases (TALENs), clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 
system, or homing endonucleases).36,37 Hybrid molecules are now being engineered to target a specific location in the genome 
and to introduce a break in the DNA proximal to the targeted mutation. The cleavage in the DNA is then resolved by homologous 
recombination between the endogenous genes and an exogenously introduced donor  fragment containing the normal sequence. 
In this way, the pathogenic mutation is permanently changed back to the normal sequence. This has the added benefit of preserv-
ing the architecture of the genome and maintaining gene control under the normal cellular regulatory elements. Although further 
studies are needed, recent research gives evidence that genome  editing may be highly effective and safe.38–41

1.5  THERAPY FOR GENETIC DISORDERS

Critical to allowing the transfer of material from one individual to another was a discovery from Peter Medawar’s investigation 
of skin grafting. He found that tissue from one individual will be rejected by another individual because of an immune response 
to the donor transplant. Medawar, Billingham, and Baruch Brent20 further showed how to manipulate the immune system to 
develop acquired immune tolerance. Their experiments, visually represented by a white mouse sporting a healthy spot of fur 
from a black mouse, demonstrated that specificity of immune response develops before birth and that a subject injected with 
a donor’s cells in the prenatal period can later accept tissue from that donor’s body. From a physiological standpoint, because 

FIGURE 1.1 Genes as medicine. When we look at gene therapy from the viewpoint of a gene itself, we may not grasp the gene in the context of a cell, 
a tissue, or an organism that together give the gene its physiological meaning. Bioinformatics models the complex interactions among genes, cells, tissues, 
individuals, and society to help pinpoint the most productive areas of research. Although experiments and clinical encounters are typically confined to one 
method of observation, biological systems are complex, with several interconnected organizational and functional layers. A systems approach  prevents 
treating experimental and clinical data in a fractured and intermittent way and offers a path from mechanistic understanding of disease to a rational 
 algorithm of effective treatment of genetic disorders.
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genes exist only in the context of a cell, the donor’s cell only makes clinical sense when transplanted. Thus, immune tolerance 
of allogeneic wild-type or autologous gene-corrected grafts is the key to successful cell gene therapy.

1.5.1  Blood and Marrow Transplantation for Genetic Disease

Perhaps the first applied gene therapy (in a broad sense, i.e., delivery of a wild-type gene into a patient with a loss-of- 
function mutation in that gene) was accomplished by means of bone marrow transplantation. Pioneering work by Medawar, 
E. Donnell Thomas, and others20,42–45 made it clear that transfer of allogeneic bone marrow cells can regenerate the 
 lymphohematopoietic system. Equally impressive was the way their advances in allogeneic transplantation for  malignant 
disease were taken in an entirely new clinical direction by Elizabeth Neufeld’s discovery of enzyme cross-correction 
between cells derived from individuals with mucopolysaccharidosis type I (Hurler syndrome) and mucopolysaccharidosis 
type II (Hunter syndrome).46 By pure coincidence, her findings were published the same month, November 1968, that 
 Robert Good and his team performed the first successful in-human bone marrow transplant.47,48 With this step, a new field 
of medicine originated—hematopoietic cell transplantation (HCT).

The concept of allogeneic transplantation as a therapy for genetic disorders has been applied to several conditions:

 l  Selected enzymopathies (e.g., mucopolysaccharidosis type I or α-mannosidosis),
 l  Bone marrow failure syndromes (e.g., osteopetrosis, Fanconi anemia, and dyskeratosis congenita),
 l  Neuronopathic disorders (e.g., adrenoleukodystrophy and metachromatic leukodystrophy),
 l  Hemoglobinopathies (e.g., sickle cell anemia and thalassemia, and those discussed by Rivella),
 l  Extracellular matrix disorders (e.g., the genodermatosis epidermolysis bullosa), and
 l  Severe immune deficiencies (e.g., X-linked SCID, ADA-deficient SCID, Wiskott–Aldrich syndrome, and chronic 

 granulomatous disease).49–58

Although a life-saving measure for patients with some diseases, allogeneic HCT can result in life-threatening side effects 
and must be seen and understood as a radical treatment used only for otherwise deadly disorders. These  complications can occur 
either as a result of the physical injury associated with the chemotherapy and radiation used in the  preparative  regimen or from 

FIGURE 1.2 Gene therapy. Viral-mediated gene transfer results in the transfer of the  correct genetic material, but usually in an almost  random location. 
This added transgene may  disrupt functions of other genes,  potentially even causing cancer. By contrast, genome  editing uses a donor template to correct 
the specific mutation in the genome and typically leaves nothing else behind. Thus, not only is the gene correction precisely located after gene editing but 
also nothing remains to disrupt normal genome function.
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the immune injury caused by the allogeneic nature of the hematopoietic graft. Injuries from the  preparative regimen can present 
as systemic endothelial injury (sinusoid obstruction syndrome or veno-occlusive disease), renal  toxicity, or pulmonary toxicity. 
Post-transplant immune injury leads to profound immunosuppression and, in a significant minority of HCT recipients, to an attack 
by the donor immune cells on the tissues of the recipient (termed graft-vs-host disease). Each of these serious and potentially fatal 
complications could be diminished or avoided by using the host’s own cells (i.e., gene-corrected, autologous HCT).

The use of viral and adenoviral vectors, as noted in The Selfish Transgene, has potential complications, such as random 
insertional mutagenesis and triggering oncogenic processes. Another method of gene therapy involves editing the genome 
in a “cut and paste” manner. Various technologies (e.g., zinc finger nucleases, TALENs and CRISPRs) are all showing 
potential in animal models. Additional considerations include choosing the appropriate  cellular vectors and creating a clini-
cally significant number of gene-edited cells for transplant.

1.5.2  Cellular Vectors

Clearly, for the any meaningful gene therapy strategy to work, it must target the cell type relevant to the specific disease. 
Although tissue-specific cell types such as keratinocytes and retinal epithelial cells have been successfully gene corrected 
in most cases, the effects of gene correction are amplified in proportion to the proliferative, repopulating capacity of the 
 cellular vector. For this reason, stem cells have been the target cells of choice for several gene therapy applications. The 
most prominent example is using hematopoietic stem cell grafts in gene therapy trials for blood disorders.59–61 In this 
 volume, two chapters cover the evolving knowledge of the gene therapy of nonmalignant blood disorders. Dong, Rivera, 
and Breda describe lentiviral gene therapy trials for thalassemia and sickle cell disease, and Walsh and Batt focus on 
adenoviral gene transfer and spliceosome-mediated pre-mRNA trans-splicing in hemophilia. Gene therapy for neurological 
disorders has not, until recently, been seen as a promising application. Simonato, Wahlberg, Goins, and Glorioso evaluate 
current viral gene therapies and their potential in treating pain, epilepsy, and Parkinson’s disease. Bertoni outlines current 
gene therapy approaches to Duchenne muscular dystrophy.

1.5.3  Induced Pluripotent Stem Cells

The ability to take one kind of cell, edit the genome, and then produce another type of cell that is more suitable for therapy 
was made possible by the work of Sir John Gurdon.21,62 His work, based on pioneering work by Robert Briggs and Thomas 

(a)

(c) (d) (e)

(b)

FIGURE 1.3 Simple equipment for a complex  procedure. Photographs of the laboratory equipment used to successfully perform transfer of a 
nucleus from a mature intestinal cell into the egg cell of a frog, replacing the immature cell nucleus. The egg cell then developed into a viable tadpole, 
demonstrating that the DNA in all cells in the body contained the information needed to create the entire frog. (a) Low-power binocular miicroscope with 
Singer micromanipulator/microdissector. (b) Cells from donor embryo with micropipette. (c) Introduction of mature donor cell into frog egg. (d-e) Normal 
division of egg with new DNA.64
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King,63 established that DNA in a mature cell’s nucleus contains the complete blueprint to reproduce the organism from 
which the cell came. This was tested by removing the nuclei from a mature cell and an immature cell. The nucleus from the 
mature cell was then inserted into the immature cell, and from this a complete organism (a frog) was then produced. The 
fantastic precision of this nuclear transfer between cells was performed using the most basic of equipment (see Figure 1.3).64

This basic science research later led to what is probably the most important significant development of the past decade 
relevant to stem cell gene therapy—the generation of induced pluripotent stem cells (iPSCs) by Shinya Yamanaka. He 
was able to take a mature cell committed to specific tissue function and turn back its biological clock, returning it to a 
 pluripotent state. From this pluripotent state, the cell could be selectively differentiated into other cell types, an essential 
element in the design of an appropriate cellular vector.

1.5.4  Stem Cell Gene Therapy

Most stem cell therapies to date have used organ-specific stem cells for organ-specific diseases, such as hematopoietic stem 
cells for blood disorders or epidermal stem cells for diseases of skin. Nevertheless, since the foundational discoveries of 
nuclear and cell reprogramming by Briggs, King, Gurdon, Yamanaka, and Thomson, the culture of embryonic stem cells, 
and the bioengineering of iPSCs21,62,63,65–71, it has been possible to think that these cell types may be useful as cellular 
 targets for future stem cell gene therapy approaches and in regenerative medicine for disease and injury.72 In this book, 
Mason and Kaufman discuss the history of iPSCs and the manipulation of iPSC genomes. This evaluation of efficacy and 
safety in the clinical translation of cells derived from gene-corrected iPSCs is especially important because the risk and 
benefits of stem cell therapy are balanced with those of gene therapy.

Disease-specific challenges will remain. For example, in DNA repair-deficient Fanconi anemia cells, the bone mar-
row cells for gene correction are few in number, extraordinarily intolerant to ex vivo manipulations, and at risk of accu-
mulating pre-leukemic mutations, the effect of which can inadvertently be increased by gene correction.73,74 On the other 
hand, the disease-specific challenges can also be viewed as opportunities. An example is lipoprotein lipase deficiency, in 
which enzyme replacement therapy is not effective, but intramuscular injection of the enzyme gene is, and the European 
Union’s approval of alipogene tiparvovec for therapy of this disorder. This is correctly seen as encouraging news for 
all of gene therapy.75 In this way, using these technologies in a rare and narrow disorder leads the way for other uses to 
follow more easily.

In all clinical applications of the gene corrective strategy, the cell type manipulated and delivery of gene-corrected cells 
has to be done in a disease-specific fashion. For example, in another clinically significant development, the immune system 
and its responses can be manipulated by transgenic means. In this book, three chapters deal with different aspects of the 
intersection of lymphohematopoiesis and gene therapy: Yang and Chan summarize efforts in gene therapy for diabetes; Gill 
and Kalos describe the great potential of T cell-based anticancer approaches; and Chen, Xie, Wu, and Chan discuss the 
immune response to pancreatic beta cells in type 1 diabetes and immunotherapies that can target this process. Related to 
this, Ning and Rabkin as well as Kratzke and Patel discuss the use of gene therapy with oncolytic viruses, induced suicide 
therapy, and immunotherapy for glioblastoma, one of the most lethal types of brain tumors.

1.6  ROADMAP TO THE FUTURE

These critical steps—the ability to modify the structure of DNA, the fact that all cells contain the blueprint for a complete 
organism, that cells can be regressed to a state of pluripotency, and that with appropriate immune manipulation cells from 
one individual can be transplanted into another—make it possible to transfer defined cells and designer genomes into whole 
organisms, thus completing the synthetic biology concept of stem cell gene therapy.

It should be noted that these discoveries were from areas of research almost entirely unconnected to each other: 
 developmental biology, molecular crystallography, and tissue grafting. Individually, they answered important questions 
fundamental for their fields. Taken together, they complemented each other and represented a major turning point in biol-
ogy and medicine. Furthermore, it was not obvious at that time how these milestones from three separate fields were 
related; as is often the case for any turning point in history, the consequences were recognizable only in retrospect. This 
may also be the case in the current development of gene therapy, in which critical discoveries are being made in different 
fields and by unconnected researchers.

Some areas of needed collaboration seem obvious. Improvements in vectorology, gene editing, and the delivery of the 
therapeutic genes into targeted cell populations need to connect with the development of other experimental therapies, 
such as the expansion of corrected cells with stem cell potential. These developments will likely result in patient-specific 
therapy, partial examples of which already exist. This indicates that an individualized medical approach is possible and that 
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a combination of cell-based, gene, protein, and drug therapies may simultaneously be safer and more effective than any one 
treatment approach alone.76–79

The field of gene therapy started as a visionary and daring idea. The preclinical data were not as clear as one would 
have wished them to be—they never are—and it was only when the risks of therapy were compared to that of living with 
a genetic disease, or to the risks and incomplete efficacy of alternative therapies (e.g., hematopoietic cell therapy), that the 
first clinical trials were permitted.80 The field has overcome several crises in which the public expectation that gene therapy 
would cure everything (and without side effects) has collided with the hard realities of science and medicine, but it has 
emerged as a broadly accepted new standard in several disorders.81

Most of the work done to date illustrates the irreversible expansion of basic molecular, cellular, and transplantation  biologies 
and their enormous potential in the clinical application of gene therapy. It is important to note that although the outcomes of 
current basic and clinical gene therapy science are in the future, the actions that will lead to them are not. Accurate observation 
and meticulous experimentation are required to improve the odds of correctly guessing the biological mechanisms of action, 
but it is evident that the sequence of scientific discoveries and the path to the next turning point are unpredictable.

National and international coordination are needed to connect the flashes of discovery and progress. To make gene 
therapy widely available and used, there will need to be clinical trial coordination similar to historically transformative 
collaborations in pediatric oncology. These clinical trials need to be combined with real-time data exchange and evaluation 
of these data on the basis of scientific merit. Last, but not least, there must be a focused goal (i.e., rapid translation to a 
world-scale change in medical practice).

No person or institution can do this alone, and “eusocial” teams operating on the basis of collaboration rather than com-
petition will prevail.82 To recruit sufficient numbers of patients, to apply emerging technology advances (e.g., expansion of 
the gene-corrected stem cells or incorporation of an inducible “safety switch” apoptotic gene), and to harmonize pharma-
ceutical and ethical requirements will require multicenter coordination with a pragmatic “federation” rather than “pipeline” 
strategy. The complexity of genetic disorders and methods of gene therapy promise challenging and exciting times ahead.

As you can appreciate from the chapters of this book, those of us in this field are serious about our work, are all per-
sonally invested in our research, and have all had, or will have, someone we know and deeply care about stricken with a 
life-threatening illness that could be treated or even cured by gene therapy. We continue to focus on those clinically mean-
ingful studies that combine persevering observations with smart experiments and that have the ultimate goal of converting 
individual and disease-specific insights into a collective understanding of the emerging gene transfer platforms and their 
subsequent translation to patient care.
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LIST OF ABBREVIATIONS
ALS Amyotrophic lateral sclerosis
bFGF Basic fibroblast growth factor
CRISPR Clustered regularly interspaced short palindromic repeats
DN Dopamine-releasing neurons
ESCs Embryonic stem cells
FA Fanconi anemia
FDiPSCs FD patient-specific iPSCs
FD Familial dysautonomia
GFP Green fluorescent protein
HAC Human artificial chromosome
hESCs Human embryonic stem cells
hiPSCs Human induced pluripotent stem cells
hPSC Human pluripotent stem cells
HLA Human leukocyte antigen
IKBKAP I-k-B Kinase complex-associated protein
iPSCs Induced pluripotent stem cells
IRES Internal ribosome entry site
LIF Leukemia inhibitory factor
MCDNA Minicircle DNA
mESCs Mouse embryonic stem cells
MEF Mouse embryonic fibroblast cells
MHC Major histocompatibility complex
miPSCs Murine induced pluripotent stem cells
miRNAs microRNA
NIH National Institutes of Health
6-OHDA 6-Hydroxydopamine
OSKM Oct3/4, Sox2, KLF4, and c-myc
PolyQ Polyglutamine
PD Parkinson’s disease
PDiPSCs PD patient-specific iPSCs
PF4-FVIII-HAC Platelet factor-4 and human factor VIII gene in a human artificial chromosome vector
RiPSCs RNA-induced pluripotent stem cells
SCID Severe combined immunodeficiency
SCNT Somatic cell nuclear transfer
SCD Sickle-cell disease
STEMCCA Stem cell cassette
SeV Sendai virus
SB Sleeping Beauty transposon system
STAP Stimulus-triggered acquisition of pluripotency
SMA Spinal muscular atrophy
SOD1 Superoxide dismutase
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SMN1 Survival motor neuron gene
TALEN Transcription activator-like effector nucleases
TDP-43 Tar DNA-binding protein-43
ZFN Zinc finger endonucleases

2.1  GENETIC APPROACHES TO PLURIPOTENCY

Research on pluripotent stem cells has been instrumental for our understanding of basic developmental biology and genetic 
disease. The early approaches to establishing and maintaining pluripotency and self-renewal began in the 1960s (Box 2.1). 
In 2006, Takahashi and Yamanaka made perhaps the most stunning breakthrough by demonstrating that through the expres-
sion of a set of defined genes, murine cells could be reprogrammed to a pluripotent state.16 In a series of elegant experi-
ments, a set of 24 candidate genes encoding transcription factors that maintain pluripotency in early embryos, promote 
proliferation, and support an embryonic stem cell (ESC)-specific phenotype and proliferation were introduced into mouse 
embryonic and adult fibroblasts by retroviral transduction. Selective withdrawal from the candidate pool identified four 
transcription factors that were critical for pluripotent-like colony formation—Oct3/4, Sox2, KLF4, and c-myc (OSKM). 
The reprogrammed murine cells, termed induced pluripotent stem cells (iPSCs), were capable of forming blastocyst chime-
ras similar to mouse ESCs (mESCs), expressed pluripotency-specific markers (such as SSEA-1 and alkaline phosphatase), 
and demonstrated a similarity to mESCs in global gene expression.16 The following year, both Yamanaka and Thomson 
published reports demonstrating the derivation of human iPS cells (hiPSCs) from terminally-differentiated human fibro-
blasts.17,18 Takahashi et al. were able to induce pluripotency in adult human dermal fibroblasts using the OSKM factors 
introduced through retroviral transduction. Reprogrammed hiPSCs successfully expressed human embryonic stem cell 
(hESC)-specific gene and protein markers, formed teratomas in severe combined immunodeficiency (SCID) mice, and 
could be specifically directed to differentiate into both neural structures and cardiomyocytes under standard protocols. 
Interestingly, Yu et al. reported hiPSCs could be faithfully engineered using lentivirus transduction of Oct4, Sox2, Nanog, 
and LIN28 in both IMR90 fetal fibroblasts and adult dermal fibroblasts.18 Unlike the Yamanaka group, they selected repro-
gramming factors on their basis of preferential expression in hESCs relative to myeloid precursor cells. The derived hiPSCs 
were also shown to express cell surface makers specific for pluripotent cells and to form teratomas.

Given the extraordinary potential of hiPSCs in either serving as a model system to study human disease or as a tool for 
regenerative medicine applications, there has been exponential growth in studies seeking to optimize the development of hiP-
SCs. However, hESCs and hiPSCs each have their own strengths as a research and possible therapeutic source. hESCs are not 
genetically modified and are likely a better system for studying normal human developmental biology. hiPSCs can be derived 
from any somatic cell isolated from patients with diverse diseases (as discussed more in this chapter) and, as a result, are more 

Box 2.1 A Brief History of Pluripotency and the Discovery of Human Embryonic Stem Cells
In 1962, Sir John H. Gurdon provided the first evidence 
 suggesting that terminally-differentiated somatic cells could be 
reprogrammed to the pluripotent state using Xenopus  laevis as 
a model system.1 In this seminal study, immature nuclei from 
developing oocytes were replaced with nuclei from  functional 
intestinal epithelial cells. These modified embryos were 
 ultimately capable of generating normal tadpoles. Gurdon’s 
groundbreaking discovery had reversed the ideology set by 
Briggs and King in the 1950s that genes required for normal 
development are either excised or irreversibly repressed  during 
early embryogenesis.2 Consequently, researchers sought to 
engineer entire mammalian organisms through the selective 
transfer of terminally-differentiated, somatic cell nuclei into 
enucleated eggs in a process called somatic cell nuclear trans-
fer (SCNT). Although ultimately successful in 1997 by Wilmut 
et al. with the development of Dolly the sheep from an adult 
cell, multiple reports have highlighted the technical difficulties 
and inefficiency of SCNT in a wide variety of mammalian spe-
cies.3–6 For example, the inability of a particular donor nucleus 
to support dedifferentiation and the technical challenges 
associated with donor cell handling are but a few obstacles 

preventing the wide-scale adoption of SCNT for clinical or 
therapeutic applications utilizing human cells.7

Another breakthrough for studies in pluripotency occurred 
in 1981 with the isolation and in vitro culture of mouse 
 embryonic stem cells (mESCs).8–10 These studies were the 
first to demonstrate that maintenance of pluripotency and 
 self-renewal could be achieved through the addition of specific 
peptides, such as leukemia inhibitory factor (LIF) and subse-
quent activation of the gp130/Stat3 signaling cascade, at least 
in the murine system.11–13 In 1998, James Thomson generated 
the first human pluripotent stem cell lines through the  isolation 
and selection of the inner cell mass of donated blastocysts pro-
duced through in vitro fertilization when cocultured on feeder 
mouse embryonic fibroblast (MEF) cells in the presence of 
fetal bovine serum.14 These hESCs fulfilled three key criteria of 
pluripotency in that they were derived from a preimplantation 
phase, proliferated in an undifferentiated state, and were capa-
ble of generating endoderm, mesoderm, and ectodermal deriv-
atives. Subsequent studies later showed that the maintenance 
of hESC pluripotency is directly dependent on the  presence of 
basic fibroblast growth factor (bFGF).15
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suitable to study how defined (or undefined) genetic mutations affect development of specific cell populations. Additionally, 
hiPSCs can be derived from individual patients and can potentially be used for autologous cell replacement sources to mini-
mize immunological barriers. Since the initial discovery of iPSCs, a variety of genetic reprogramming factors, delivery meth-
ods, starting cell sources, and culture microenvironments have been investigated, with the goal of increasing reprogramming 
efficiency of hiPSCs into target tissues for clinical applications. In this chapter, we will summarize the current methodology 
aimed at improving hiPSC engineering and their translational applications to gene therapy for correcting human disease.

2.2  TRANSCRIPTION FACTORS IMPORTANT FOR REPROGRAMMING TO PLURIPOTENCY

Both of the original hiPSC studies determined that Oct4 and Sox2 were required for genetic reprogramming. It has been 
well established that Oct4, also referred to as Pou5f1 as a member of the Pit1-Oct1/2-UNC-86 (POU) family, is expressed 
by all cells of the developing mammalian embryo up through pregastrulation and is required for the maintenance of the 
pluripotent state.19,20 Oct4 is unique within the POU family in that its substitution with other family members is not suffi-
cient to induce pluripotency because of a unique alpha-helix DNA-binding domain.21 Oct4 can serve as a “master factor” in 
generating so-called 1-factor iPS cells from mouse neural stem cells (that already express high levels of Sox2) that are com-
parable to ESCs in morphology, global gene expression profiles, and DNA methylation patterns. These 1F iPSCs possess 
the ability to generate teratomas and mature into various organs upon injection by forming chimeric mouse embryos.22,23 
Sox2, a member of a superfamily of proteins that possesses a high mobility group (HMG) box DNA-binding domain that 
is widely expressed in pluripotent cells, is found to colocalize and cooperatively bind to DNA in conjunction with Oct4, 
suggesting it also is a required factor for the self-renewal of pluripotent cells through synergism.20,24 Interestingly, using 
an inducible Sox2-null ES cell line, ablation of Sox2 resulted in differentiation into trophectoderm-like cells with a loss of 
pluripotent potential, but could be rescued by introducing an Oct3/4 transgene.25 This established the current precedent that 
the predominant function of Sox2 is to maintain the appropriate expression of Oct3/4, and its role may be dispensable in 
maintaining pluripotency through substitution of other Sox family members.

Nanog, a homeodomain protein, is required to maintain pluripotency;26–28 however, it is not required for the initial appear-
ance of pluripotent colonies because of its eventual induction after Oct4 and Sox2 expression.18 Interestingly, Nanog was 
originally discovered to significantly increase the reprogramming efficiency of both miPSCs and hiPSCs.18,29 In a recent 
study, Nanog was found to play an integral role in maintaining pluripotency by switching from monoallelic expression in 
preimplantation embryos to biallelic expression in late blastocysts, providing further insight on how pluripotency is regulated 
during embryogenesis.30 KLF4, a member of the Krüppel-like transcription factor family possessing zinc finger DNA-binding 
motifs, has been shown to be redundant for the induction of pluripotency in somatic cells.31 However, similar to Nanog, KLF4 
is found to be critical to maintain the pluripotent state, especially in the absence of a leukemia inhibitory factor (LIF).11 One 
hypothesized mechanism that validates this role is that KLF4 is a central upstream regulator of large, positive feedback loops 
containing Oct4, Sox2, Nanog, and the c-myc promoter.32 To date, the role of c-myc, a proto-oncogene, in reprogramming 
pluripotency is unclear. It has been speculated that c-myc may participate in chromatin remodeling very early during repro-
gramming through histone acetylation, facilitating Oct4/Sox2/KLF4 functionality.20,31,33 Despite this, it is well-established 
that c-myc is not required for pluripotency induction, but is important for enhancing overall reprogramming efficiency.31,34,35

An important consideration in choosing transcriptional factors for pluripotent induction is their stoichiometric expres-
sion. Several studies have documented large discrepancies in reprogramming efficiency, protein expression, and even cel-
lular senescence simply by altering the relative abundance and/or the gene order of the OSKM reprogramming factors. 
Carey et al. demonstrated that increasing the expression of Oct3/4 and KLF4 relative to Sox2 generated higher quality 
iPSCs, while Stadtfeld et al. demonstrated that altering the order of transcription factor delivery (OKSM) generated lower-
quality iPSCs.36,37 Other groups have determined Oct4 overexpression alone can maximize the efficiency of iPSC induc-
tion.38 These studies underscore the importance of delivering appropriate stoichiometric quantities of transcription factors 
to maximize iPSC production.

2.3  METHODS FOR GENETIC REPROGRAMMING

Some of the earliest and to date most efficient reprogramming methods, such as lenti- and retroviruses, require integrating 
transgenes. Unfortunately, these methods carry an intrinsic risk of tumorigenesis and inappropriate reactivation in rapidly 
proliferative cells. Cassette excision and integration-free methods, such as transfection with synthetic messenger RNA 
(mRNA) and microRNA (miRNA), and transduction with specialized transposon systems and episomal plasmids signifi-
cantly improve upon the safety profile for transplantation, but these methods have been typically less effective with lower 
iPSC induction efficiency. In this section, we will outline the current methods of transcription factor delivery into somatic 
cells while focusing on the efficiency of iPSC production (Table 2.1), long-term integration, retention in the genome 
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TABLE 2.1 Summary of Current Gene Delivery Methods to Engineer Human Induced Pluripotent Stem Cells

Gene Delivery 
Method

Risk of 
Insertional 
Mutagenesis

Induction 
Efficiency Advantages Limitations Refs

Retrovirus High 0.01–0.25% Diversity in iPSC differentiation
Minimal technical challenges
Useful for in vitro analysis of 
human cells

Random, stable transgene 
integration
Potential reactivation of repro-
gramming factors over time
Transduction of proliferating 
cells only

1, 2, 25

Lentivirus High 0.02–0.5% Transduction of nonproliferat-
ing cells
Diversity in iPSC differentiation
Useful for in vitro analysis of 
human cells

Random, stable transgene 
integration
Potential reactivation of 
reprogramming factors over 
time

3, 26

Cre-mediated 
lentiviral cas-
sette excision

High 0.5–1.5% Encoding transgenes removed 
following reprogramming, but 
retain pluripotency

5′ and 3′ LTR retention 
 following excision

27–31

Synthetic 
mRNA

None 1.4–4.4% Minimal number of transfec-
tions with very high efficiency
Transfection maximized with 
serum-free culture, advanta-
geous for clinical translation

Antiviral-like TLR activation 
and high immunogenicity
Not validated outside of 
human fibroblast model

33–37

Sendai virus 
(SeV)

Low 0.1–2.0% Shorter time frame to induction 
than integrating transgenes
Temperature sensitive vectors 
eliminate any residual viral 
material from infected cells
Virus never infects nucleus

Technically challenging to 
manipulate

32, 
38–45

Synthetic 
miRNA

Varied 0.002% 
(direct)–10% 
(lentiviral)

Shorter time frame to induction 
than integrating transgenes
High efficiency of iPSC 
 induction, especially when 
delivered within lentiviral 
vector

Discrepancies in reprogram-
ming efficiency based on 
miRNA clusters and delivery 
method
Lentiviral miRNA with self-
excision machinery not yet 
explored
Limited validation using 
human cells

21, 
46–49

piggyBac  
transposon

Low 0.02–1.25% Virus-free transcriptional factor 
delivery; can be generated in 
bacteria
Dramatically enhanced 
 induction efficiency with 
transient presence of small 
molecules

Insufficient characteriza-
tion of transgene excision 
genomic footprint in human 
cells

50–52

Sleeping Beauty 
transposon

Low 0.02% Virus-free transcriptional factor 
delivery; can be generated in 
bacteria
Does not exhibit integration 
bias towards transcriptional 
units

Not successfully dem-
onstrated to produce a 
transgene-free hiPSC line
Difficulty of selection if 
transposon is silenced or 
minimally expressed

53–55

Episomal plas-
mids

None <0.01% Plasmid is transiently expressed 
and removed with drug selection
Proven success with feeder-
free and nonxenogenic culture 
conditions

Very low induction efficiency 
in many different human cell 
types

56–61
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Gene Delivery 
Method

Risk of 
Insertional 
Mutagenesis

Induction 
Efficiency Advantages Limitations Refs

Minicircle DNA None <0.01% Inherently small size facilitates 
transfection

Very low induction efficiency
Only validated in neonatal 
fibroblasts

62–64

Low pH  
(STAP-iPSC)

None ∼6% No transgenic alteration of 
transdifferentiated cells

To date, nonreproducible
Not yet validated in human 
cell lines

65,66

STAP, stimulus-triggered acquisition of pluripotency; iPSC, induced pluripotent stem cells.

TABLE 2.1 Summary of Current Gene Delivery Methods to Engineer Human Induced Pluripotent Stem Cells—cont’d

(Figure 2.1), and the clinical potential of each method for use in cellular replacement therapy for treating genetic diseases. 
We will also briefly review the potentially innovative (and controversial) notion that somatic cells can be reprogrammed 
to pluripotency simply by altering the microenvironmental culture conditions, exemplified by so-called stimulus triggered 
acquisition of pluripotency (STAP)-iPSCs.

2.3.1  Transgene Integration with Retro- and Lentiviruses

In generating the first iPSCs from mouse and human dermal fibroblasts, Takahashi and Yamanaka used retroviruses to 
deliver the OSKM transcription factors via constitutive promoters.16,17 While retroviruses are relatively easy to technically 
manipulate, random integration into the host cell genome is required. Such integration essentially makes retroviral delivery 
of OKSM factors less desirable for translational therapies because of the high risk of insertional mutagenesis in the host 
cell genome. Furthermore, the induction efficiency with retroviruses in human cells is typically <1%, despite a high copy 
number delivery of the OSKM factors.39 This low induction is directly related to the fact that retroviruses are only capa-
ble of infecting actively proliferating cells. Lentiviral vectors possessing similar pluripotent transcriptional factors were 
hypothesized to improve induction efficiency because they are capable of transducing nonproliferative cells, but induction 
efficiency remained comparable to retroviruses.18 Moreover, the problem of multiple random transgene integration sites 
still persists with the lentiviral system. In an attempt to minimize these viral integration sites and to increase overall iPSC 
efficiency, a “stem cell cassette” (STEMCCA) containing the OSKM transcription factors and a combination of 2A peptide 
with internal ribosome entry sites (IRES) on a single lentiviral vector was generated.40 Using the STEMCCA system, iPSCs 
could be produced with a single viral integration, which is an improvement over traditional retro- and lentivirus approaches 
requiring upwards of 20 integrations. Unfortunately, the kinetics and reprogramming efficiency (∼0.5%) remained compa-
rable to that of retro- and lentiviruses. Consequently, many groups have developed nonintegrating delivery methods in an 
attempt to improve both reprogramming efficiency and translational utility.

2.3.2  Nonintegrating Transgenes

2.3.2.1  Cre-mediated Lentiviral Cassette Excision

One of the first strategies implemented to circumvent transgene integration was iPSC induction via loxP flanking lentiviral 
cassettes and subsequent excision with Cre-recombinase.41 Initially, doxycycline-inducible lentiviral vectors containing 3′ 
LTR loxP flanked OSKM were capable of generating iPSCs derived from fibroblasts of patients with sporadic Parkinson’s 
disease.41 These iPSCs were capable of maintaining all of the characteristics of a pluripotent ESC-like state after Cre-
recombinase-mediated removal of each transgene and were further able to differentiate into dopaminergic neurons in vitro. 
Other studies expanded upon this method by modifying the STEMCCA lentiviral vector to include self-excisable loxP 
sites.42 Using murine postnatal fibroblasts, STEMCCA-loxP vectors followed by Cre-mediated excision were able to gen-
erate mouse induced pluripotent stem cells (miPSCs) at the same kinetics and efficiency (∼0.5%) as STEMCCA transgene 
insertion alone. However, the same study could not conclude that miPSCs generated using this approach were functionally 
equivalent to mESCs in terms of differentiation capacity. Moreover, cassette excision with Cre-recombinase was found 
to leave approximately 200 bp of viral LTR DNA within the genome of the miPSCs, still resulting in the potential for 
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oncogenic transformation and limiting their translational application. Since these initial studies, STEMCCA-loxP cassettes 
have been modified to generate hiPSCs from a wide variety of cell sources (e.g., bone marrow and peripheral blood) and 
patients across the spectrum of disease (e.g., cystic fibrosis, heart failure, and neurodegenerative disorders).43–45 It is now 
possible to efficiently generate functional hiPSC clones from a CD34+-enriched population derived from a small volume 
of peripheral blood.51

2.3.2.2  Synthetic mRNA Transfection and Sendai Virus

Another method to bypass integrating transgenes is to deliver transcriptional factors directly into host cell cytoplasm as 
 nonviral synthetic mRNA via a lipid-based transfection vehicle. Warren et al. first transfected human dermal fibroblasts 
with modified mRNA encoding each OSKM factor plus LIN28 to generate so-called RNA-induced pluripotent stem 
cells (RiPSCs).46 Through this method, the efficiency of RiPSC reprogramming was improved to approximately 2.5%, 
depending on the degree of hypoxia. This increase in reprogramming efficiency was a 35-fold improvement over retroviral 
approaches with OSKM factors, and was applicable to four different human cell types. RiPSCs were also shown to form 
teratomas in vivo, clustered in global gene expression similar to hESCs, and could differentiate into myocytes when trans-
fected with a MyoD-encoding modified RNA. Serum-free culture conditions can dramatically improve mRNA transfection 
efficiency, which is beneficial in minimizing the number of transfections required.47 However, a major caveat to synthetic 
mRNA induction is the potential immunogenicity from toll-like receptor activation from the nucleic acids, specifically 
through interferon and NF-κB mediated pathways.48–50 To attenuate this response and improve clinical applicability, mRNA  
molecules must be modified with synthetic nucleic acids and 5′-cap analogs prior to use.

The Sendai virus (SeV), a member of the Paramyxoviridae family, is an enveloped, single-stranded, negative-sense 
RNA virus capable of replicating within the host cell cytoplasm without nuclear transposition at any point during the 
host cell cycle. Consequently, SeV offers an attractive therapeutic alternative to integrating transgenes. The first reported 
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• Sendai virus (SeV) 
• Synthetic mRNA
• piggyBac transposon
• Low pH (STAP) 

• Minicircle DNA
• Synthetic miRNA
• Sleeping Beauty transposon 
• Episomal plasmids

• Retro- and lentivirus
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FIGURE 2.1 Categorization of gene delivery methods for generating hiPSCs. The appropriate genomic reprogramming system must be carefully 
assessed based on the clinical or research application. While methods yielding high hiPSC induction efficiency are desirable (e.g., lenti- and retroviruses, 
STEMMCA cassettes, Cre-mediated transgene excision, and viral messenger RNA (mRNA)), they often come with an intrinsic disadvantage of random 
integrating transgenes and establishment of a reprogramming “genomic footprint.” This effect makes these systems less desirable for use in autologous 
transplantation, but are advantageous in recapitulating disease models for use in high-throughput pharmacological screening. Nonintegrating transgene 
methods (e.g., minicircle DNA, synthetic miRNA, Sleeping Beauty transposon system, and episomal plasmids) are ideal in improving the safety of autolo-
gous transplantation because the reprogramming factors never permanently integrate into the iPSC genome, but are relatively inefficient in generating 
induced pluripotent stem cells. Reprogramming via Sendai virus, synthetic mRNAs, piggyBac transposon, and potentially low-acid environments yield 
better efficiencies with low to no genomic footprint, and may ultimately be best suited for translational therapies.
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hiPSCs engineered using SeV involved reprogramming of fibroblasts from neonatal foreskin and T cells from peripheral 
blood with an F-protein-deficient, nontransmissible SeV vector. This system permitted high-level expression of the OSKM 
transcriptional factors.52,53 hiPSCs generated by SeV vectors expressed hESC markers, disappeared after cell growth, and 
formed in vivo teratomas. Favorably, SeV hiPSC induction doubled the efficiency of hiPSC production (∼2%) relative 
to retroviruses in approximately one-half the time interval (14 days), all while avoiding a permanent genetic footprint. 
Temperature-sensitive mutants of SeV offer an even more attractive therapeutic option, as these viral vectors are capable 
of degrading when hiPSCs are incubated at 38°C for 3–5 days.54,55 To date, SeV vectors have been successful in generating 
hiPSCs from peripheral blood of healthy51 and diseased patients,51,56,57 nasal epithelial cells,58 and human umbilical cord 
blood59 at a robust efficiency, making them an intriguing approach for broad clinical application.

2.3.2.3  Synthetic microRNA Transfection

Induction of hiPSCs with miRNA has grown out of extensive analysis of the role miRNAs play in maintenance of ESC 
 pluripotency. High-resolution ChIP-sequencing of mESCs revealed the miR-290 cluster dominates the miRNA landscape 
and directly contributes to ESC cell cycle regulation.60 Judson et al. exploited miR-291-3p, miR-294, and miR-295 from this 
cluster to supplement OSKM retroviral transduction in mouse embryonic fibroblast cells (MEFs).35 Through this method, 
miPSCs were generated with a higher efficiency compared with OSKM alone (0.1–0.3%) and with similar characteristics 
as mESCs. miR302/367, which is also highly expressed in mESCs and induces Oct4 and Sox2 expression, was found to 
exclusively reprogram human fibroblasts independent of any additional exogenous factors when introduced within a lenti-
viral vector.61 Reprogramming efficiency was twice as great as standard retroviral OSKM transduction methods. Although 
highly provocative, the use of miRNAs in direct reprogramming may not yield a universal technique for engineering all cell 
types. For example, one study was unsuccessful in generating iPSCs from MEFs when the same miR302/367 cluster was 
introduced via piggyBac transposon.62 Moreover, miRNA302 integrated within a lentiviral vector and, when transduced in 
human adipose stem cells, was also unable to produce iPSCs.63 Further mechanistic validation of miRNA reprogramming, 
improvement on the reproducibility of iPSC induction of multiple cell types, and an understanding of possible cytogenetic 
alterations of the host genome are required prior to translational uses.

2.3.2.4  PiggyBac and Sleeping Beauty Transposons

Another alternative to integrating viral transduction for generating hiPSCs are DNA transposons. Upon stable integration 
of transposon plasmids engineered with any gene of interest, transposases specific for repeating sequences on the flank-
ing ends of the target gene can be utilized to excise the transposon. OSKM factors cloned into the moth-derived piggyBac 
transposon could transfect MEFs and human fibroblasts to generate iPSCs with comparable efficiencies as retro- and lenti-
viruses.64–66 Interestingly, the small lipophilic molecule, butyrate, was shown to be critical to enhancing the reprogramming 
efficiency with the piggyBac system, increasing efficiency by roughly three-fold relative to retroviral transduction.66

The Sleeping Beauty (SB) transposon system is a novel, hyperactive alternative to piggyBac vectors that can also be 
exploited for use in human cells and ultimately clinical gene therapy trials.67 A recent study has demonstrated that SB could 
be coupled with OSKM factors to reprogram MEFs into iPSCs, regardless of the underlying cell line genetic background.68 
hiPSCs have since been developed using a polycistronic OSKM SB transposon coupled with SB100X transposase at an 
efficiency of approximately 0.02%.69 Although this efficiency is lower than other nonintegrating methods, such as Sendai 
virus or miRNA transfection, the ease of technical handling, nonrandom genomic integration, and lack of SB-like elements 
within the human genome provide advantages and may be suitable for clinical translation.69

2.3.2.5  Episomal Plasmids and Minicircle DNA

At the same time Cre/Lox integrating transgene excision and piggyBac transposons were discovered, Yu et al. also reported 
hiPSCs could be generated by a single transient transfection of Oct4, Sox2, Nanog, and LIN28 delivered inside episomal 
vectors derived from the Epstein–Barr virus.70 Requiring only a cis-acting oriP site and a trans-acting EBNA1 gene, these 
vectors can be simply transfected into mammalian cells without the need for viral packaging and pharmacological negative 
selection of nontransfected cells. Functional hiPSCs could be derived from human foreskin dermal fibroblasts using com-
binations of three episomal plasmids containing either 1) Oct4, Sox2, Nanog, and KLF4; 2) Oct4, Sox2, and SV40; or 3) 
c-myc and LIN28; however, the reprogramming efficiency was only three to six hiPSCs/106 human fibroblasts. Several sub-
sequent studies have adapted similar protocols, but used instead transfected umbilical cord blood CD34+ mononuclear cells, 
peripheral blood mononuclear cells, and neoplastic bone marrow with slight transcription factor combinatorial alterations 
in the OriP/EBNA1 cassette.71,72 In any case, reprogramming efficiency remained low, but could be enhanced 10-fold in 
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nonfibroblasts in a shorter time. Recent studies have shown that iPSC efficiency using episomal plasmids can be enhanced 
to levels comparable to that of retro- and lentiviruses by p53-p21 pathway suppression through the addition of a small 
hairpin RNA for TP53.73–75

Minicircle DNA (MC) vectors are small, supercoiled, episomal DNA vectors that are engineered without any bacterial 
plasmid backbone sequences (e.g., antibiotic resistance genes or origins of replication). MC DNA yields higher transfection 
efficiency because of their inherently small size and sustained levels of transgene expression because of the minimal tran-
scriptional silencing of prokaryotic sequences.76 The first MC DNA reprogramming study utilized a single, polycistronic 
cassette composed of the Oct4, Sox2, Nanog, LIN28, and a green fluorescent protein (GFP) reporter gene; this cassette 
was transfected into human adipose stem cells.77,78 The MC DNA transfection yielded prolonged and a more robust ectopic 
transcriptional expression compared to standard plasmids. Despite a high degree of similarity between MC-derived iPSCs 
and hESCs and lack of MC DNA integration into iPSC clones, the reprogramming efficiency was limiting (∼0.005%) and 
multiple series and varieties of transfection were required. Future work to increase iPSC efficiency, including evidence that 
MC DNA is capable of reprogramming human fibroblasts with high fidelity, is needed.

2.3.2.6  Stimulus Triggered Acquisition of Pluripotency (STAP)-iPSCs

A potential major breakthrough in iPSC engineering was made with the provocative observation that immature splenic 
CD45+ hematopoietic cells can dedifferentiate and express pluripotency markers after being stressed with a 30 min., low pH 
(5.7) saline solution in the presence of LIF.79 After seven days of exposure to these conditions, the cells faithfully expressed 
a GFP-Oct4 reporter construct in addition to other pluripotency genes, differentiated in vitro into all three embryologi-
cal germ layers, and developed chimeric mice capable of germline transmission when injected into murine blastocysts. 
Remarkably, unlike ESCs and currently engineered iPSCs, STAP cells are additionally capable of contributing to tropho-
blastic tissue.80 These so-named “stimulus triggered acquisition of pluripotency”-iPSCs (STAP iPSCs) seem to represent a 
unique state of pluripotency that challenges the current dogma by suggesting somatic cells are plastic and can self-induce 
pluripotency on the basis of their extracellular environment.

If successfully validated further by other research groups, the implications of STAP iPSCs for translation and regen-
erative medicine are certainly profound. For the first time, high-fidelity pluripotent cells could be engineered without the 
need for transgene insertion or transcription factor induction in somatic cells, essentially eliminating current iPSC hurdles. 
However, several questions must be addressed prior to clinical-grade STAP iPSC development. One obvious question is 
whether human cells can perform the same phenomenon. Moreover, it remains to be seen if pluripotent induction can be 
achieved using mature, adult somatic cells. A thorough understanding of the changes to the genetic and epigenetic land-
scape of reprogrammed cells must be attained to assess their clinical utility. Unfortunately, after the initial publications 
describing STAP-iPSCs, this area has rapidly become controversial as replicating these studies has not been successfully 
accomplished by other groups and questions regarding the quality of the published work have not been fully addressed. 
Indeed, both papers that initially described STAP cells have been retracted. Therefore, STAP-iPSCs likely serve as an 
important reminder of the need for high levels of quality control to ensure reproducibility and generalizability of potentially 
groundbreaking work. These issues highlight the remarkable success of iPSC technology (as developed using gene transfer 
by Yamanaka, Thomson, and others) that has been replicated by hundreds if not thousands of groups around the world, 
making iPSCs truly a remarkable and revolutionary breakthrough.

2.4  CLINICAL TRANSLATION OF iPSCs

Generating iPSCs from patients with defined genetic diseases can be used in several ways to offer new therapeutic options 
to patients (Figure 2.2). For example, diseased-iPSCs can be used to analyze specific cellular and developmental elements, 
such as signaling pathways or epigenetic changes, that can be affected by genetic mutations. Furthermore, iPSCs can be 
used to screen and discover small molecules that may be effective in correcting disease phenotypes. Most intriguing is the 
prospect of correcting mutated genes in iPSCs generated from a patient’s own cells followed by autologous transplantation 
to effectively revert the individual to a nonaffected phenotype (Figure 2.3). In this section, we will highlight these transla-
tional applications of iPSCs, with an emphasis on reviewing several proof-of-principle studies reporting the use of human 
iPSCs in modeling and correcting human genetic diseases.

2.4.1  iPSCs as Models for Understanding Disease Pathophysiology

iPSCs are prime cell sources to model neurodegenerative and neurodevelopmental diseases because of the limited replica-
tive capacity and regenerative potential of endogenous neurons in the central nervous system. Motor neuron diseases, such 
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FIGURE 2.2 Potential applications of 
human pluripotent stem cells (hPSCs) for 
improving the treatment of human disease. 
Human embryonic stem cells (hESCs) can be 
directly isolated and expanded from the inner cell 
mass of the developing blastocyst, while human 
induced pluripotent stem cells can be directly 
engineered from any patient-derived somatic 
cell through introduction of defined reprogram-
ming agents, such as OSKM. hPSCs can then 
be utilized directly as a cell source for high-
throughput pharmacological screening, models 
for recapitulating human developmental biology 
and/or pathological disease states, or directly as 
cell-based therapy through autologous transplan-
tation.

FIGURE 2.3 Induced pluripotent stem 
cell (iPSC)-based combined gene and 
cell therapy. The autologous transplanta-
tion of genetically corrected iPSC-derived 
cells can potentially be used to treat patients 
with certain genetic diseases, such as sickle 
cell disease, Fanconi anemia, thalassemia, 
Parkinson’s disease, and Huntington’s 
disease. Patient’s somatic cells (e.g., skin 
fibroblasts or mononuclear blood cells), 
containing the disease-causing mutation, are 
in vitro transformed into iPSCs by the intro-
duction of transcription factors. The muta-
tion is corrected by gene-specific targeting 
of iPSCs. Corrected iPSCs are differenti-
ated into the required cell type precursors or 
mature cells, such as hematopoietic or neu-
ral cells. Healthy differentiated cells would 
be injected back into the patient where 
they would need to integrate and provide 
improved function. Used with permission 
from Ref. 81.
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as amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy (SMA), share a common pathophysiology involving 
motor neuron inefficiency and destruction. Familial ALS is a motor neuron disease associated with mutations in several 
genes, such as SOD1 (superoxide dismutase one) and TDP-43 (tar DNA binding protein 43); however, the exact etiology 
of motor neuron dysfunction is unknown in either of these inherited cases. Dimos et al. first reported successful deriva-
tion of iPSCs from skin fibroblasts collected from elderly patients diagnosed with an SOD1 familial form of ALS.82 These 
patient-specific cells were subsequently used to produce motor neurons and glial cells that displayed characteristic neuronal 
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transcriptional factors and intracellular markers. These iPSC-derived neurons may potentially be suitable for autologous 
transplantation, although the physiological function of these cells was not elucidated at the time. A recent study has shed 
light on a potential pathophysiological mechanism through analysis of hiPSCs generated from patients with A4V and D90A 
SOD1 mutations. Chen et al. elegantly demonstrated that SOD1 mutations caused neurofilament aggregation exclusively in 
spinal motor neurons with neurite swelling and degeneration in the absence of glial cells.83 They further went on to show 
these intracellular changes were caused by mutant SOD1 association with the 3′-UTR of NF-L mRNA. iPSC-derived motor 
neurons from patients with TDP-43-familal ALS, yielding enhanced cytoplasmic aggregation that is similar to what is 
found in patients with sporadic and SOD1-familial ALS.84 An understanding of these mechanisms thus provides a potential 
therapeutic approach to target neurofilament disaggregation as a means to ultimately reverse ALS pathology.

iPSCs derived from patients with spinal muscular atrophy have also been generated and tested in preclinical models. 
SMA is an autosomal recessive disease caused by either a deletion or point mutation of the survival motor neuron gene 
(SMN1), resulting in motor neuron apoptosis within the anterior horn of the spinal cord. The human SMN locus is unique 
from other mammalian systems in that it is comprised of an additional inverted centromeric copy of the SMN gene capable 
of being transcribed.85 Thus, hiPSCs offer a more replicative cellular model in understanding human SMA pathogenesis. 
Chang et al. reported the successful derivation of five hiPSC cell lines from an SMA Type 1 patient.86 In this study, these 
patient-derived hiPSC lines showed abnormalities in neurite outgrowth and a reduced capacity to differentiate motor 
neurons. Although it remains to be seen how the loss of SMN gene expression causes attenuation in neuronal growth, it is 
clear that hiPSC-derived motor neurons from SMA patients can be rescued through SMN1 transduction.86 SMA-derived 
hiPSCs have also been used as a disease model for the study of mutant androgen receptor genes and how increases  
in polyglutamine (polyQ) result in neurodegeneration,87 thus offering another potential avenue for disease phenotype 
correction.

Parkinson’s disease (PD) is another highly-prevalent neurodegenerative disease caused by the loss of dopaminergic neu-
rons in the substantia nigra. Both sporadic and familial cases of PD are symptomatically associated with skeletal muscle rigid-
ity, tremors, postural instability and bradykinesia. Insights into the cellular mechanisms behind the selective temporospatial 
destruction of these neurons remain largely unknown. hiPSCs harboring familial-PD mutations have provided some insight on 
potential disease mechanisms. For example, hiPSC-derived neurons generated from familial-PD patients carrying a LRRK2 or 
PINK1 mutation were found to be more sensitive to reactive oxygen species than wild-type hiPSCs-derived neurons.88 hiPSC-
derived neurons from PINK1-carrying patients further demonstrated significant mitochondrial dysfunction, including a novel 
finding that such human neurons are also unable to initiate mitophagy.89 To date, several treatment options, such as levodopa 
administration, deep brain stimulation, and even surgical removal of neural lesions, have all been employed for the treatment 
of PD, but have not yet been proven to reversibly cure the disease. Replacement of damaged neurons with fetal dopaminergic 
neuronal xenografts has been pursued as a potential therapeutic treatment option. However, this approach was complicated 
with the development of graft-induced dyskinesia in many patients.90,91 hiPSC-derived dopamine-secreting neurons have been 
proposed as a more suitable therapeutic option. An early study in a rat model of PD used iPSC-derived dopamine-producing 
cells that were transplanted in the midbrain; these cells yielded a significant improvement in the Parkinsonian condition of 
rats.92 In another study, hiPSCs were derived from PD (PDiPSCs) patients and differentiated into dopamine-releasing neurons 
(DN).93 These PDiPSCs-derived DN were transplanted into 6-hydroxydopamine (6-OHDA) lesion rat models to test their 
survival and functionality. Results of this study demonstrated that non-DA neurons derived from PDiPSCs play a vital role in 
propagating neighboring axons into the remote gray and white matter. Moreover, this study demonstrates the functional effects 
and survival of DA neurons derived from PDiPSCs in an animal model of PD.

hiPSCs have also been derived from patents with familial dysautonomia (FD), a rare autosomal recessive neural crest 
lineage disorder caused by I-k-B kinase complex-associated protein (IKBKAP) gene mutation.94 FD affects the survival of 
sympathetic, parasympathetic, and sensory neurons. The first FD-patient-specific iPSCs (FDiPSCs) validated low  levels of 
IKBKAP transcription compared to control iPSCs, caused by a tissue-specific missplicing of the IKBKAP gene.  Moreover, 
microarray analysis of FDiPSCs revealed significant reductions in multiple genes involved in neurogenic development. 
Interestingly, ASCL1, a gene required for autonomic neurogenesis in mice, was correlatively significantly attenuated 
in gene and protein expression, causing a reduction in neuronal differentiation. Thus, this FDiPSC-disease model is an 
 example of how novel disease mechanisms can be discovered and potentially corrected through genomic editing or targeted 
pharmacological therapy.

2.4.2  iPSCs for High-throughput Small Molecule Screening

The success of preclinical drug development is based on substrate discovery and demonstrated efficacy in vitro, an under-
standing of pharmacokinetic profiles and toxicology within animal models, and ultimately evidence of efficacy with 
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adequate safety in human clinical trials.21 Using this current system, less than 8% of potential compounds that actually 
enter human clinical trials receive market approval, and the cost for the process of drug development is typically over 
a billion dollars per drug.95,96 To improve upon current methods of drug discovery, hiPSC-based assays can provide an 
authentic, efficient, and more reliable tool for drug development via high-throughput screening. Small-molecule screening 
using iPSCs derived from patients with defined disorders, as previously described, may not only enhance the understanding 
of disease pathophysiology, but also may help to develop innovative components, such as small hairpin RNAs, to revert 
disease-related phenotypes to nondisease phenotypes.97

Various small molecules have been previously screened using mESCs and hESCs to identify critical factors impor-
tant for stem cell survival and to mitigate their pluripotency to enhance the safety of transplanted therapeutic cells.98–100 
For example, marketed drugs like flurbiprofen and gatifloxacin were discovered to influence hESC self-renewal, while 
cardioglycosides, selegiline, and retinonic acid were found to enhance hESC differentiation.101 With the establishment 
of hiPSCs, small molecules are beginning to be screened to identify factors that may increase the functional phenotype 
of iPSC-derived cells from disease models and improve drug efficacy directly using human cells.102 To date, a handful of 
small molecules have been screened using iPSCs-derived disease models and documented pathological improvement. For 
example, Choi et al. used iPSCs from a patient with α1-antitrypsin-deficiency to identify five novel compounds that inhib-
ited mutant α1-antitrypsin accumulation in hepatocyte-like cells and reversed disease pathology.103 Xu et al. used iPSCs 
derived from healthy subjects to generate glutamatergic and GABAergic neurons, which were subsequently screened for 
amyloid-β(1–42) inhibitor toxicity by measuring neurite outgrowth of these differentiated cells.104 Lee et al. analyzed 
roughly 7000 small molecules and found that SKF-86,466 can rescue intrinsic cell function in iPSCs derived from patients 
with familial dysautonomia.94 Egawa et al. reported hiPSC generation from TDP43-familial ALS patients, which were 
subsequently differentiated into diseased motor neurons for high-throughput drug screening. This led to the discovery of 
anacardic acid, a histone acetyltransferase inhibitor, which was found to reverse ALS cellular phenotypes.84 Taken together, 
these studies serve to highlight the useful role that iPSCs can play in the execution and development of drug-efficacy 
screens for identifying novel compounds.

2.4.3  Proof-of-principle iPSC Monogenetic Gene Correction for Translational Therapy

iPSC technology opens the door to potentially treating genetic and metabolic diseases that are otherwise nonresponsive to 
pharmacological targeting. The advent of gene-editing technologies—e.g., zinc finger endonucleases (ZFN), transcription 
activator-like effector nucleases (TALEN), and clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 
endonucleases— have all enhanced the clinical potential of iPSCs to treat monogenetic diseases. Notably, ZFNs have been 
used for clinical trials to treat T cells of HIV-infected patients as a strategy to promote immune reconstitution and HIV 
resistance.105 Although there are no actively-sponsored NIH clinical trials utilizing hiPSC autologous transplantation in the 
United States, several in vivo proof-of-principle studies using small and large-scale animal models have demonstrated the 
potential that gene-edited hiPSCs possess for future human trials, especially in hematological diseases. Here, we highlight 
several successful model systems that demonstrate the use of gene-corrected iPSCs in improving disease pathology and 
consider the prospect of utilizing hiPSCs for autologous transplantation.

Sickle cell disease (SCD), a red blood cell disorder characterized by hypoxia-mediated changes in red cell morphology, 
is caused by a well-defined glutamic acid to valine mutation in the globin β-chain. An important collaboration between 
the Jaenisch and Townes labs initially reported treatment of SCD using miPSCs.106 In this study, the βs globin gene was 
corrected by homologous recombination in miPSCs derived from a mouse model harboring the human sickle cell gene 
mutation. These iPSCs were then differentiated into hematopoietic cells, transplanted into mice with SCD, and were shown 
to form normal erythroid cells with improvement in total cell count and other physiological parameters. Sebastiano et al. 
were successful in applying ZFNs to correct the β-globin gene with iPSCs derived from dermal fibroblasts using lentivirus 
in two SCD patients.107 They further highlighted the clinical applicability of such an approach by demonstrating that repro-
grammed cells retained pluripotency with a normal karyotype following cassette excision. A similar ZFN gene-editing 
system was further applied to correct SCD with the encouraging result that patient-specific hiPSCs could be produced 
using Cre-mediated excisable transposons.108 TALEN-mediated gene targeting in combination with a piggyBac transposon 
system has also been shown to correct sickle-cell mutations with no residual transgene sequence using human cells.109

Several studies have been conducted that suggest iPSCs can be used in hemophilia patients with the potential for use in 
future therapies. Hemophilia A is a bleeding disorder caused by an X-linked chromosomal-inherited defect in coagulation 
Factor VIII. Current pharmacological treatments involve the replacement of plasma-derived factors or recombinant Factor 
VIII products. However, these treatments are hampered because of high costs and frequent injections.110 Alternatively, gene 
therapy using hiPSCs has been proposed and developed as an attractive strategy to treat hemophilia.111–113 Xu et al. directly 
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injected iPSCs generated from murine fibroblasts that were differentiated into endothelial progenitor cells into the liver of 
hemophilia A mice.114 These iPSC-derived endothelial cells were able to survive more than 3 months compared to nontrans-
planted control mice with a significantly increased production of coagulation Factor VIII. Other recent studies also reported 
a new strategy to treat hemophilia A using hiPSCs engineered with an integration-free human Factor VIII gene and mega-
karyocyte-specific platelet factor-4 promoter within a human artificial chromosome (HAC) vector  (PF4-FVIII-HAC).115 
PF4-FVIII-HAC expressing iPSCs were then differentiated into platelets that appropriately expressed Factor VIII. Although 
in vivo correction of hemophilia was not demonstrated in this study, this work does provide an interesting example of the 
diversity of genetic diseases that can be potentially treated by iPSC-derived therapies.

hiPSC technology has been implemented as a proof-of-principle model for correcting inherited bone marrow failure, 
particularly Fanconi anemia (FA). FA is a rare disorder of chromosomal instability caused by a defect in any one of the  
13 genes of the Fanconi DNA repair pathway.116 While the ideal treatment of FA is autologous, gene-corrected hematopoi-
etic stem cell (HSC) transplantation, such work remains in development and in the early stages of clinical trial testing for 
patients with specific germline mutations.117,118 Human leukocyte antigen (HLA)-matched HSC transplantation is also a 
therapeutic option, but poses the potential risk of graft-versus-host disease and recurrent infections. Consequently, patient-
derived hiPSCs can be utilized to generate a theoretically limitless supply of autologous HSCs suitable for gene correction 
and transplantation. Raya et al. were able to genetically correct fibroblasts isolated from FA-A and FA-D2 complementa-
tion group patients using lentiviral delivery of the FANCA or FANCD2 with retroviral reprogramming into patient-specific 
hiPSCs.119 These FA-derived iPSCs were further validated to differentiate into CD34+CD45+ hematopoietic progenitor 
cells that could give rise to normal erythroid and myeloid lineages. However, studies to date have not demonstrated a system 
to produce HSCs from hESCs or hiPSCs that are capable of long-term multilineage engraftment when transplanted into 
appropriate immunodeficient mice.120,121

While the hematopoietic system has been a focus for hiPSC monogenetic disease correction given its accessibility and 
readily available supply of HSCs, there have also been successful examples involving nonhematopoietic disease processes. 
Using hiPSC-disease models of PD as previously described, Soldner et al. demonstrated ZFN-mediated gene editing was 
capable of generating point mutations in α-synuclein genes, followed by successful phenotypic correction.122 Hunting-
ton’s disease, an autosomal dominant genomic disease caused by repetitive CAG sequences within the huntingtin gene 
(HTT), could also be corrected in patient-specific hiPSCs by exchanging the expanded HTT allele with a normal number 
of polyglutamine-encoding repeats.123 Furthermore, iPSCs produced from patients with Hutchinson–Gilford progeria syn-
drome (HGPS), a premature aging disorder associated with truncation of mRNA transcribed from the LMNA gene, could be 
corrected using a single-helper adenoviral vector.124 While viable and pathologically representative patient-specific iPSCs 
have been generated from a number of other monogenetic diseases (e.g., cystic fibrosis,45,46 various mucopolysaccharido-
ses,125 glucose-6-phosphate deficiency,126 Lesch–Nyhan syndrome,125 and others127), an opportunity for further research 
remains as iPSCs have yet to be completely corrected to yield physiologically normal-derived cells in these models.

2.4.4  Important Considerations of Autologous hiPSC Transplantation

While promising, patient-specific hiPSCs most likely have several years of additional in vitro, in vivo, and preclinical study 
prior to wide-scale clinical adoption. As previously discussed, addressing the challenges of generating patient-specific 
hiPSCs with high efficiency, no residual genomic footprint of reprogramming factors, and in high cell quantity is of utmost 
priority. While some disease models, particularly neurodegenerative conditions, may only require less than a million dif-
ferentiated iPSCs to drive phenotypic improvement, other diseases require a significantly larger scale.120

Transplantation with hiPSCs must also be validated for patient safety. While teratoma formation is always a concern 
when using heterogeneously-differentiated hiPSCs, acute immunological rejection is a more pressing limitation. Our cur-
rent understanding of the immunological response against iPSCs is skewed, given that most hiPSC-derived cells are tra-
ditionally validated by transplantation into immunodeficient mice.120 However, in vitro hESC and hiPSC models have 
shown significant modification to major histocompatibility complex (MHC) antigen recognition and presentation, which 
can ultimately initiate T cell-mediated immunological responses.128 Natural killer (NK) cells have also been shown to target 
hPSCs based on decreased expression of MHC class I.129 One potentially controllable cause of immunological rejection are 
peptides derived from either nonhuman “feeder” stromal layers or animal serum from the culture media that are capable of 
being presented on MHC and mediate effector T cell responses. Cell culture methods using high concentrations of animal-
free knockout serum have been shown to alter the antigenic signature of human pluripotent stem cells (hPSCs) and could 
potentially enhance immunogenicity.130,131 The host tissue epigenetic landscape of reprogrammed hiPSCs is also hypoth-
esized to play an important role in establishing their antigenicity, which needs to be further elucidated.132 While immuno-
logical rejection is an intrinsic obstacle to engineered iPSCs, several therapeutic methods can be employed to marginalize 
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graft-versus-host responses. As is currently performed in allogeneic stem cell transplantation, immunosuppressive therapies 
can be provided to attenuate rejection. Genomic editing can also be further exploited by HLA gene-specific knockdown 
or overexpression of immunosuppressant molecules prior to autologous transplantation to circumvent the immunological 
response.120

Despite these hurdles, there is only one human iPSC clinical trial in preparation at the RIKEN Center for Develop-
mental Biology and Institute of Biomedical Research and Innovation Hospital in Japan.133,134 This trial intends to focus on 
the safety of hiPSC transplantation and possible correction of wet-type age-related macular degeneration, a highly preva-
lent form of visual impairment particularly in elderly individuals. If executed, this potential landmark study will provide 
important evidence regarding the safety and efficacy of iPSC therapy and will be useful in furthering autologous hiPSC 
transplantation to a plethora of degenerative diseases.

2.5  CONCLUSION

The remarkable discovery of iPSCs by Takahashi and Yamanaka has changed the paradigm for how we approach our 
 understanding of pluripotency and the development of new therapies for genetic diseases. Considerable progress has been 
made in the genetic engineering of hiPSCs, development of representative iPSC-derived disease models, and differentiation 
into normal autologous tissue upon gene correction. These iPSC-derived disease models have proven to be a great platform 
to analyze disease pathogenesis. However, the challenges associated with generating iPSCs and their therapeutic applica-
tions still require further investigation prior to wide-scale clinical application. It remains critical to understand whether 
iPSC-derived disease models faithfully recapitulate their respective disease phenotype in vitro and in vivo. Additionally, 
correcting the diseased gene and developing therapeutically useful cells that appropriately integrate into the host tissue 
remains a challenge for many cell therapy models. Moreover, immunological rejection may also be problematic, as even 
autologously transplanted, gene-corrected cells have been found to not be immunotolerant because of expression of novel 
genes. Nonetheless, recent advancements using patient-specific iPSCs have helped pave the way for future preclinical 
 studies and human clinical studies in developing solutions to otherwise historically incurable genetic diseases.
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LIST OF ABBREVIATIONS
AAV Adeno-associated vector
CFTR Cystic fibrosis transmembrane conductance regulator
CoDA Context-dependent assembly
CRISPR Clustered, regularly interspaced short palindromic repeats
crRNA CRISPR RNA
dCas9 Catalytically inactive, “dead” Cas9
DMD Duchenne muscular dystrophy
gRNA Guide RNA
HDR Homology-directed repair
Indels Small insertions or deletions
iPSCs Induced pluripotent stem cells
KRAB Krüppel-associated box
MASPIN Mammary serine protease inhibitor
NHEJ Nonhomologous end joining
NmCas9 Cas9 protein derived from N. meningitidis
OPEN Oligomerized pool engineering
PAM Protospacer-adjacent motif
RNAi RNA interference
RVD Repeat-variable diresidue
SCID Severe combined immune deficiency
SpCas9 Cas9 protein derived from S. pyogenes
StCas9 Cas9 protein derived from S. thermophilus
TALE Transcription activator-like effector
tracrRNA Trans-activating CRISPR RNA
ZFP Zinc finger proteins

3.1  INTRODUCTION

Genome engineering technologies based on synthetic nucleases and transcription factors enable the targeted modification 
of the sequence and expression of genes. These engineered nucleases and transcription factors typically consist of a DNA-
binding domain linked to an effector module. Zinc finger proteins (ZFPs) and transcription activator-like effector (TALE) 
DNA-binding domains were discovered in nature and systems have been developed to engineer synthetic versions of these 
proteins with the potential to recognize any nucleotide sequence in the genome. More recently, RNA-guided targeting of 
DNA sequences through the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas system has further 
simplified custom genome engineering, obviating the need for the complex protein engineering necessary for the ZFP- and 
TALE-based systems and therefore enabling widespread use of genome engineering. Effector modules that can be attached 
to targeted DNA-binding domains include endonuclease catalytic domains, transcriptional activators, and transcriptional 
repressors. With the potential to control the expression of any gene or modify any sequence in the human genome, these 
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proteins have promising therapeutic potential, with zinc finger proteins in phase II clinical trials and multiple biotechnol-
ogy companies emerging with a focus on genome engineering-based medicine. Synthetic nucleases have been used to 
guide targeted therapeutic gene addition, correct pathogenic mutations, and knock out disease-associated genes. Synthetic 
transcription factors have the potential to activate cellular reprogramming for regenerative medicine and modulate aber-
rant gene expression to treat cancer and other genetic diseases. This chapter reviews each of these technologies and their 
therapeutic applications (Table 3.1).

3.2  CUSTOMIZABLE DNA-TARGETING PROTEINS

Zinc fingers and TALEs are modular DNA-binding proteins isolated from nature whose amino acid composition can 
be modified to bind custom, contiguous DNA sequences with high specificity. In contrast, the RNA-guided CRISPR/
Cas9 system exploits RNA:DNA base pair complementarity for DNA targeting. Presented here is a brief overview of the 
DNA-binding mechanism, target site design, assembly methods, and delivery strategies for each DNA-targeting protein  
(Table 3.2).

3.2.1  Zinc Finger Proteins (ZFPs)

ZFPs are the oldest and most established of the three classes of engineered DNA-binding proteins.39–42 Cys2His2 ZFPs 
are the most common DNA-binding domains in the human proteome. Each zinc finger domain is 30 amino acids long and 
forms a ββα configuration, where individual amino acids in the α-helix interact with three successive nucleotide bases in 
the major groove of DNA (Figure 3.1(a)).39,41 Arrays of several engineered zinc finger domains can be generated using a 
highly conserved linker sequence to connect the individual DNA-binding modules.39–42 This method allows the creation of 
polydactyl ZFPs that recognize long sequences of DNA with high specificity.

Multiple methods are available for selecting, designing, and building ZFPs targeted to new sites. Several modular 
assembly libraries have been generated to target each of the 64 possible nucleotide triplets.36,43–45 Depending on the flex-
ibility of target site selection, it may be necessary to build and design several proteins to find one with high activity at its 
genomic target site.46–48 Adjacent modules in a polydactyl zinc finger have cooperative effects that can affect activity of the 
entire DNA-binding array.49 ZFP assembly strategies that account for this limitation include oligomerized pool engineer-
ing (OPEN), a library selection-based method, and context-dependent assembly (CoDA), an open-source library of zinc 
finger duos that have been validated to bind in concert.50,51 Libraries of prevalidated two-finger modules can also be used to 
address this issue.52,53 Alternatively, custom, validated ZFPs are also available commercially from Sigma–Aldrich.

3.2.2  Transcriptional Activator-like Effectors (TALEs)

TALEs are naturally occurring proteins from the pathogenic bacteria genus Xanthomonas that bind and regulate genes in 
host plants. The DNA-binding domains of these proteins are composed of 33–35 amino acid repeats in which the 12th and 
13th positions, termed the repeat variable diresidue (RVD), determine single nucleotide specificity (Figure 3.1(b)).54,55 The 
base pair recognition by the RVDs follows a simple code, allowing for this technology to be reconfigured as an alternative 
platform for customizable DNA-binding proteins. The original RVD amino acid code for recognition was described as NI 
for adenine, HD for cytosine, NG for thymine, and NN for guanine or adenine, but alternatives such as NH or NK have since 
been developed for guanine recognition.56,57

TALE subunits recognize single nucleotides independently, and do not exhibit context-dependent effects like zinc fin-
gers, lending them great flexibility in target site selection. One target sequence limitation for TALEs is that the first nucleo-
tide must be a T,54,55 although this requirement may become obsolete as TALEs have been developed through directed 
evolution to recognize any nucleotide in the first position.58 The tremendous versatility of TALE DNA-binding domains 
has been demonstrated by the creation of a library of TALE nucleases targeted to 18,740 human protein-coding genes.59

A truncated version of TALE proteins is used for genome engineering applications, most typically consisting of a 152 
amino acid truncation on the N terminus to remove plant cell-targeting domains and 63 amino acids remaining on the C ter-
minus of the DNA-binding domain to optimize cleavage activity.60 TALE activators also operated efficiently with a minimal 
C terminal region, but were less tolerant of truncations to the N terminus.61

Rapid assembly of custom TALEs is possible with Golden Gate assembly,37 solid-phase synthesis,62,63 or ligation-
independent assembly.64 Many of these methods employ distinct, position-dependent single-stranded DNA overhangs to 
concatemerize TALE domains with various RVDs in a predefined order. Solid-phase synthesis and ligation-independent 
strategies have been particularly configured for high-throughput, automated TALE production using specialized protocols 
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TABLE 3.1 Examples of Preclinical Development of Genome Engineering for Therapeutic Applications

Type of 
Modification Target Gene Therapeutic Application

DNA-Targeting 
Platform Reference

Gene addition ROSA26 Safe-harbor site Zinc finger nuclease 1

AAVS1 Safe-harbor insertion of gp91phox minigene for 
X-linked chronic granulomatous disease

Zinc finger nuclease 2

Gene correction IL2Rγ HDR-based correction in primary T cells or 
CD34+ stem cells for X-linked SCID

Zinc finger nuclease 3,4

β-globin HDR-based correction in iPSCs for sickle cell 
anemia

Zinc finger nuclease 5,6

CFTR HDR-based correction in intestinal stem cells for 
cystic fibrosis

CRISPR/Cas9 7

SERPINA1 HDR-based correction in hepatic cells for  
α1-antitrypsin deficiency

Zinc finger nuclease 8

Factor IX In vivo correction in the liver for hemophilia B Zinc finger nuclease 9,10

Dystrophin Reading frame restoration by NHEJ in primary 
myoblasts for DMD

TALE nuclease 11

Crygc In vivo correction of dominant negative  
cataract disorder

CRISPR/Cas9 12

Fah In vivo correction of hereditary tyrosinemia CRISPR/Cas9 13

Gene disruption CCR5 Gene knockout in T cells for resistance to HIV 
infection

Zinc finger nuclease 14

CCR5 Gene knockout in iPSCs for resistance to HIV 
infection

CRISPR/Cas9 15

mtDNA Disrupt mtDNA expressing mutations for Leber’s 
hereditary optic neuropathy and dystonia

TALE nuclease 16

T-cell receptor,  
α- and β-chains

Disrupt native T-cell receptor gene for cancer 
immunotherapy

Zinc finger nucleases 17,18

Myostatin Increase muscle mass and fiber size for  
treatment of sarcopenia and DMD

TALE nuclease 19

HLA-A2 Disrupted HLA genes in T cells and embryonic 
stem cells to prevent immune rejection for  
allogeneic cell therapy

Zinc finger nuclease 20

PCSK9 In vivo gene knockout to increase LDL receptor 
levels and decrease cholesterol levels

CRISPR/Cas9 21

Gene activation MASPIN Activate tumor suppressor to suppress breast 
cancer tumor growth

ZFP-VP64 fusion 22–24

γ-globin Upregulate compensatory embryonic globin to 
treat sickle cell anemia and β-thalassemia

ZFP-VP64, CRISPR/
dCas9-VP64

25–27

Utrophin Activate compensatory extracellular matrix 
protein to treat DMD

ZFP-VP16 28,29

GDNF Treat neural cell degeneration in Parkinson’s 
disease

ZFP-VP64 30

VEGF Activate all isoforms of VEGF to treat ischemia 
in diabetic neuropathy

ZFP-VP64 31–33

Gene repression BCR-ABL Inhibit oncogene expression ZFP, without effector 34

htt Repress mutant htt expression to treat  
Huntington’s disease

ZFP-KRAB 35
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TABLE 3.2 Comparison of Genome Engineering Platforms

Zinc Finger Proteins
Transcriptional Activator-
like Effectors

CRISPR/Cas9 RNA-Guided 
DNA Targeting

Mechanism for targeting 
specificity

Protein–DNA interaction, 
∼3:1 nucleotides to zinc finger 
subunit

Protein–DNA interaction, 
1:1 nucleotide to RVD  
subunit recognition

RNA:DNA base pair 
 complementarity

Relative cost to generate +++ ++ +

Relative time to generate using 
standard cloning techniques

>7 days36 ∼5 days37 ∼3 days38

Target site guidelines Rich in 5′-GNN-3′ nucleotide 
triplets

Target sequence must  
follow a T

Target sequence 18–20 base 
pairs and must precede a proto-
spacer-adjacent motif (PAM)

Size of DNA-binding subunits 30 amino acids per nucleotide 
triplet

34 amino acids per  
nucleotide

1372 amino acid SpCas9+  
100 base pairs gRNA  
molecule to target 20  
nucleotides

Entered clinical trials Yes No No

FIGURE 3.1 Three platforms for DNA-targeting. (a) Zinc fingers and (b) TALEs are modular DNA-binding proteins that interact with the major 
groove of DNA to recognize specific base pairs. Each zinc finger module interacts with a nucleotide triplet, whereas TALE subunits bind single 
base pairs. Zinc fingers have been designed to target almost all possible nucleotide triplets, although individual zinc fingers in an array can exhibit 
context-dependent effects that can affect targeting affinity of the entire DNA-binding domain. (c) In the CRISPR system, the Cas9 protein (purple) 
is directed to the target site by a guide RNA (gRNA, black), consisting of a 20 base pair protospacer that binds the complementary strand of the 
target sequence (blue) and a constant region that interacts with the Cas9 protein. Cas9 also requires the presence of a protospacer-adjacent motif 
(PAM) immediately adjacent to the target sequence. SpCas9 recognizes a 5′-NGG-3′ PAM immediately following the target sequence. Example 
crystal structures are shown on the right (PDB files 2I13, 3UGM, and 4OO8 for the zinc finger protein, TALE, and CRISPR/Cas9 structures, 
respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the online version of this book.)
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or equipment. Online protocols and starter kits from nonprofit plasmid repositories such as Addgene are available for these 
methods. Alternatively, custom TALEs can also be ordered from a variety of commercial sources.

3.2.3  RNA-Guided DNA Targeting

Multiple groups have adapted components of the type II prokaryotic CRISPR/Cas adaptive immune system to facili-
tate RNA-guided site-specific DNA cleavage in eukaryotic cells.65–68 In bacteria, the CRISPR/Cas system is an adaptive 
defense to viral infection, in which short sequences of invading foreign DNA are incorporated into the CRISPR genomic 
locus, flanked by direct repeats.69 These short sequences, termed protospacers, and flanking direct repeats are transcribed 
and processed into pre-crRNA. The constant region of the pre-crRNA anneals to the trans-activating crRNA (tracrRNA), 
and this RNA complex guides the endonuclease Cas9 to cleave foreign DNA based on sequence complementarity with 
the protospacer. To minimize the number of required components for genome engineering applications, the tracrRNA and 
crRNA have been combined into a single chimeric guide RNA (gRNA) molecule, consisting of a protospacer fused to a 
partial tracrRNA.70 The use of a chimeric gRNA allows genome engineering with delivery of a single RNA molecule and 
a Cas9-based effector (Figure 3.1(c)). Additionally, multiplexing gRNAs allow the modification of multiple genomic loci 
with a single Cas9 effector.65,66 Because specificity is determined by DNA complementarity and does not require multi- 
step protein engineering, the CRISPR/Cas system has emerged as a straightforward, faster, and more affordable method for 
genome engineering compared to traditional ZFP- and TALE-based approaches.

DNA targeting by the CRISPR/Cas system is achieved by selecting a protospacer complementary to the genomic 
sequence of interest. Protospacers are typically 18–20 base pairs in length, and the target sequence must be immediately 
followed by a protospacer-adjacent motif (PAM) for recognition by Cas9 (Figure 3.1(c)). Although gRNAs delivered using 
a U6 RNA Pol III promoter must also contain a G at the first position for efficient transcript expression,65 it has been widely 
observed that a mismatch at the 5′ end of the protospacer does not substantially reduce targeting efficiency and therefore 
this is not a significant restriction on site selection. The primary determinant of target site flexibility is the PAM. The Strep-
tococcus pyogenes Cas9 (SpCas9), the most widely used Cas9 to date in genome editing, gene activation, and gene repres-
sion systems,71 recognizes a 5′NGG PAM.72 Therefore, SpCas9 protospacers can be selected an average of every eight base 
pairs in the genome when considering both DNA strands. Two Cas9 genes from other species, Neisseria meningitidis Cas9 
(NmCas9) and S. thermophilus Cas9 (StCas9), have also been reconfigured for genome engineering in eukaryotic cells.73,74 
NmCas9 and StCas9 recognize PAMs of 5′NNNNGATT and 5′NNAGAAW, respectively, where W represents A or T.

Additionally, Cas9 systems have demonstrated the ability to target sequences in heterochromatin, cleaving at highly 
methylated sites such as the human SERPINB5 locus75 and targeting DNase-inaccessible sites for activation.25 This, com-
bined with the flexibility conferred by multiple versions of Cas9 for target selection, lends the CRISPR/Cas system exciting 
versatility for genome engineering applications.

SpCas9 generates a blunt-end, double-strand break three base pairs upstream of the PAM.70 The nuclease domains of 
the protein are the HNH and RuvC-like domains, which cleave the complementary and noncomplementary strands of target 
DNA, respectively.76 These catalytic domains have been mutated to abolish endonuclease activity, generating a dead Cas9 
(dCas9) that retains its RNA-based DNA-binding activity. Multiple effector domains, including the VP64 activator domain 
and the Krüppel-associated box (KRAB) repressor domain, have been fused to dCas9 to generate artificial transcription 
factors.25,76–78

3.2.4  Delivery Strategies for Targeted DNA-Binding Proteins

One of the primary barriers to clinical application of genome engineering technologies is the development of optimal deliv-
ery strategies for each type of DNA-binding domain. Transfection of plasmids encoding ZFPs, TALEs, and the CRISPR/
Cas9 system is sufficient to screen the activity of artificial nucleases and transcription factors in model cell lines. For cell-
based, ex vivo genome editing therapies, transfection can also be appropriate, although selection of transfected cells may be 
required as high efficiencies of transfection are not possible for all relevant primary cell types. Additionally, electroporation 
and cationic lipid-based transfection methods can be highly toxic. For applications that may require stable expression, such 
as endogenous gene regulation with engineered transcription factors, lentiviral delivery methods present a reliable means 
to achieve potent, long-term expression. Zinc finger transcription factor libraries have been generated using retroviral vec-
tors that allow for high-throughput screening of gene activation or repression.79,80 Cas9-based effectors and gRNAs have 
been delivered in lentiviral vectors,76 and similar high-throughput knockout screening strategies have been developed with 
gRNA libraries.81,82 The repeated sequences in TALE subunits make lentiviral delivery of the protein challenging, as the 



32 Translating Gene Therapy to the Clinic

subunits tend to recombine during viral transduction.83 Taking advantage of codon degeneracy, TALE proteins have been 
recoded to minimize repetitive sequences while maintaining amino acid sequence in order to facilitate TALE lentiviral 
delivery.84

Adeno-associated vectors (AAV) provide a promising alternative for stable expression of genome engineering proteins. 
AAVs are nonpathogenic, are capable of transducing dividing and nondividing cells, and are already being tested in several 
gene therapy clinical trials. Furthermore, an AAV-based gene therapy product, Glybera, has been approved in Europe for 
treatment of lipoprotein lipase deficiency. Zinc finger nucleases and transcription factors delivered by AAVs have been 
successful in preclinical in vivo studies.9,10,35 The limited packaging capacity of AAVs, about 4.7 kilobases, is the primary 
drawback of this delivery system. Although a single AAV vector can accommodate both units of a zinc finger nuclease 
dimer,85 the larger TALE nuclease monomers must be delivered on separate vectors due to the limited packaging capacity. 
Similarly, the gene encoding SpCas9 is 4.2 kilobases, precluding delivery of a gRNA and SpCas9 vector along with the 
necessary regulatory elements on a single vector. However, StCas9 and NmCas9 are orthogonal Cas9 proteins that have 
demonstrated gene regulation and editing capabilities in human cells and are 3.4 and 3.3 kilobases in length, respectively, 
which is short enough to package with a gRNA expression cassette in an AAV.73 Further studies on the specificity of these 
versions of Cas9 need to be performed. Integrase-defective lentiviruses (IDLVs) are another potential clinically relevant 
viral delivery method that have a larger carrying capacity of greater than 10 kilobases.86 TALE protein repeats present 
similar difficulties as with traditional lentiviral vectors, but IDLVs have been used to efficiently express active zinc finger 
nucleases in human cells.87

Direct delivery of purified protein is another strategy that avoids the potential regulatory complications of viral vec-
tors. Because of their highly cationic charge, purified zinc finger nucleases can cross cell membranes in culture and have 
demonstrated specific activity with minimal cytotoxicity in human cells.88 A similar approach has been used for TALE 
nucleases by chemical conjugation of cationic cell-penetrating peptides onto purified proteins.89 Delivery of Cas9 protein 
in a complex with the gRNA has been achieved by injection of single cells,90 electroporation,91 or as conjugates to cell-
penetrating peptides.92

3.3  GENOME EDITING WITH ENGINEERED NUCLEASES

Genome editing harnesses endogenous DNA repair pathways and the precise gene targeting capabilities of zinc finger 
proteins, TALEs, and the CRISPR/Cas9 system in order to create sequence modifications in the genome. Zinc finger 
nucleases, TALE nucleases, and Cas9 generate double-strand breaks in the genome that can be repaired via two pathways: 
nonhomologous end-joining (NHEJ) and homology-directed repair (HDR) (Figure 3.2). In NHEJ, double-strand DNA 
breaks are repaired by a stochastic, error-prone ligation process that often results in small insertions or deletions. NHEJ 
can be used to generate gene knockouts and correct out-of-frame mutations. In HDR, a donor sequence is inserted at the 
site of DNA fracture through homologous recombination, mediated by homology arms that flank the target site and donor 
sequence. Homologous recombination is rare in human cells, occurring approximately one in every 106–109 cells, but this 
frequency can be increased to as much as more than 10% of cells with the introduction of a double-strand break.93,94 The 
actual frequency of HDR is dependent on many factors, including cell type, donor template concentration, cell cycle state, 
the activity of the nuclease, and the level and the duration of expression of the nuclease.95,96 As a result of these high levels 
of gene editing, HDR is a powerful tool for targeted gene addition and gene sequence correction.

FIGURE 3.2 Double-strand breaks are repaired via two pathways. (a) Nonhomologous end joining is an error-prone pathway that often results in small 
insertions or deletions. (b) Homology-directed repair can result in insertion of a donor template that has significant homology to the DNA break site.
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The most common nuclease effector fused to zinc finger proteins and TALEs is the catalytic domain of FokI.60,97,98 
FokI is an endonuclease that dimerizes to generate double-stranded breaks with a 5′ overhang. Cleavage only occurs when 
two independent zinc finger nucleases or TALE nucleases bind adjacently to opposite DNA strands, colocalizing the FokI 
heterodimers in head-to-head orientation. FokI has been mutated to require heterodimer formation for enzymatic activity, 
in order to reduce the probability of off-target events.99–101 For zinc finger nucleases, a designed spacer length of four to 
seven base pairs between target sites is recommended for peak enzyme activity, depending on the length and identity of the 
amino acid linker used to fuse FokI to the polydactyl protein.94,102 For TALE nucleases, spacer lengths between heterodimer 
binding sites of 12–20 base pairs are optimal for activity, with significantly shorter spacers tending toward reduced cleavage 
efficiency.60,64

Cas9 is an endonuclease protein that generates blunt-end double-strand breaks in order to stimulate NHEJ and HDR. 
Cleavage occurs on the 3′ end of the protospacer; for SpCas9, the double-strand break is located three base pairs upstream 
of the PAM. Cas9 has two nuclease domains, the HNH and RuvC domains, which cleave the strand complementary and 
noncomplementary to the gRNA strand, respectively. A D10A mutation that renders the HNH nuclease domain inactive 
transforms Cas9 into a nickase that generates 5′ overhangs when directed by gRNAs on opposing strands.103,104 A Cas9-
based cooperative nickase strategy for genome editing improves specificity as any off-target single-stranded DNA nicks are 
repaired with high fidelity.103

For the successful therapeutic application of genome editing, sequence-targeting fidelity is critical to prevent mutagen-
esis and minimize the cytotoxicity of artificial nucleases. Zinc finger and TALE specificity has been hypothesized to depend 
on sequence identity and binding energy of the protein as a whole.104–106 Several clinically relevant, active zinc finger 
nucleases have been found to exhibit substantial off-target activity, and a minimum of three mismatches to all other possible 
target sequences is recommended to prevent nonspecific enzyme activity.105,107 Similarly, TALEs are generally more sensi-
tive to 5′ end mismatches, and 18-mer TALEs can exhibit activity with one or two mutations in target sequences.106,108,109

Studies have also explored the specificity of CRISPR/Cas-based targeting. Off-target CRISPR/Cas activity is dependent 
on protospacer sequence and varies based on the combination of mismatch number and the position of mismatches.75,104,110,111 
Single mismatches that disrupt the PAM sequence greatly diminish Cas9 activity.112 Generally, mismatches in the PAM-
distal region on the 5′ end of the protospacer are tolerated more than PAM-proximal, 3′ mismatches. Tolerance of single 
mismatches anywhere in the protospacer region, however, has the potential to generate unintended cleavage events. For 
multiple mismatches in the target sequence, adjacent mismatches are more likely to result in off-target nuclease activity 
than nonadjacent mismatches.

Methods for robustly predicting off-target activity of artificial nucleases are under development. Several online resources 
are available for sequence selection, some of which include scoring of off-target sites.37,75,113 Strategies to increase sequence 
fidelity include reducing the amount of enzyme delivered, but this also reduces on-target activity.104,105,110 Decreasing the 
length of the protospacer target may also be an effective means for selectively decreasing off-target activity by reducing 
excess binding energy.114 Directed evolution of the catalytic domains for Cas9 nucleases is a promising future approach for 
improving specificity. For clinical applications, deep sequencing of predicted off-target sites in relevant cells treated with 
the engineered nuclease can reveal potential unintended mutations to the genome.

3.3.1  Targeted Gene Addition

Conventional gene addition methods such as retroviral and lentiviral delivery that rely on random integration have the 
potential to disrupt coding regions or local gene regulation, which can lead to adverse effects when applied clinically.115 
Additionally, uncontrolled random integration is variable in copy number and is affected by the local chromatin state 
at the site of insertion. As a result, expression profiles of the transgene are highly heterogeneous within a modified cell 
population. HDR can be harnessed to target gene addition at double-strand break locations induced by artificial nucleases. 
In human and mice genomes, “safe-harbor” loci have been identified where inserted genes are expressed ubiquitously in 
the organism without observable undesirable side effects. ROSA26 has been identified as one such locus on chromosome 
6 in the murine genome. Zinc finger nucleases directed to the ROSA26 genome were used to integrate a GFP transgene 
via HDR.1 Targeted integration at the ROSA26 locus resulted in uniform transgene expression compared to a variable 
profile exhibited by clones derived from random donor plasmid integration. In the human genome, the AAVS1 locus, a 
common integration site of AAV, has been identified as a nonpathogenic safe-harbor location for robust transgene expres-
sion.116,117 The AAVS1 locus is generally epigenetically accessible and is shielded from trans-activation or repression by 
flanking insulator elements. Zinc finger nucleases were used to insert a therapeutic gp91phox minigene at the AAVS1 locus 
in induced pluripotent stem cells (iPSCs) derived from X-linked chronic granulomatous patients, achieving functional 
correction.2
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3.3.2  Gene Correction

The ability of engineered nucleases to invoke HDR and NHEJ pathways has been exploited to restore the expression of 
mutated genes for monogenic disease therapies. In the presence of a donor template, targeted nuclease-facilitated HDR is 
a powerful tool for scarless gene correction. Optimized zinc finger nucleases targeted to exon 5 of IL2Rγ, the most com-
monly mutated region in X-linked severe combined immune deficiency (SCID), achieved 20% HDR-based correction rates 
in primary human CD4+ T cells when delivered with a donor template.3 This seminal work presented a model for the gen-
eration of therapeutic nucleases for autologous ex vivo treatment strategies. More recently, this approach has been extended 
to human CD34+ hematopoietic stem cells that are capable of reconstituting the complete immune system.4 An autologous, 
broadly applicable cell source for such strategies are iPSCs. Sickle cell anemia patient-derived iPSCs have been treated 
with zinc finger nucleases and donor vectors for correction of β-globin gene mutations.5,6 Sequencing of selected clones 
elucidated the specificity of these ZFP pairs: no sites with a single nucleotide mismatch, including sites in adjacent δ- and 
γ-globin genes, demonstrated off-target cleavage events.6 Autologous ex vivo strategies driven by HDR are not limited to 
iPSCs. The repair of cystic fibrosis-causing mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) 
gene was exhibited in patient-derived intestinal stem cells using the CRISPR/Cas9 system.7 The two active gRNAs, tar-
geted to treat the most common CFTR mutation in cystic fibrosis, demonstrated minimal off-target cleavage. Gene correc-
tion with the CRISPR/Cas9 system has also been demonstrated in vivo following delivery to the liver in a mouse model of 
hereditary tyrosinemia.13 Plasmid-based delivery of Cas9 and the gRNA, combined with an oligonucleotide donor to direct 
gene correction, led to correction of the disease phenotype in these mice.

Because of low recombination efficiencies, donor templates in HDR-based correction strategies often include an anti- 
biotic resistance cassette to facilitate clonal selection.5,6,8 The selection marker can be excised from verified, corrected 
clones through Cre-mediated recombination or through transposition by the piggybac system.8 Piggybac offers the poten-
tial for scarless integration, since no sequences are left behind following excision of the selectable marker. This is in 
contrast to Cre-mediated excision that leaves a 34 base pair loxP site in the genome. The piggyBac-based approach was 
demonstrated in combination with zinc finger nucleases designed for biallelic correction of the Glu342Lys point mutation 
that is the basis of α1-antitrypsin deficiency in hepatic cells.8

HDR with custom nucleases can be used to replace entire mutation hotspot regions to treat a variety of mutations for 
a particular monogenic disease. In hemophilia B, 95% of disease-causing mutations occur across the coding sequence of 
Factor IX in exons 2–8. Zinc finger nucleases were used to insert a target vector encoding WT exons 2–8 preceded by a 
slice acceptor.9,10 When zinc finger nucleases were delivered via a liver-tropic AAV8 to a humanized mouse model of hemo-
philia, approximately 40% of alleles in liver cells were modified by the nuclease. When a donor AAV containing Factor IX 
exons 2–8 was also delivered, 2–3% gene correction resulted, as assayed by direct sequencing. This is a useful method to 
treat monogenic diseases that can be caused by a variety of mutations to the same gene.

Some mutated genes can be corrected by NHEJ without the need for delivery of a donor repair template. For example, 
Duchenne muscular dystrophy (DMD) is an X-linked disorder caused by deleterious mutations in the dystrophin gene that 
often disrupt the reading frame of this critical skeletal muscle protein. Importantly, many of the internal regions of the 
dystrophin protein are dispensable, and a truncated protein may be partially functional so long as the reading frame and 
terminal regions are intact.118 Repair of double-strand breaks by NHEJ is an error-prone process that often results in small 
insertions or deletions (indels) at the fracture site. TALE nucleases (TALENs) targeted to exon 51, a commonly mutated 
region of the dystrophin gene, created indels that corrected the disrupted reading frame and restored protein expression in 
myoblasts isolated from DMD patients.11 Alternatively, exons missing from the deleted dystrophin gene have been inserted 
into the appropriate intron by HDR.119 Another strategy is to use the wild-type allele to serve as a repair template for the 
mutant allele. For this approach, the nuclease must only cut the mutated allele, which can be accomplished by designing 
nucleases to specifically target sequences containing single nucleotide polymorphisms or by incorporating the mutation 
into the CRISPR PAM sequence. For example, a one base pair deletion in exon 3 of the Crygc gene is known to cause 
a dominant cataract disorder by resulting in expression of a truncated γC-crystallin protein.12 Cas9 targeted to cleave 
upstream of this deletion corrected the Crygc reading frame at a rate of 20% in mouse models.12 One of the tested gRNAs 
contained a mutation-contingent PAM, which served as an elegant means to target only the disease-causing allele for cor-
rection. Additionally, because this was a heterozygous model of the cataract disorder, HDR directed by the wild-type allele 
as the repair template resulted in an additional 40% rate of gene correction in vivo.

3.3.3  Gene Knockout

Targeted gene disruption combines engineered, targeted nucleases and endogenous NHEJ repair pathways. NHEJ is an 
error-prone process that often results in indels at the site of nuclease activity. These mutations can cause a frameshift 
or premature stop codon that abolishes wild-type gene expression. The application of zinc finger nucleases targeted 
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to disrupt the CCR5 gene in order to confer resistance to HIV infection in T cells is the pioneering paradigm of this 
therapeutic strategy.14 Sangamo Bioscience is currently conducting Phase II clinical trials for these zinc finger nucle-
ases for CCR5 modification and re-engraftment of autologous CD4+ T cells in HIV-infected patients (NCT01252641, 
NCT00842634, NCT01044654).120 Preclinical work is advancing the same strategy to the modification of autologous 
hematopoietic stem cells,121 and a study produced similar results in targeting the CCR5 gene in iPSCs with the CRISPR/
Cas9 system.15

Gene disruption has also been proposed as a possible treatment of mitochondrial DNA-based diseases, which are unique 
for their often heteroplasmic nature. TALE nucleases were designed to specifically cleave mitochondrial DNA that exhib-
ited the mutations characteristic of Leber’s hereditary optic neuropathy and dystonia.16 Both of these TALE nuclease pairs 
increased the ratio of wild-type to mutated mitochondrial DNA expression in vitro. These are promising proof-of-principle 
results for the use of engineered nucleases for mitochondrial disease therapy.

Custom nucleases can also be used to create therapeutic gene knockouts. For example, TALE nucleases have been used 
to disrupt the myostatin gene in multiple cell lines across different species.19 Myostatin inhibits muscle cell proliferation, 
and animal models of myostatin knockout have increased muscle mass. Blocking myostatin has been proposed as a possible 
treatment for muscle-weakening diseases such as muscular dystrophy and sarcopenia. In another study, the CRISPR/Cas9 
system was used to knock out the PCSK9 gene in the mouse liver in order to increase LDL receptor levels and decrease 
cholesterol levels.21 This approach has therapeutic potential for preventing cardiovascular disease.

Targeted gene knockouts created by engineered nucleases can also be employed as a complement to T cell-based can-
cer immunotherapy strategies.17,18 T cells were treated with zinc finger nucleases designed to disrupt endogenous T cell 
receptor α- and β-chain genes, preventing the expression of the cell’s native T cell receptor. These primed T cells were then 
transduced with a lentivirus encoding a leukemia-specific T cell receptor, generating a re-engineered lymphocyte that dem-
onstrated specific in vivo tumor-specific targeting. By disrupting the endogenous T cell receptors, this approach ensured 
that the cells expressed solely the tumor-specific antigens and that there was no cross-reactivity between the endogenous 
and engineered receptors.

Artificial nucleases have also been developed to improve donor–host HLA compatibility for allogeneic cell therapy. 
Primary human T cells and human embryonic cells were modified with TALE nucleases to disrupt HLA-A genes and, 
thus, prevent host T cell-recognition and immune rejection.20 This work proposes a potential strategy for creating a widely 
compatible, “off-the-shelf” donor cell source for allogeneic T cell therapies without the need for HLA-type matching or 
immunosuppression.

3.4  SYNTHETIC TRANSCRIPTION FACTORS FOR THERAPEUTIC APPLICATIONS

Customizable DNA-binding domains can be fused to transcriptional regulators in order to control expression of a target 
gene. Artificial transcription factors can turn on gene expression through effectors that recruit transcriptional complexes, 
such as VP64. Conversely, gene expression can be suppressed through the use of DNA-binding proteins without effector 
modules, which act through steric blocking of transcription, or through the fusion of a repressor domain, such as the KRAB 
domain. Synthetic transcription factors have been developed for many gene therapy applications, including treatments for 
cancer, Parkinson’s disease, sickle cell anemia, HIV, and Huntington’s disease.

3.4.1  Activators of Gene Expression

Custom gene activators are generated by fusing a transcriptional activation domain to a DNA-binding domain, such as 
ZFPs,122,123 TALEs,60,61 or the catalytically inactive dCas9 coexpressed with a gRNA.25,77,104,124 The most commonly used 
effector is VP64, a concatemer of four copies of the minimal VP16 activation domain.122,123 Robust, synergistic activa-
tion of gene expression can be attained with multiple TALEs125,126 or gRNAs targeted to a single gene (Figure 3.3(a)).25,77 
This multiplexing strategy is particularly well-suited for the CRISPR/Cas system, in which the single effector module, the 
dCas9-VP64 activator, can be delivered distinctly from multiple gRNAs, reducing the overall delivery load of this system. 
Using multiple, weak transcriptional activators can also increase specificity, as a single gRNA alone would be unlikely to 
have significant off-target effects.25

Statistically, target sequences for synthetic transcription factors should be at least 16 base pairs in length to be specific 
in the context of the three billion base pair haploid human genome. Target sites selected both upstream and downstream of 
the transcriptional start site have resulted in successful endogenous gene activation, but are typically within 500 base pairs 
of transcriptional initiation.125,126 For TALE and dCas9-based activators, targeting is not necessarily limited to DNase-
hypersensitive regions; activation of silenced genes that are located in heterochromatic regions of the genome has been 
possible, particularly when multiple binding sites are targeted.25,125
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Targeted, synthetic transcriptional activators have been applied in cancer gene therapy to stimulate expression of 
endogenous tumor suppressors in cancer cells to halt tumor growth and progression. Mammary serine protease inhibi-
tor (MASPIN) is a tumor suppressor that is epigenetically silenced in aggressive epithelial tumors. Artificial zinc finger 
activators targeting 18 base pair sequences in the MASPIN promoter induced apoptosis in breast cancer cells in vitro 
and suppressed tumor growth in a xenograft breast cancer model in nude mice.22 Combining zinc finger activators with  
chromatin-modifying drugs resulted in greater activation of MASPIN and 95% inhibition of tumor cell proliferation.23 
In vivo delivery of these repressors to the tumor by nanoparticles also repressed tumor growth.24

Artificial transcription factor activators can also be used to upregulate compensatory genes in disease therapies. For 
example, a suggested treatment for sickle cell anemia and β-thalassemia is to activate expression of the embryonic γ-globin 
gene in order to counteract loss of β-globin expression. Zinc finger transcription factors designed for γ-globin promoter 
activation for the treatment of sickle cell anemia and beta-thalassemia upregulated γ-globin expression in the K562 leuke-
mia cell line and in primary cells.26,27 Potent activation of γ-globin expression has also been demonstrated using CRISPR/
dCas-VP64.25 Similarly, utrophin upregulation has demonstrated such a compensatory effect in mouse models of DMD. 
Artificial zinc finger transcription factors designed to bind a nine base pair target sequence upregulated utrophin expression 
in vitro28 or when delivered in vivo to a mouse model of muscular dystrophy.29

Synthetic transcription factors developed for the treatment of symptoms associated with disease have also demonstrated 
some success. A promising zinc finger activator in development by Sangamo Biosciences is targeted to upregulate glial cell 
line-derived neurotrophic factor (GDNF) to treat neural cell degeneration in Parkinson’s disease.30 In rat models, GDNF 
was upregulated with AAV-mediated ZFP delivery, and treated animals were functionally protected from dopaminergic 
neural damage that was induced by chemical treatment.30 Interestingly, the authors hypothesized that artificial transcription 
factor-based activation may circumvent some of the toxic side effects observed in ectopic GDNF factor treatments because 
targeting the endogenous promoter limited GDNF expression to physiological levels.

For the treatment of ischemia associated with diabetic neuropathy, Sangamo Biosciences developed a zinc finger activa-
tor for vascular endothelial growth factor (VEGF) upregulation.31–33 In vivo results showing the formation of intact, func-
tional vessels in mouse ears treated with the therapeutic zinc finger protein highlighted a key advantage of VEGF-targeted 
zinc finger activators versus traditional delivery of VEGF cDNA. By inducing the expression of all isoforms of VEGF from 
the endogenous gene, the zinc finger protein-based approach avoided generating the leaky blood vessels typically associ-
ated with overexpression of a single VEGF isoform. The VEGF-targeted zinc finger transcription factors progressed to 
Phase IIb clinical trials for treating ischemia in diabetic neuropathy, but did not meet critical endpoints (NCT01079325), 
possibly due to the choice of plasmid DNA as the delivery vehicle.

FIGURE 3.3 Mechanisms for transcriptional regulation. (a) Multiple synthetic transcription factors created with a VP64 effector domain and targeted 
upstream of the transcription start site (TSS) result in robust activation of a target gene. Synthetic transcription factors can repress transcription of a target 
gene by (b) interfering with RNA polymerase activity or (c) binding within the promoter and blocking the binding sites of endogenous transcription factors 
(TF). (d) Targeting regulatory elements such as enhancers could also potentially block the expression of multiple distal genes.
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For some gene therapy applications, such as tumor suppressor activation, permanent upregulation of the target gene may 
be undesirable once the therapy has been completed. Conditional systems have been developed for temporal and spatial 
control of activation. Ligand-inducible zinc finger protein- and TALE-based activators have been created based on fusing 
hormone receptors to the artificial transcription factors.127–130 Light-inducible artificial transcription factors also have the 
potential to provide spatiotemporal control.131,132 In these optogenetic systems, the DNA-binding and effector domains of 
artificial transcription factors are separated and fused to light-responsive heterodimers. Only in the presence of light of a 
specified wavelength do the heterodimers interact, bringing the effector domain to the DNA target and inciting gene activa-
tion. Light-inducible TALE activators have been used to upregulate endogenous neural genes in vitro and in vivo using a 
Cry2/Cib light-dependent dimerization system.132

3.4.2  Repressors of Gene Expression

Artificial transcription factor-based repressors can provide many advantages over RNA interference (RNAi), the traditional 
technique for targeted silencing of gene expression. RNAi relies on the endogenous microRNA pathway, and important 
cellular functions may be disrupted by overloading the system’s components with ectopic small interfering RNAs.133 Arti-
ficial transcription factors also provide additional flexibility for target selection, as a gene’s regulatory elements, coding 
regions, and introns can be targeted (Figure 3.3(b), (c)). Lastly, transcriptional control allows for genome-wide regulation 
beyond coding genes, including manipulation of enhancers, insulators, noncoding RNAs, nuclear localized RNAs and other 
Pol III-dependent transcripts. Regulatory elements such as distal enhancers may be targeted to modulate multiple genes  
(Figure 3.3(d)).

Steric hindrance of the RNA polymerase II machinery by DNA protein interactions has been demonstrated to result in 
transcriptional repression using engineered DNA-binding domains. Early ZFP work demonstrated in vitro silencing of the 
BCR-ABL oncogene expression by a polydactyl ZFP sans effector domain.34 Catalytically inactive dCas9 has been used 
for endogenous protein repression when targeted to the 5′UTR of CD71 and CXCR4 in HeLa cells.124

In order to increase the potency of gene inhibition, repressor effector domains have been linked to zinc finger proteins, 
TALEs, and dCas9.56,76,122,134–136 The KRAB repressor domain is conserved in many naturally occurring repressors in the 
human genome, although the form most commonly used in engineered transcription factors is derived from the human 
Kox1 transcriptional repressor. The KRAB domain has been widely used to generate artificial repressors and functions by 
recruiting heterochromatin-forming proteins to the genomic target site.137 Fusion of a KRAB repressor domain to zinc fin-
ger proteins targeted to Huntington’s disease-causing CAG repeats decreased expression of mutant htt more potently than 
the targeted zinc finger alone, achieving 90% silencing of mutant htt levels in vitro.35 AAV delivery of the htt zinc finger 
repressor resulted in 40% reduction of mutant htt aggregates in an in vivo mouse model.

Zinc finger repressors have also been developed for the inhibition of viral infection and replication.136 A six-finger zinc 
finger repressor targeted to the HIV-1 5′ LTR promoter inhibited HIV-1 replication by 75% compared to controls in an 
in vitro infection assay.134 Additionally, zinc finger repressors have been shown to inhibit expression of the herpes simplex 
virus and reduce viral titer by 90%.138

Endogenous repression has been demonstrated but not yet employed for therapeutic applications with newer TALE 
and CRISPR/dCas9-based technologies. Expression of TALEs specific to the Sox2 locus led to 80% gene repression in 
HEK293T cells when the TALEs were attached to an SID or KRAB repressor effector domain.56 dCas9-KRAB fusions 
have demonstrated potent gene regulation with single gRNAs targeted to CD31 and CXCR4 in HeLa cells.124 In some 
cases, the dCas9-KRAB fusion led to a greater degree of repression than delivery of dCas9 alone, which may be a result 
of active recruitment of heterochromatin-forming proteins, in addition to the steric hindrance effects created by the large 
dCas9 protein. As this technology is relatively new, it is likely that many improvements and optimizations will soon 
follow. Indeed, a published alternative gRNA design increased repression potency up to five-fold in a reporter system, 
putatively due to increased RNA stability.139 Modifying dCas9-KRAB linker size and composition, multiplexing gRNAs 
for repression of a single gene, and designing targets to DNase I hypersensitivity regions are all areas for potential 
improvement.

The distance over which repressor domains such as KRAB exert their effects is not known and is likely highly depen-
dent on local chromatin structure and function, although some studies suggest that the repressive effects may spread quite 
far from the target site.140 This could pose a concern for the potential specificity of synthetic transcriptional repressors. In 
the study of the zinc finger repressors targeted to the htt gene, expression of neighboring genes was not affected.35 Fur-
thermore, CRISPR/dCas9-KRAB studies found no significant repression of off-target genes by RNA-seq analysis when 
validating a gRNA against a GFP reporter in a human cell line.124 Collectively, these studies indicate that gene repression 
with CRISPR/Cas9 will be a useful tool to complement traditional approaches such as RNAi.
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3.5  CONCLUSION

Multiple methods now exist for any laboratory with standard molecular cloning capabilities to manipulate the genome at 
will. From the advent of zinc finger proteins to the recent emergence of the CRISPR/Cas9 system, each subsequent technol-
ogy has rendered greater target site flexibility and facility of use, enabling the precipitous expansion of genome engineering 
strategies for gene therapy. These new technologies allow the rapid generation of custom genome engineering strategies in 
the laboratory aimed at treating a bevy of diseases that previously had no cure, from Duchenne muscular dystrophy to HIV 
infection to cancer. Research advances are outpacing clinical results: the earliest zinc finger proteins have demonstrated 
promising effects in clinical trials, but are not yet approved and critical end points still need to be attained. As for TALE 
and CRISPR/Cas genome engineering strategies, it is as yet unknown whether promising preclinical results for these new 
technologies will translate to usable therapies. Further work on optimizing methods for delivery and characterizing and 
improving specificity will likely determine the success of genome engineering treatments for each individual disease and 
target tissue or cell type. For genome editing strategies, further characterization of toxicity and off-target events is essential 
to the application of therapies. For TALE and CRISPR/Cas-based systems, which have been imported from bacteria, poten-
tial immunogenicity events warrant further investigation. Although the particular diseases for which genome engineering 
will have the greatest impact are not yet known, it is certain that these new technologies will have a tremendous impact on 
advancing the long-awaited goal of widespread clinical translation of gene therapy.

GLOSSARY
Adeno-associated vector (AAV) Nonintegrating, DNA-based viral vector used in gene therapy applications
Cas9 Nuclease protein derived from a bacterial immune system. Cas9 cleaves DNA in a site-specific manner when directed by a chimeric guide 

RNA containing the protospacer target sequence or by CRISPR and CRISPR trans-activating RNA
CRISPR Clustered, regularly interspaced short palindromic repeats; an adaptive immunity system in bacteria
crRNA CRISPR RNAs containing the protospacer region
dCas9 Cas9 that has been mutated to abrogate nuclease activity
Guide RNA (gRNA) Chimeric RNA used in genome engineering for CRISPR/Cas system, combining the tracrRNA and crRNA to complex with 

and guide Cas9 to a target sequence using a single RNA molecule
Homology-directed repair (HDR) A double-strand break repair pathway, in which a donor strand with significant homology is inserted at the 

site of DNA cleavage
Indels Small insertions or deletions in DNA
KRAB Repressor domain commonly linked to DNA-binding domains in order to create synthetic transcriptional repressors
Lentivirus Integrating gene delivery viral vector that can transduce dividing and nondividing cells
Nonhomologous end-joining (NHEJ) A double-strand break DNA repair pathway in which DNA is ligated together at the site of fracture. This is 

an error-prone process that can result in small insertions or deletions.
Protospacer Short sequences of ∼20 base pairs that encode the recognition sequence for CRISPR targets and are transcribed as part of the CRISPR 

RNA or chimeric guide RNA
Protospacer-adjacent motif (PAM) Short sequence contained on the 3′ end of the protospacer in the genomic target which is necessary for Cas9 rec-

ognition. The PAM sequence is present in the genome but not in the CRISPR RNA or guide RNA molecule. SpCas9 recognizes a 5′-NGG-3′ PAM
Repeat variable diresidue (RVD) Transcription activator-like effector subunit comprised of 33–35 amino acids, in which the 12th and 13th amino 

acid confer nucleotide specificity. Each RVD in a transcription activator-like effector targets a single nucleotide.
X-linked severe combined immune deficiency (SCID) Heritable disease caused by mutations in the Il2-Rγ gene, affecting T cells, NK cells, and 

B cells and severely inhibiting the immune system
Transcription activator-like effector (TALE) DNA-binding domain adapted from a plant virus, consisting of an array of repeat variable diresidue 

subunits that complex with DNA. TALEs can be linked to effector domains to create nucleases or synthetic transcription factors
tracrRNA Trans-activating CRISPR RNA
VP64 Activator domain consisting of four tandem copies of VP16 and commonly linked zinc fingers, TALEs, or dCas9 to create targeted activator 

proteins
Zinc fingers DNA-binding domain commonly found in the human proteome, consisting of ∼30 amino acids that form a ββα configuration, where 

individual amino acids in the α-helix interact with three successive nucleotide bases. Zinc fingers can be linked to target longer, contiguous 
nucleotide sequences and fused to nuclease or other effector domains
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LIST OF ABBREVIATIONS
AAV Adeno-associated virus
AAP Assembly activating protein
BLyS B-lymphocyte stimulator
EGFR Epidermal growth factor receptor
FGFR Fibroblast growth factor receptor
HGFR Hepatocyte growth factor receptor
HSPG Heparan sulfate proteoglycan
hNPCs Human non-parenchymal liver cells
ITRs Inverted terminal repeats
IFNs Interferons
KCs Kupffer cells
LN Lupus nephritis
LSECs Liver sinusoidal endothelial cells
MVM Minute virus of mice
NAbs Neutralizing antibodies
NHP Nonhuman primates
NPC Nuclear pore complex
PAMPs Pathogen-associated molecular patterns
PBMC Peripheral blood mononuclear cells
pDCs Plasmacytoid dendritic cells
PDGFR Platelet-derived growth factor receptor
PLA Phospholipase
PRR Pattern recognition receptors
TLRs Toll-like-receptors

4.1  INTRODUCTION

The goal of gene therapy for inherited diseases is the long-term correction of the disease phenotype in affected patients. 
Several clinical studies document the therapeutic potential of the approach in attaining this goal1–9 using integrating vec-
tors (typically retroviral or lentiviral vectors) ex vivo to introduce the therapeutic gene into a stem cell10 or non-integrating 
vectors to deliver the gene into a long-lived post-mitotic tissue in vivo.11

In particular, over the past decade, viral vectors derived from adeno-associated virus (AAV) have become the platform 
of choice for in vivo gene transfer,11 mainly because of their superior transduction efficiency demonstrated in preclinical 
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studies,12–18 their tropism for a broad variety of tissues,12–16 and their poor immunogenicity profile compared to other vec-
tors.19,20 Experience with in vivo administration of AAV vectors in human trials confirmed promising preclinical data, lead-
ing to some of the most exciting results in the field of gene therapy.11 Moreover, the recent market approval of the first gene 
therapy in Europe,21 an AAV-based drug, is evidence that the field is progressing from proof-of-concept studies towards a 
more mature stage. However, some of the limitations of the approach, not entirely identified in preclinical studies, became 
obvious in clinical studies. In particular, it is now clear that the host immune system represents one of the most important 
obstacles to be overcome in terms of both safety and efficacy of in vivo gene transfer with viral vectors, including AAV. 
This was well exemplified in a number of clinical studies, in which lack of efficacy, or short-lived transgene expression, 
were documented.22

Over the past 10 years, gene therapists learned a lot about the complexity of immune responses triggered by in vivo 
gene transfer and, at least to some extent, how to modulate these responses.6 Studies in humans have been the main source 
of this knowledge, mainly because experimental animal models failed to predict outcomes of AAV vector application in 
humans.23–25 In this chapter, we will summarize the progress on the understanding of immune responses to the AAV vector 
capsid, with special attention to the clinical development of AAV-based therapeutics and possible strategies to overcome the 
limitations posed by the host immune system.

4.2  AAV VECTORS

Recombinant AAV vectors are engineered from a naturally occurring parvovirus, which was first isolated as a contaminant 
of an adenovirus preparation.26 AAV are small (20–25 nm in diameter), non-enveloped viruses with a single-stranded DNA 
genome of ∼4.7 kilobases (Figure 4.1). They contain two sets of genes: the rep genes encoding a set of proteins required 
for replication, transcription control, and packaging; and the cap genes encoding the three capsid proteins (VP1, VP2, and 
VP3) and the assembly activating protein (AAP) (Figure 4.1). While the three capsid proteins that share most of the amino 
acid sequences form the 60-mer icosahedral viral capsid with a stoichometry of 1:1:10, respectively,28 AAP is required to 
initiate capsid assembly in the nucleus.29 The rep and cap genes are flanked by two inverted terminal repeats (ITRs) that 
serve as packaging signals30; the ITRs are the only viral sequences retained in AAV vectors, which are otherwise devoid of 
all viral coding sequences.

AAV is not an autonomously replicating virus, but is rather dependent on a helper virus such as adenovirus or herpes 
simplex virus for progeny production. Although AAV vectors are not dependent on helper virus factors for cell transduc-
tion, this dependency impacts the efficiency and safety of AAV as a delivery tool in human clinical trials. Specifically, 
humans typically become infected by AAV one year after birth, with a peak at three years of age,31 a pattern that closely 
follows that of adenovirus and is consistent with acquisition of AAV as a consequence of an adenovirus infection.31 This 
initial exposure during a co-infection may account for the generation of both antibody and memory T-cell responses to 
AAV (which will be discussed later). Aside from a recent report suggesting an association between spontaneous abor-
tions and AAV infections in the genital tract,32 AAV has never been associated with any known illnesses in the human 
population. In addition, studies in experimental animal models revealed a unique immune profile—i.e., low immuno-
genicity and induction of tolerance—valuable features for obtaining long-term gene correction. This accounts for both 
the wide adoption of the AAV vector platform for in vivo gene transfer and for the initial lack of extensive immunology 
studies on AAV.

The genome of wild-type AAV is known to integrate in a specific site of human chromosome 1933–35; this specificity of 
integration is lost in AAV vectors, whose genomes persist mainly episomally as concatemers and, to some extent, integrate 
non-actively and randomly in the host genome with preference for expressed genes.36 Whether vector genome integration 
can lead to an increased frequency of tumor formation is a matter of debate37–39; thus far, no evidence of the genotoxicity of 
AAV vectors has emerged from long-term large animal studies40,41 or in human trials in which subjects have been followed 
for years after gene transfer.

Since the initial reports of long-term expression of a transgene in immunocompetent animals following AAV vector gene 
delivery42,43 and the first trials of AAV vectors in human subjects in the setting of cystic fibrosis,44 about 100 clinical trials of 
in vivo gene transfer with AAV vectors have been conducted (http://www.abedia.com/wiley/vectors.php) and many more are 
planned.

4.2.1  Early Steps in Host–Vector Interaction: AAV Infection Biology

Comprehensive knowledge of early steps in cell transduction is required to decipher mechanisms of immune recognition 
and to develop strategies that overcome host-related barriers to initial cell infection and/or long-term modification. The 

http://www.abedia.com/wiley/vectors.php
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most comprehensive knowledge on AAV’s infection biology is available for AAV serotype 2, the prototype AAV vector, and 
was mainly obtained on highly permissive cell types such as the cervix carcinoma cell line HeLa (Figure 4.2).

Initiating AAV’s cell entry seems to require multiple contacts with receptors on the cell membrane, each lasting for 
approximately 62 ms, before the viral vector particles are rapidly endocytosed.45 Knowledge of receptors is still sparse, in 
particular regarding the more recently identified serotypes but, given the broad tropism, receptors shared by multiple cell 
types are exploited. In addition, AAV—as most viruses—follows a two-step kinetic process, i.e., cell attachment through 
binding of a primary receptor that fosters secondary receptor binding and as a consequence induces virus/viral vector inter-
nalization.46 In the case of AAV2, the glycan moiety of heparan sulfate proteoglycan (HSPG) serves as primary receptor.47 
The specific sequence of sugar residues was shown to fit between two neighboring protrusions at the threefold axes of the 
capsid formed by two capsid monomers48 contacting R484, R487, K527, K532, R585, and R58849,50 and being influenced 
by G512 and R729.51 Binding to HSPG induces conformational changes in the capsid that are believed to prepare AAV for 
cell infection. Specifically, they may (1) enable binding or increased affinity for AAV2’s internalization receptors (αvβ5 
or α5β1 integrin, respectively), (2) prepare the viral capsid for a second conformational change required to extrude the  

FIGURE 4.1 (a) Genomic organization of wild-type AAV2 (top) and of 
an AAV vector (bottom). The inverted terminal repeats (ITRs) flank the two 
open reading frames (ORFs) encoding for four nonstructural proteins (Rep 
gene) and three structural proteins (Cap gene). The Cap gene encodes also 
for the Assembly Activating Protein (AAP). (b) Left, molecular model of the 
AAV capsid; right, dimensions and molecular weight of AAV particles. (c) 
Comparison of AAV capsid serotypes 1–8. (Adapted from Grimm and Kay.27)
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N-terminus of VP1 and maybe VP2 (discussed later), and (3) induce a more favorable interaction between the packed 
DNA and the inner capsid surface, perhaps for genome uncoating.48 Besides HSPG and integrins, hepatocyte growth factor 
receptor (HGFR), fibroblast growth factor receptor (FGFR), and 37/67 kDa laminin receptor have been reported as co-
receptors presumably supporting or stabilizing AAV2’s cell membrane contacts.52 Glycans, either again as HSPG (AAV3, 
AAV13) or with sialic acids (α 2–6: AAV4, α 2–3: AAV1, AAV5, AAV6) or with terminal galactose moieties (AAV9), serve 
also as primary receptors for other AAV serotypes.53 Co-receptors are less well described for serotypes other than AAV2. 
As of yet, FGFR, 37/67 kDa laminin receptor, and αvβ5 integrin have been reported for AAV3, platelet-derived growth 
factor receptor (PDGFR) for AAV5, epidermal growth factor receptor (EGFR) for AAV6, and 37/67 kDa laminin receptor 
for AAV8 and AAV9.

After the initial cell contact, receptor-mediated endocytosis of AAV occurs rapidly, i.e., in the range of 64 ms45 via 
clathrin-coated vesicles initiating an endosomal trafficking process that ultimately leads to AAV’s release into the cyto-
plasm.52,54,55 Besides this main route, evidence for unspecific uptake56 as well as specific uptake through alternative 
routes52,57 has been provided. Endosomal vesicles can contain more than one particle and are transported along the cyto-
skeleton towards the nuclear area by the cellular transport system. On this “journey,” the viral capsid encounters a second 
conformational change triggered by the constantly decreasing pH58 and probably through the activity of cathepsin D and 
L.59 It is an essential step for productive cell infection as indicated by the negligible transduction obtained after micro-
injection of AAV vectors directly into the cytoplasm.58 As a consequence of this second capsid modification, N-termini 
of VP1 and maybe VP2 are externalized through the channels at the five-fold symmetry axis. Both N-termini contain 
basic regions that may function as nuclear localization sequence of incoming particles (in addition to their key role in 
progeny production).60,61 Moreover, in the N′-terminus of VP1, a further sorting signal62 and a conserved phospholipase 
(PLA) A2 domain is located.63,64 These parvoviral PLAs form a separate class of phospholipases that share the catalytic 
domain (HDXXY motif) and the calcium-binding GXG motif with the cellular counterparts65 and—as suggested by their  
name—hydrolyze phospholipid substrates at the 2-acyl-ester position.64 Through this activity, pores are introduced into 
the endosomal membrane through which presumably still intact AAV particles are released into the cytoplasm.63,64,66 Once 
released, AAV particles may become subjects of ubiquitination and proteasomal degradation, a process that hampers cell 
transduction and may result in MHC class I loading (discussed later), or succeed in delivering their payload to the nucleus. 
The mechanism of nuclear entry is still not understood. Similarly, it is so far unknown where and how uncoating (i.e., the 
release of viral/vector genome) takes place. Viral genomes were detected in cells infected with a low AAV particle per cell 
ratio in AAV-permissive cells in the presence of adenovirus, but no intact viral capsids were detected in the nucleus; in con-
trast, co-localization of capsids and genomes was observed in the perinuclear area and the cytoplasm.67 While these results 
are in favor of occurrence of viral uncoating before or during nuclear entry, blockage of cell transduction by intranuclear 

FIGURE 4.2 Key steps of cell infection by AAV. (a) Primary receptor bind-
ing (heparan sulfate proteoglycan (HSPG) in case of AAV2) induces a confor-
mational change in capsid enabling binding to internalization receptors (αvβ5 
or α5β1 in case of AAV2). Cell binding can be stabilized by binding to further 
co-receptors (for details see text). (b) AAV vectors are internalized through 
endocytosis. (c) Vector-containing endosomes are transported along the cyto-
skeleton towards the nuclear area. (d) Maturation of the endosomes induces 
a second conformational change that enables release of vector particles from 
the endosomal compartment. (e) This is followed by nuclear delivery and 
release of vector genomes from the capsid through mechanisms that are not yet  
understood.

α β
α β
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injection of neutralizing antibodies argues for uncoating as a postnuclear entry event.58 For the latter, capsids have to enter 
the nucleus. Indeed, capsids are detectable in nuclear invaginations, which are tubular structures protruding into the nuclear 
area,67 as well as within the nucleus in cells infected with high particle-per-cell ratios.68 The cluster of basic regions in 
VP1/VP2, the small size of the particles, and the interaction with the nuclear shuttle protein nucleolin69 argue in favor of 
an intranuclear delivery of AAV particles through the nuclear pore complex (NPC); however, blockage of NPC activity was 
unable to impair nuclear accumulation of AAV particles.70,71 Furthermore, the N′-terminus of VP1 does contain three PDZ-
binding motifs, required for viral infectivity which, in the context of the autonomous parvovirus MVM, induced formation 
of holes within the nuclear envelope.62

Nevertheless, once released, single-stranded AAV vector genomes have to be converted to double-stranded DNA that 
serves as a template for transcription and for episome formation. Second-strand synthesis is a rate-limiting step and some-
times an inefficient process. Therefore, artificial vector genomes, termed self-complementary, are exploited to enhance 
onset and level of in vivo transgene expression.72 These self-complementary vector genomes encode the sense and anti-
sense DNA sequences on a single-stranded DNA molecule separated by an additional ITR structure that initiates DNA 
hybridization upon uncoating.72

4.3  INNATE IMMUNITY IN AAV GENE TRANSFER

Intrinsic host defense mechanisms, evolved to protect against invading pathogens including viruses, are a continuous chal-
lenge to vector application. This first line of defense does not discriminate between a virus and a viral vector, and thus 
induces inflammation and activates and shapes adaptive immune responses upon sensing of shared patterns. Such patterns, 
termed pathogen-associated molecular patterns (PAMPs), are evolutionarily conserved structures which mark the respec-
tive “source” as foreign. Recognition occurs through a limited set of germ-line encoded receptors (pattern recognition 
receptors, PRRs), which are either present in body fluids, activating the complement cascade upon pathogen recognition, 
or in cells.73 Not only classical immune cells, but also nonimmune cells such as hepatocytes, endothelial cells, or epithelial 
cells express a cell-type specific set of these PRRs and are thus capable of mounting a host–defense reaction upon pathogen 
recognition. The expression pattern is, however, not static. Ongoing infection or other environmental stress may result in 
up- or downregulation of specific PRRs.74

Four families of cellular PPRs have been described: toll-like-receptors (TLRs), NOD-like receptors, RIG-like receptors, 
and C-type lectin receptors. Of these, only TLRs, specifically TLR-2 and TLR-9, have been identified as molecular sen-
sors of AAV.75 TLR-2 and -9, like all family members, are type I transmembrane proteins that recognize PAMPs through a 
leucine-rich repeat-containing ectodomain, while a toll-interleukin-1 receptor homology domain is responsible for down-
stream signaling.76 Through the latter, cell autonomous immune responses are activated. In addition, secretion of cytokines/
chemokines and upregulation of cell-surface molecules induce or modulate—as mentioned above—the adaptive arm of the 
immune system.

The two TLRs thus far identified as PRRs for AAV differ in the vector component that is sensed as well as in the 
cell types involved in AAV recognition. Specifically, TLR-2 is a cell-surface located PRR initially described as a sen-
sor of pathogens displaying triacyl lipopeptides (TLR-1/2 heterodimer) and diacyl lipopeptides (TLR-2/6 heterodimer).76 
More recently, however, its role in viral recognition has become evident.77 With regard to AAV, it was demonstrated that 
TLR-2 functions in sensing the AAV capsid in primary human non-parenchymal liver cells (hNPCs), specifically Kupffer 
cells (KCs) and liver sinusoidal endothelial cells (LSECs), eliciting a transient and vector-dose dependent NFκB-mediated 
inflammatory response.75 Interestingly, and in contrast to hNPCs, challenges with AAV vectors do not alter expression of 
key innate immune genes in primary human hepatocytes, even though they were successfully transduced. These results 
confirmed earlier reports in mice on the function of KCs, the liver-resident macrophages, in anti-AAV innate immune 
responses,78 but were the first to characterize LSECs as sentinel cells for AAV. LSECs both structurally and functionally 
differ from the macrovascular endothelial cells lining the interior surface of blood vessels. Subsequent experiments showed 
that the latter are also capable of sensing AAV upon receiving inflammatory signals which, as a consequence, results in 
upregulation of TLR-2 expression up to 300-fold.74 While this finding confirmed involvement of TLR-2 in sensing of AAV, 
it may also call for a careful risk assessment prior to use of AAV vectors in patients suffering from inflammatory diseases.

Among the antigen-presenting cells, plasmacytoid dendritic cells (pDCs) are the key players in antiviral immunity.79 
In contrast to myeloid DC and monocytes, pDCs selectively express TLR-7 and TLR-9, which sense viral RNA and DNA, 
respectively, within the endosomal–lysosomal compartment, rapidly inducing production and release of large amounts of 
interferons (IFNs). Stimulating these cells with AAV vectors resulted—analogous to adenovirus vectors—in IFN-α and 
IFN-β production.80 Interestingly, optimal responses required long-term stimulation (18 h).80 Subsequent experiments in 
specific knockout cells confirmed involvement of TLR-9 and MyD88 in AAV recognition, while in vivo mouse models 
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demonstrated the impact of TLR-9/MyD88 sensing of AAV vector genomes for mounting both AAV-specific humoral and 
T-cell responses.80 Interestingly, in contrast to AAV vectors, neither wild-type AAV nor the autonomous parvovirus min-
ute virus of mice (MVM) induced IFN production in pDCs, suggesting that parvoviruses have evolved escape strategies 
to innate immune recognition, which are not present in AAV vectors.81 Because pDC-mediated innate immune responses 
occur independent of the transgene delivered by the vectors, either the single-stranded DNA and/or the viral packaging 
signals are sensed as PAMP. If the ITR is the target, innate immune responses ought to be increased when vectors with 
self-complementary genome conformations are used. Indeed, comparison of single-stranded and self-complementary AAV 
vectors revealed that the latter elicit increased immunogenicity.82 Nevertheless, the transgene expression cassette may also 
impact on immune response against the vector and/or the transgene product.83 Specifically, CpG motifs contained within 
the transgene expression cassette augmented TLR-9-dependent induction of T-cell responses against the capsid and the 
transgene product in the context of AAVrh32.33, but not of AAV8 vectors, after intramuscular injection in C57BL/6 mice.83 
This finding is interesting given the fact that AAVrh32.33 vectors deliver their genome within a nonnatural capsid (i.e., a 
hybrid capsid formed of VP protein of two AAV serotypes isolated from rhesus macaque).84 They are unique among AAV 
vectors for their high immunogenicity, due to which this artificial AAV variant is currently considered a promising back-
bone in DNA vaccine approaches.84,85

In addition to cellular PRR, which either induce a TLR-2/MyD88-driven and NFκB-dependent inflammatory response 
or a TLR-9/MyD88-dependent interferon response, factors in body fluids also enhance anti-AAV innate immune responses. 
In vitro transduction experiments revealed, for example, a pivotal function of iC3b, a protein of the complement cascade, 
in enhancing uptake of AAV vectors into murine and human macrophages, which could be correlated with increased 
macrophage activation.86 These in vitro findings are in line with mouse experiments demonstrating impaired humoral anti-
AAV responses in mice deficient for the complement receptor 1/2 or the complement factor C3. The latter is cleaved upon 
activation of the complement cascade into C3a and C3b. C3b is catabolized into the above-mentioned iC3b, which inhibits 
amplification of C3 cleavage and thus results in downregulation of the complement system.86 In addition, iC3b is deposited 
on the surface of pathogens, a mechanism that leads—presumably as in the case of AAV—to pathogen opsonization and 
enhanced phagocytosis through binding to complement receptors.86 AAV capsids (serotypes 1, 5, and 6) also interact with 
human galectin 3-binding protein (hu-G3BP), a soluble scavenger receptor in sera, which seems to impair cell transduction 
by forming aggregates.87 In contrast to the inhibitory effect of hu-G3BP, mouse C-reactive protein, an acute phase protein, 
significantly enhances AAV vector-mediated transduction (AAV-1 and AAV-6) of skeletal muscles, heart, lung, and liver.87 
Thus, species- and serotype-specific differences do exist, which may impact on the outcome of AAV’s interaction with the 
host immune system.

4.4  T-CELL RESPONSES TO VECTORS

An important concept to keep in mind when discussing the immune responses to AAV vectors is that these recombinant 
viruses are complex multicomponent biological entities, and each of these components, as already exemplified in the dis-
cussion of the innate immune responses, may contribute to shaping the host immune response to gene transfer. The viral 
capsid in AAV vectors is, in most cases, identical or nearly identical to the capsid of the wild-type virus, to which humans 
are exposed (vide infra). Thus, it is expected that the immune responses triggered by vector administration will be similar to 
those associated with a natural infection with AAV, although the quantity of viral particles administered and the route(s) of 
administration itself are different and may contribute to fundamental differences in the magnitude and kinetics of immune 
responses. Another fundamental difference between wild-type AAV and AAV vectors is that the vector-encoded transgene 
product may be recognized as foreign, especially if the recipient of gene transfer is not tolerant against the protein encoded 
by the vector, thus contributing to the overall immunogenicity of AAV vectors.

4.4.1  Intracellular Processing and MHC I Presentation of the AAV Capsid Antigen

As outlined above, cell transduction with AAV vectors begins with binding of the virion to the cell-surface proteins and car-
bohydrates followed by endocytosis. Processing of AAV particles within the endosome appears to be important for nuclear 
transport because vector injected directly into the cytoplasm fails to accumulate in the nucleus. The steps of endosomal 
escape, nuclear transport, and vector uncoating are not well understood in terms of timing or mechanism, and differences 
among serotypes at these steps are also not well-defined because of the poor transduction efficiency of most serotypes, 
except AAV2, in vitro. Several studies indicate that the capsid is a substrate for ubiquitination,88,89 and that proteasome 
inhibitors, or mutation of surface exposed tyrosine residues that normally undergo phosphorylation and ubiquitination, 
enhance transduction by enhancing nuclear uptake of the virus.90,91 Compelling data supporting the hypothesis that AAV 
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capsid antigen is processed by the proteasome and presented on MHC class I comes from CTL assays performed using 
AAV-transduced human hepatocytes as targets, and HLA-matched human peripheral blood mononuclear cells (PBMCs) 
expanded using AAV whole capsid or specific peptides as effectors.92 The fact that lysis can be inhibited specifically using 
a capsid antigen-specific soluble T-cell receptor to block T-cell access to the target cell further strengthens this conclusion. 
Presentation of antigen in the context of MHC I was also demonstrated by our lab using a T-cell line engineered to express 
luciferase when recognizing the capsid antigen.93 In this study, levels of antigen presentation were directly correlated with 
the multiplicity of infection used in the assay, and the proteasome inhibitor bortezomib blocked antigen presentation. These 
results are in agreement with results from clinical studies, which suggest a correlation between vector dose and magnitude 
of T-cell responses to the capsid (which will be discussed later).

4.4.2  T-Cell Responses to AAV in Human Studies

In parallel to the study of capsid antigen presentation on MHC class I, investigators have analyzed the frequency of AAV 
capsid-specific T cells in healthy subjects and in humans undergoing gene transfer. Surveys of T-cell reactivity to the AAV2 
capsid conducted in humans undergoing splenectomy for nonmalignant indications show that about two-thirds of adults 
>25 years old carry a pool of T cells reactive to AAV2.94 Similarly, recent work from Veron and colleagues shows that about 
one-third of adult humans present T-cell reactivity against AAV1 in PBMC, measured by IFN-γ ELISpot and intracellular 
cytokine staining.95 The discrepancy in frequency of T-cell responses directed against the AAV capsid in spleen94 versus 
PBMC95 may simply reflect serotype-specific differences, or else could be because of preferential homing of capsid T 
cells to lymphoid organs such as the spleen. Owing to the high degree of conservation of the AAV’s capsid amino acid 
sequence,96 a high degree of cross-reactivity of T-cell responses was observed in these subjects towards other serotypes, like 
AAV1 and AAV8, a result in agreement with published data from human trials97 and other studies in PBMC from healthy 
donors looking at AAV1 T-cell reactivity.95

The importance of T-cell immunity to the AAV capsid in terms of both safety and efficacy of AAV gene transfer in 
humans was evidenced in the first clinical trial in which an AAV2 vector was introduced into the liver of severe hemo-
philia B subjects.98 In this study, upon AAV gene transfer to liver, two subjects developed transient elevation of liver 
enzymes and loss of coagulation Factor IX (F.IX) transgene expression around week 4 after vector delivery because of 
immune rejection of transduced hepatocytes mediated by capsid-specific CD8+ T cells.97 A similar set of observations 
was made in the context of a clinical trial of AAV8 gene transfer to the liver of subjects affected by severe hemophilia 
B.6 This study showed that AAV8 vector administration in humans resulted in activation of capsid-specific CD8+ T cells 
and increased liver enzymes in four out of six subjects (A. Davidoff, American Society of Gene and Cell Therapy 2014 
meeting oral communication, and Ref. 6) from the high-dose cohort, who received 2 × 1012 vg/kg of vector, ∼8–9 weeks 
after vector delivery. Results from this AAV8 clinical study suggest that a short course of steroids, administered at the 
time of liver enzyme elevation, can rescue transgene expression. Timely intervention with steroids can fully ablate the 
detrimental effect of the immune response on transgene expression. This study also highlights differences in kinetics of 
T-cell responses between the AAV2 and the AAV8 liver trials, as liver enzyme elevation in the AAV2 trial was observed 
around week 4 following vector delivery,98 as opposed to 8–9 weeks in the AAV8 trial.6 It is not clear at this point what 
the likely explanation is for this difference. The lack of in vitro studies comparing the behavior of different AAV serotypes 
is a limitation to the understanding of the underlying mechanism(s) driving these differences; however, a recent in vivo 
model of capsid T-cell immune responses to AAV effectively recapitulated the human findings, showing that AAV8-trans-
duced hepatocytes remain susceptible to CD8+ T-cell-mediated lysis longer than those transduced with AAV2 vectors.99 
Additional studies in mice suggest that the genome of AAV8 vectors is released faster than that of AAV2,100 highlighting 
possible differences between the two serotypes. Recent work published on the differences in transduction efficiency of 
AAV vectors in mouse versus human hepatocytes101 suggests that humanized animal models may help better model capsid 
T-cell responses in humans.

Results from the AAV8-F.IX clinical trial indicate that, upon AAV vector delivery to humans, capsid-specific T-cell 
responses are detected in a dose-dependent fashion, a result consistent with published in vitro antigen presentation data.92 
Above a certain threshold of capsid antigen load, the activation of capsid-specific T cells results in loss of transduced 
hepatocytes. It is not clear at this point whether all subjects will mount a T-cell response that will result in loss of transgene 
expression at higher vector doses than those tested thus far, and whether steroids will effectively control capsid T cells at all 
vector doses. Emerging data from clinical trials indicate that not all subjects dosed with AAV will require immunosuppres-
sion (A. Davidoff, American Society of Gene and Cell Therapy 2014 meeting oral communication, and Ref. 6); however, 
the individual differences (HLA type, exposure to the wild-type virus, etc.) that may account for the different outcome of 
gene transfer among subjects are unknown.
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The issue of AAV vector-induced T-cell immunity is not unique to liver-directed gene transfer. Monitoring of capsid 
T-cell responses has been performed in the context of several muscle-directed gene transfer clinical studies.102–110 In agree-
ment with the findings in AAV liver gene-transfer studies, results accumulated for muscle gene transfer suggest that the 
magnitude of T-cell responses directed against the AAV capsid correlates with the dose of vector administered.22,110,111 
After intramuscular AAV vector delivery, an increase in frequency of circulating reactive T cells in PBMCs is observed 
at higher vector doses.109 In some cases, detection of capsid T-cell activation in PBMCs correlated with lack of transgene 
expression in vector-injected muscle,107,109 while other groups reported no consequences on transduced cells despite the 
detection of capsid-specific T cells in PBMCs.111 Immunosuppression has been used in some of the muscle gene transfer 
studies conducted thus far to modulate capsid immunogenicity.112 Whether this helped the persistence of transgene expres-
sion is not completely clear because of the lack of readily detectable efficacy end-points and the fact that immunosuppres-
sion itself complicates immunomonitoring as it is likely to modify capsid-directed T-cell responses.

In a recent study of intramuscular gene transfer for α1-antitrypsin deficiency,110 vector administration was associated 
with detection of capsid-specific T-cell reactivity and increase in serum creatine kinase in some subjects around day 30 after 
vector administration. Furthermore, activation of both CD4+ and CD8+ T cells in peripheral blood and T-cell infiltrates in 
muscle biopsies were detected. T-cell reactivity against the AAV capsid antigen did not seem to result in clearance of trans-
duced muscle fibers or loss of transgene expression, a finding that may be explained by the fact that significant amounts 
of CD4+CD25+FoxP3+ regulatory T cells (Tregs) were found in muscle biopsies.111 Whether the local induction of Tregs 
is a phenomenon unique to muscle or to the α1-antitrypsin transgene113 remains to be established. However, these findings 
indicate that pro-inflammatory and tolerogenic signals may be concomitantly elicited by vector administration and may 
co-determine the outcome of gene transfer.

The results in the AAV8 hemophilia trial6 represent an important stepping-stone in the management of unwanted 
immune responses in AAV gene therapy, as they show that it is possible to monitor liver enzymes and administer transient 
immunosuppression with steroids only if required. However, it should be kept in mind that the ease of end-point moni-
toring characteristic of this trial (i.e., follow-up of liver enzymes to guide intervention with steroids) is unlikely to apply 
for all gene therapy scenarios. For certain disease indications (e.g., Duchenne muscular dystrophy), muscle and/or liver 
enzymes are often constitutively elevated; thus they are not useful as surrogate end-points of tissue damage. Similarly, 
for gene transfer strategies targeted to the central nervous system, markers of inflammation are not always easy to follow, 
as they would require frequent access to the cerebrospinal fluid or the use of complex imaging technologies. This leaves 
monitoring of T-cell responses as the main end-point that can offer a measure of an ongoing immune response. Given the 
limit of the current assays used in the clinic for immunomonitoring (Table 4.1) and the fact that immunomonitoring is 
conventionally performed on peripheral blood and not on lymphocytes homing to the tissue target of gene transfer, it will 
be important to complement immunomonitoring data generated by implementing more up-to-date, yet robust, technolo-
gies (e.g., polyfunctional assays analyzed with flow cytometry) and by collecting and analyzing vector-injected tissues, 
when feasible.

Another solution to the issue of immune responses to AAV could be to administer an immunosuppression regimen up 
front for all subjects enrolled in a given AAV trial. However, this is not an ideal solution to the problem, as not all individu-
als will have an immune response to the vector; the timing of immune responses may vary with the vector dose, serotype, 
etc.6,98,109 and immunosuppression may change the outcome of gene transfer by decreasing transduction efficiency114 or 
triggering unwanted reactions to the donated transgene.115

Future immunosurveillance studies conducted as part of clinical gene transfer studies will provide the basis for a better 
understanding of the determinants of T-cell responses in AAV-mediated gene transfer, for example, the role of target tissue 
inflammation due to the underlying disease,116 and conversely, the role of the immune privilege characteristic of some tis-
sues such as the eye.117 Standardization of technologies used for monitoring of T-cell responses118,119 will help to correlate 
them with clinical outcomes and, eventually, devise strategies around the issue. Finally, hyperactive variants of therapeutic 
proteins,120–122 AAV capsid mutants that escape proteasomal processing and have higher transduction efficiency,91,99 and 
other maneuvers will help maintain the total capsid dose below a threshold critical for T-cell activation.

4.5  HUMORAL IMMUNITY

Antibodies to AAV can neutralize large doses of vector, even when present at low titers.123,124 The impact of neutralizing 
antibodies (NAbs) directed against AAV on vector transduction was well evidenced in an AAV2-F.IX clinical trial.98 In 
this trial, one subject who enrolled in the high vector dose cohort (2 × 1012 vg/kg) had an NAb titer to AAV2 of 1:2 and 
expressed peak levels of F.IX transgene of ∼11% of normal. Another subject with a pre-treatment NAb titer of 1:17 did not 
have any detectable circulating F.IX despite the fact that he received the same vector dose. After this initial observation, 
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Scallan and colleagues showed that even low NAb titers (1:4) can prevent liver transduction in mice passively immunized 
intraperitoneally with intravenous immunoglobulin.124 Murphy and colleagues further explored the impact of NAbs on 
vector transduction by administering NAb-containing serum to animals at defined time-points after vector administration, 
demonstrating that vector remains susceptible to antibody-mediated neutralization for several hours after delivery.125 These 
results were also confirmed by experiments in nonhuman primates, a natural host for AAV,96 which showed that NAb 
titers as low as ∼1:5 can completely block transduction of the liver following AAV8-F.IX vector administration at doses of  
5 × 1012 vg/kg.123

Neutralizing antibodies to AAV do not only influence liver transduction. Data in pre-immunized dogs suggest that 
anti-AAV antibodies are likely to affect transduction efficiency when the vector is administered through the vasculature 
under hydrostatic pressure,126 a technique developed to transduce large areas of muscle and tested as a delivery strategy for 
hemophilia B126,127 and muscular dystrophy.128,129 Similarly, recent data show that significant amounts of antibodies against 
the AAV capsid are present in the joint space.130,131 Measurement of the NAb titer in matched serum and synovial fluid 
samples showed a generally good correlation in titers, with the synovial fluid displaying a slightly lower titer than serum.130

As expected, the effect of NAbs to the AAV capsid on the efficacy of vector transduction of the target organ is highly 
dependent on the route of administration. For example, the presence of baseline NAb titers to AAV2 does not affect the effi-
cacy of AAV2 gene transfer for RPE65 after injection of the vector into the subretinal space in experimental animal mod-
els132 and humans.2,5,9,133,134 Similarly, anti-AAV antibodies do not block muscle transduction when the vector is directly 
injected intramuscularly.102,135,136 For gene transfer applications targeting the brain, focal delivery of vectors does not 
appear to be influenced by anti-AAV NAbs;137 conversely, systemic delivery of AAV vectors to target the central nervous 

TABLE 4.1 Technologies Used in Gene Transfer to Monitor Anti-Capsid Immunogenicity

Assay Advantages Disadvantages

Anti-AAV Antibodies

Binding assay (ELISA): Capsid particles are coated 
onto microplates and test samples added to the 
plates

 l  Easy to set up
 l  Works well with all serotypes
 l  Allows looking at antibody subclasses binding 

to AAV capsids

 l  Does not discriminate 
between neutralizing 
and non-neutralizing 
antibodies

Dot-blot assay: Capsid particles are spotted on blot 
membranes that are incubated with test samples

 l  Easy to set up
 l  Works well with all serotypes
 l  Allows looking at antibody subclasses binding 

to AAV capsids
 l  Highly sensitive

 l  Does not discriminate 
between neutralizing 
and non-neutralizing 
antibodies

Neutralization assay in vitro: Neutralization activ-
ity of antibodies is measured with a reporter vector 
used to transduced cells in vitro

 l  Relatively easy to set up
 l  Directly reflects the neutralization activity of 

anti-AAV antibodies

 l  Most serotypes do not 
efficiently transduce 
cells in vitro

Neutralization assay in vivo: Neutralization activity 
of antibodies is measured by passively immunizing  
mice with a test sample and then delivering a 
reporter vector in vivo

 l  The assay performs equally with all serotypes
 l  More faithfully represents the effect of antibodies 

on the transduction of a given target tissue

 l  Not very sensitive
 l  High variability
 l  Time consuming and 

expensive

T-Cell Responses to AAV

ELISpot: PBMC are cultured in the presence of anti-
gen in filter plates coated with antibodies specific 
for cytokines. Each reactive T cell will leave a spot 
on the well, which can be enumerated to  
determine the magnitude of the response

 l  Gold standard for immunomonitoring
 l  Extensive experience with the technology
 l  Sensitive and relatively easy to set up
 l  Reproducible, solid technique

 l  Does not discriminate 
which cell is respond-
ing (e.g., CD4+ vs 
CD8+ T cells)

 l  Can analyze only very 
few markers at a time

Flow cytometry: PBMC are stimulated with an anti-
gen and then stained with fluorescently conjugated 
antibodies (intracellularly and on the surface)

 l  Can analyze several markers at the same 
time, better defining the nature of the immune 
response

 l  Virtually endless numbers of markers available
 l  Highly flexible

 l  Requires skilled opera-
tor to avoid mistakes/
bias in sample prepara-
tion, acquisition, and 
analysis of results

 l  Hard to standardize
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system through the blood–brain barrier14,138,139 is likely to be affected by circulating NAbs to AAV. Finally, experiments in 
large animal models suggest that NAbs partially affect the efficiency of brain transduction after delivery of AAV vectors 
into the cerebrospinal fluid.140,141

4.5.1  Prevalence and Significance of Anti-AAV Antibodies

After exposure to wild-type AAV, a significant proportion of individuals develop humoral immunity against the capsid early 
in life, starting around 2 years of age;31,142,143 additionally, maternal anti-AAV antibodies can be found in newborns, which 
decrease a few months after birth before increasing again.31,143 Thus, the window of time in which the majority of humans 
appears to be naïve to anti-AAV antibodies is narrow.

Several groups published extensive surveys on the frequency of antibodies to AAV in humans.31,130,143–145 Among the 
AAV serotypes isolated in nature and currently considered for clinical use, AAV2 is the most seroprevalent, which restricts 
the use of this serotype to gene transfer applications such as gene delivery to the eye2,5,9,133,134 and the brain parenchyma,137 
for which NAbs are not a concern. AAV5, carrying one of the least-conserved capsid sequences,146 and the nonhuman pri-
mate serotype AAV8,96 are among the least prevalent in humans.130,144,145

Antibody subclass analysis147 shows that anti-AAV IgG1 antibodies are highly prevalent among humans exposed to 
the wild-type virus, although lower levels of IgG2, 3, and 4 are also found. After AAV vector delivery to muscle and liver, 
IgG1 antibodies remain the preponderant subclass,147 with some subjects developing a robust anti-capsid IgG3 antibody 
response.109,147 The significance of these responses in terms of their possible impact on vector transduction or their possible 
prognostic value for capsid-triggered T-cell immunity is not fully understood. Nonhuman primate studies suggest that low 
levels of antibodies redirect AAV vector tropism to spleen, perhaps influencing T-cell responses to the capsid antigen;148 
however, the relevance of this finding to the outcome of gene transfer and, therefore, to the clinical setting remains unclear. 
Anecdotal evidence from human studies suggests that NAbs, when present, simply block AAV transduction without leading 
to any sequelae.98

Studies in healthy humans also show that seropositivity for anti-AAV antibodies is not predictive of T-cell reactivity 
to the antigen, as it appears that humoral and cellular responses to AAV are mostly decoupled.95 One possible important 
implication of this finding is that it is not possible to predict who is at higher risk of developing a T-cell response to the 
capsid after gene transfer on the basis of baseline serology.

Finally, after gene transfer in animal models and humans, anti-AAV antibodies develop at very high titers (>1:1000) and 
persist for >10 years (F.M. unpublished observation), preventing vector re-administration.

4.5.2  Anti-AAV Antibody Titering Methods

As a result of the profound effect of anti-AAV antibodies on the efficiency of transduction, even when present at low levels, 
the development of sensitive and reliable methods to measure NAb titers is critical to screen subjects prior to enrollment in 
gene-transfer studies and to ensure correlation of baseline titers with clinical outcome (see Table 4.1).

ELISA-based capture assays, in which whole AAV capsids or peptides are coated onto a plate and serum anti-AAV 
Ig are detected with a secondary antibody, are the easiest assay to set up and give a relatively sensitive measurement of 
antibody levels. However, the total amount of anti-AAV antibodies is not always proportional to their neutralizing activity, 
especially at low titers, which makes this assay poorly reliable in determining subjects’ eligibility for enrollment in AAV 
trials.

Cell-based in vitro assays are among the most broadly used to screen samples for anti-AAV neutralizing  
antibodies.130,144,145,149,150 These assays typically measure the residual expression of a reporter gene in cells after transduc-
tion with an AAV vector pre-incubated with a test serum. The output of the measure is the dilution of the test sample at 
which <50% of the reporter signal is detected. While in vitro NAb assays are relatively easy to set up and give consistent 
results, they suffer from some limitations. The most important derives from the fact that most AAV serotypes are highly 
inefficient in transducing cells in vitro, forcing the use of higher MOIs in the assay and thus underestimating NAb titers. 
This limitation can be at least partially overcome with the use of reporter genes with high sensitivity of detection (e.g., 
luciferase) and cell lines more permissive for transduction by AAV vectors. Second, several parameters related to the cell 
culture conditions are likely to contribute to the variability of the assay, such as the cell line used, the cell density, and the 
number of passages the cells have been subjected to.

The limitations of in vitro methods to determine anti-AAV NAb can be overcome using in vivo assays in which mice are 
pre-immunized with test serum a few hours before vector delivery.6,148,151 However, in vivo measurements of anti-AAV NAb is 
variable, time-consuming, more expensive than in vitro methods, and may not be highly sensitive.
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The most important consideration in selecting an AAV antibody test assay in the context of an AAV clinical trial is 
whether the baseline NAb titer is an exclusion criteria, which is highly dependent on the target tissue for gene transfer and 
the route of administration of the vector (described earlier). Additional considerations on the assays used to measure anti-
AAV antibodies may include the need for standardized assays to compare results across studies and the need to validate 
them as the field moves towards late-stage clinical development.

4.5.3  Strategies to Overcome Humoral Immunity to AAV

Gene transfer to subjects with pre-existing immunity to AAV is a major challenge to systemic vector delivery. Patients 
who present detectable levels of NAbs are currently excluded from trials; however, this is not an acceptable solution to the 
problem, as it prevents up to two-thirds of the population (depending on the serotype) from accessing in vivo gene-based 
therapies with AAV vectors. Thus, better solutions must be found. One perhaps obvious solution to the issue could be to 
increase the dose of vector administered to overcome antibody-mediated neutralization; however, high vector doses face the 
challenge of activation of T-cell immunity to the AAV capsid, which may limit the duration of transgene expression. Several 
additional strategies have been tested with some evidence of efficacy; what appears evident from the published studies is 
that high-titer NAbs are harder to tackle. The optimal strategy for the delivery of AAV vectors in the presence of high NAbs 
may require a combination of physical and/or pharmacological methods.

 1.  Selection of naïve subjects

Selecting young subjects for enrollment in gene transfer studies may increase the likelihood of finding naïve individu-
als, or at least subjects with relatively low NAb titers. Limitations to the approach include the early appearance of anti-AAV 
NAbs in humans (discussed earlier), which essentially restricts the selection of subjects to those aged 1–2 years. Further-
more, research in pediatric subjects has additional obvious limitations.

 2.  Identification of less seroprevalent AAV serotypes and modification of the viral capsid to escape antibodies

Studies in humans show that some AAV serotypes are less prevalent than others (discussed earlier). Granted that sero-
types with different antibody reactivity profiles and similar affinity for target tissue are available, switching AAV serotype 
is a potentially feasible approach to the issue of NAbs, which showed efficacy in nonhuman primate152,153 models of gene 
transfer. However, the main limitation of this strategy is that anti-AAV antibodies are highly cross-reactive,144 a fact that 
reflects the high level of sequence homology among most AAV serotypes.

Development of novel, artificial AAV serotypes with different technologies is also a promising approach.154 The use of a 
library of AAV capsids created with error-prone PCR techniques and/or DNA shuffling followed by selection for resistance 
to NAbs has been used to create novel AAV serotypes with significantly decreased sensitivity to NAbs.155,156 One strategy 
proposed for capsid engineering to evade humoral immunity consists in the identification of regions at the surface of the 
AAV capsid where B-cell epitopes are found. For example, Gurda and colleagues studied in silico the binding between 
AAV8 and the neutralizing monoclonal antibody ADK8, identifying a variable region on AAV8 important for vector neu-
tralization and using site-specific mutagenesis to escape antibody binding without altering vector tropism.157 This approach 
could be useful, although a careful characterization of the main B-cell epitopes found within the AAV capsid will be needed 
to drive capsid engineering.

Finally, when approaching the problem of capsid engineering, it is important to choose the optimal model to select the 
mutants developed. While in vitro models may not accurately predict efficiency of transduction in vivo, one limitation of 
animal models is that they may overestimate efficiency of transduction in humans.101 Possible solutions to the problem are 
the use of primary human cells, humanized mouse models, or studies in large animal models such as nonhuman primates. 
The main advantage of capsid switching and engineering strategies is that no immunosuppression or any other kind of 
intervention is needed to decrease the antibody titer. Conversely, implementing the use of a novel serotype in the clinic 
requires extensive biodistribution studies and development of tailored GMP production processes, which are expensive and 
time-consuming.

 3.  Plasmapheresis

A recent report158 shows that repeated cycles of plasmapheresis are effective in lowering anti-AAV NAbs. Plasmapher-
esis is an established and safe technique used to isolate or eliminate specific components from blood. In this study, investi-
gators measured neutralization titers after each of five cycles of plasma exchange. In a subset of subjects with baseline NAb 
titers of <1:20, a drop in NAb titers to undetectable levels was observed, indicating that the approach is useful. However, 
the approach suffers from the limitation that it is not very effective in reducing higher antibody titers, even after repeated 
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cycles.158 These results are in agreement with another study showing that a single cycle of plasmapheresis was effective 
in decreasing NAb titers to <1:20 only in subjects with baseline titers of <1:100.159 These results suggest that additional 
maneuvers may be needed to overcome high antibody titers.

The initial observations on the effect of plasmapheresis on anti-AAV titers in humans have recently been translated to 
nonhuman primates, showing that with this technique it is possible to decrease anti-AAV antibodies.160

One key question about plasmapheresis is how long the decrease in NAb titers will persist after a plasma exchange 
cycle, and whether this will be enough to allow the vector to reach and transduce target tissue.

 4.  Transient immunosuppression

One potential advantage of immunosuppression used in the context of AAV gene transfer is that, unlike organ transplant 
or autoimmune disease, the duration of the intervention is relatively short. Several drugs more or less specifically targeting 
B cells are available for clinical use; one of the most widely used is rituximab, a chimeric mouse–human monoclonal anti-
body specific to human CD20, which was first approved in 1997 for the treatment of B-cell malignancies and now is used 
in the management of several other nonmalignant diseases owing to its efficacy and safety profile.161

We tested the effect of B-cell depletion with rituximab on anti-AAV NAbs in nonhuman primates (NHP) and 
humans. In NHPs, we administered a combination of rituximab and cyclosporine A to eradicate anti-human F.IX 
transgene antibodies that developed after AAV8-F.IX gene transfer. After administration of the drug combination, a 
transient profound depletion of circulating B cells (CD20+) was observed, which was accompanied by disappearance 
of anti-transgene antibodies and a decrease in anti-AAV NAb titers, which was more pronounced when the baseline 
NAb titers were only moderately elevated. In this study, we successfully performed vector re-administration with an 
AAV6-F.IX vector, showing that pharmacologic immunosuppression combined with serotype switching may allow 
for vector re-administration. The effect of a single course of rituximab (two intravenous administrations at a two-
week interval) and methotrexate on anti-AAV NAb titers in a cohort of rheumatoid arthritis patients who received the 
drug combination as part of the management of their autoimmune disease was recently analyzed. In these subjects, a 
drop in NAb titers was observed in subjects with titers <1:400, compared with subjects with higher titers who did not 
experience any change in NAbs.130 Taken together, results in nonhuman primates and humans are consistent with what 
was observed in acquired hemophilia patients, where B-cell depletion was less effective in patients with high-titer 
inhibitors,162 and with the observation that rituximab does not completely deplete B cells and has virtually no effect 
on plasma cells, which do not express CD20.

Other drugs targeting B cells could be used to reduce anti-AAV antibodies; many of them are already licensed 
for clinical use or in late stage clinical development. Among the drugs of interest, the clinically approved drug 
bortezomib seems promising, as it efficiently targets plasma cells163 while reducing capsid antigen presentation and 
enhancing AAV vector transduction.93,164,165 Karman and colleagues tested the use of bortezomib to decrease the 
anti-AAV titers after vector administration in mice.166 In this study, an 8- to 10-fold drop in anti-AAV antibody titer 
was observed, but the decrease was not sufficient to allow for vector re-administration, and toxicity was observed in 
some animals. Nonetheless, these results are promising, as typically animals develop very high antibody titers after 
vector administration, which are hard to eradicate. Thus, additional testing is needed to assess whether bortezomib 
can eradicate anti-AAV titers that are found in humans naturally exposed to AAV, who typically present lower NAb 
titers. Additionally, carfilzomib, another proteasome inhibitor with fewer side effects,167,168 could be an interesting 
alternative to bortezomib.

Drugs targeting the B-cell-stimulating factors APRIL (a proliferation-inducing ligand) and BLyS (B-lymphocyte stimu-
lator)/BAFF pathways169 could also be interesting. For example, the combination of atacicept (a fully-human chimeric 
protein inhibiting the APRIL/BLyS pathway) with mycolphenolate mofetil and corticosteroids led to a profound decline in 
serum IgG in patients affected by lupus nephritis (LN); 170 while this was considered a severe adverse event in the context 
of an LN clinical trial, it also demonstrates that pharmacologic reduction of IgG titers is feasible.

One major limitation to the use of immunosuppression to achieve complete eradication of anti-AAV antibodies is the 
lack of antigen specificity of the approach, which raises concerns with the risk of inducing hypogammaglobulinemia and 
increasing the risk of serious infections.170 Antigen-specific B-cell tolerance strategies171,172 or combination with mild 
immunosuppressive regimens with other strategies may help overcome this limitation.

 5.  Delivery of the vector with isolated perfusion and saline flushing

The use of delivery techniques such as balloon catheters or tourniquets to isolate target tissue from the systemic cir-
culation and thereby avoid vector dilution in blood and exposure to NAbs has been previously explored in the context of 
adenoviral vector delivery.173–175 Mimuro and colleagues176 recently tested the efficacy of saline flushing, with or without 
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balloon catheter isolation of the hepatic circulation, to minimize the inhibitory effect of NAbs. Administration of an AAV8 
vector encoding for human F.IX under the control of a liver-specific promoter resulted in low transgene expression (<0.2% 
of normal), when injected via the mesenteric vein in rhesus macaques displaying low levels of NAbs against AAV8 at 
baseline. To minimize the inhibitory effect of NAbs, the authors blocked the portal vein circulation by clamping it with 
vascular forceps or by using a balloon catheter. The procedure resulted in F.IX transgene expression levels between 4% 
and 10% of normal, even in the presence of a low titer of NAbs. Both clamping and catheterization resulted in equivalent 
avoidance of the inhibitory effect of NAbs; however, the use of vascular forceps to clamp the portal vein is a more invasive 
strategy, which is potentially associated with vascular damage, making the balloon catheterization more suitable for clini-
cal translation.177

 6.  Capsid decoys

One obvious solution to the problem of anti-AAV NAbs is to increase the vector dose to overcome vector neutralization. 
While the approach clearly has the potential to achieve transduction of the target organ in the presence of antibodies, it is 
not ideal, as it would require the infusion of high amounts of the genome-containing viral vectors, with variable results 
depending on the baseline titer. One alternative to this approach is the use of an excess of AAV capsid antigen devoid of a 
genome (empty capsids) to achieve consistent transduction of target tissue in the presence of antibodies.

This strategy was recently described to be effective in mice and nonhuman primates undergoing liver gene transfer with 
AAV8 vectors.178 Formulation of AAV8 vectors in an excess of AAV8 empty capsids was sufficient to overcome anti-AAV 
NAb titers of up to 1:100 in mice passively immunized with human IgG. One limitation of this approach is that empty capsids 
are a replica of AAV vectors and therefore can be recognized by the immune system and trigger CTL-mediated lysis of target 
cells.92 Alternative solutions to the use of native empty capsid decoys include the use of noninfectious decoys,178 the use of 
peptides corresponding to the B-cell epitopes, or the use of domains of the AAV capsid that are recognized by neutralizing 
antibodies.157,179

4.6  CONCLUSIONS

Since the initial proof-of-concept studies in experimental models, the field of in vivo gene transfer has made enormous 
progress. Experience from clinical translation of AAV vector-based gene transfer strategies has helped optimize the choice 
of serotype and delivery methods and has highlighted some of the limitations of the approaches tested. In particular, the 
interactions between the different arms of the immune system and all the components of gene therapy vectors seem to rep-
resent one of the major limitations to long-lasting therapeutic efficacy.

Challenges to understanding the determinants of immune responses to AAV vector gene transfer include the small scale 
of gene transfer trials and the fact that these studies are very diverse in vector serotype and dose, therapeutic transgene, 
and route of vector delivery. The underlying disease, the ability of measuring the end-points of therapeutic efficacy, and 
individual variability associated with some HLA haplotypes are among the additional challenges to data interpretation. 
Nevertheless, studies conducted thus far in humans have yielded a tremendous amount of information and have given us 
the opportunity to test strategies to address the immune responses to AAV vectors. Moving forward, it will be important to 
standardize some of the key assays used in immunomonitoring, such as the ones used for neutralizing antibody titer deter-
mination and the ELISpot assay to measure T-cell responses.

The administration of a course of steroids effectively blunted T-cell responses directed against the AAV8 capsid in the set-
ting of liver gene transfer for hemophilia. Whether immunosuppression will be effective and safe in the context of higher vector 
doses and gene transfer with other AAV serotypes remains to be tested. An alternative solution to immunosuppression is to 
decrease the therapeutic vector dose; to this end, the use of codon-optimized transgenes and hyperactive variants of therapeutic 
enzymes may provide a solution. Additionally, recent data emerging from liver-directed gene therapy trials suggest that the 
immunogenicity of different AAV serotypes is not identical, with some serotypes possibly being less immunogenic180 and oth-
ers more immunogenic.181

Neutralizing antibodies to AAV pose more of a challenge to the success of in vivo gene therapy than T-cell reactivity 
to the capsid, particularly when vectors are delivered systemically. The current approach of excluding seropositive patients 
is far from ideal, and a variety of approaches to the problem are being tested in preclinical models. These strategies, alone 
or in combination, will have to be translated to the clinic to allow seropositive patients to be enrolled in clinical trials and, 
when necessary, to re-administer the therapeutic vector to subjects previously treated.

Despite the remaining challenges, results are promising, and long-term follow-up data from AAV gene transfer trials 
suggest that once transgene expression is established, and immune responses avoided, multiyear therapeutic efficacy is a 
goal attainable in humans.
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GLOSSARY
Adaptive immunity Arm of the immune system found in vertebrates acting in an antigen-specific manner. The adaptive immune system includes 

both humoral and cell-mediated immunity.
B cells Cells that are part of the adaptive immune system involved in the production of antibodies and presentation of antigen.
Cell-mediated immunity Type of adaptive immunity that is mediated by cells such as lymphocytes and macrophages.
CTL Cytotoxic T lymphocyte that can eliminate cells presenting foreign antigens in the form of epitopes complexed with MHC class I molecules. 

Typically CTLs express the glycoprotein CD8 at their surface, which mediates binding to the cognate MHC class I molecule. CD8+ T cells are 
not the only lymphocytes that present cytotoxic activity.

ELISpot Enzyme-Linked ImmunoSpot assay, a technique commonly used to monitor T-cell responses specific to an antigen.
Episome Extrachromosomal circular DNA.
Epitope Also called antigenic determinant, an epitope is the part of a protein that is recognized by the immune system. T-cell epitopes are linear 

sequences within the primary amino acid sequence of a given protein, while B-cell epitopes are conformational or structural and not necessarily 
linear.

GMP Good Manufacturing Practices. Manufacturing of a drug product following the guidelines of the regulatory agencies.
HLA Human leukocyte antigen, which is the locus corresponding to the major histocompatibility complex in humans.
Humoral immunity Compartment of the adaptive immunity that is mediated by antibodies located in the vascular and extravascular space. 

Antibodies are produced by B lymphocytes.
Hypogammaglobulinemia Condition associated with abnormally low levels of circulating gamma globulins, which requires supplementation due 

to a high risk of infections.
Innate immunity Arm of the immune system and first line of defense against invading pathogens. Innate immunity is also known for not being 

antigen specific. The innate immune system recognizes through pathogen recognition receptors like Toll-like-receptor (TLR) specific so-called 
pathogen-associated molecular patterns (PAMPs). Sensing of these PAMPs indicates pathogen invasion.

MHC class I Major histocompatibility complex class I. A set of cell-surface molecules mediating interactions between lymphocytes and other cells 
of the body, MHC class I molecules are expressed by all cells of the body except for erythrocytes and have the role of presenting endogenous 
epitopes (self and those produced by invaders) to lymphocytes. Through this mechanism, cells are constantly checked for being healthy and 
noninfected by pathogens.

NAb Neutralizing antibody titer.
Parvovirus Family of viruses with a non-enveloped protein capsid carrying a single-stranded DNA genome. Parvoviruses are among the smallest 

viruses in nature (18–28 nm in diameter).
PCR Polymerase chain reaction, a technology developed in 1983 to amplify DNA sequences.
Plasmapheresis Technique used in the clinic to remove components of plasma via extracorporeal circulation through specific binding 

columns.
Proteasome Protein complex involved in the proteolytic degradation of ubiquitinated proteins.
T cells T cells belong to the adaptive immune system and recognize antigens via the T-cell receptor. Typically, MHC molecules mediate antigen 

recognition by T cells. T-helper cells and regulatory T cells are important regulators of the immune responses, while cytotoxic T cells have 
mainly lytic functions.

Ubiquitination Posttranslational modification of proteins consisting of their conjugation to ubiquitin, which results in targeting for degradation via 
proteasome or lysosome.

Uncoating Commonly referred as the process of release of the vector/viral genome from the protein capsid following entry of the particle into the 
cell. This step is essential to achieve successful transduction of the target cell.

Vg Vector genome, a commonly adopted measure of titer of AAV vectors, usually obtained using real-time quantitative PCR.
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LIST OF ABBREVIATIONS
AAV Adeno-associated viruses
aAPCs Antigen-presenting cells
ADA Adenosine deaminase
CISs Common insertion sites
CGD Chronic granulomatous disease
DNF Dominant-negative function
GOF Gain-of-function
HERVs Human endogenous retroviral sequences
HSCs Hematopoietic stem cells
IL Interleukin
LOF Loss-of-function
LTR Long terminal repeat
mRNA Messenger RNA
MSCV Murine stem cell virus
pA Polyadenylation
PCR Polymerase chain reaction
SA Splice acceptors
TAL Transcription activator-like
TG Therapeutic gene

5.1  INSERTIONAL MUTAGENESIS—THE DOWNSIDE OF GENE THERAPY?

After a long probationary period, human gene therapy has entered the Western commercial world with the approval of 
Glybera to treat lipoprotein lipase deficiency using an adeno-associated virus gene vector that has a largely random pattern 
of integration into host chromosomes. The potential of gene therapy to treat disease has always been obvious, but so are 
the risks of adverse outcomes associated with altering the genome. Accordingly, the principal objective now is to reduce 
risk as the applications are broadened to the point that gene therapy becomes commonplace in clinical practice. Although 
recent clinical trials have demonstrated the increasing promise of gene therapy, they have also illustrated the difficulties of 
assessing risks given the inherent uncertainty of trial outcomes.1

This chapter is focused on evaluating the risks of insertional mutagenesis when using Sleeping Beauty (SB) transposons 
in genetically modified T cells to treat cancer. The genetic modification of T cells was recognized as part of The Scientific 
Breakthrough of the Year in 2013, thus the risks associated with introducing new genes into human chromosomes will 
take on added importance as adoptive immunotherapy enters into clinical practice. Chromosomal integration is neces-
sary when outgrowth of the genetically engineered cells is a required condition for effective clinical treatment, as is the 
case with adoptive immunotherapy. Here we discuss the concerns of insertional mutagenesis in the light of our recent 
increased understanding of the plasticity of the human genome, the newly discovered levels of background transposition 
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by endogenous retrotransposable elements, and the consequences of genetically modifying oncogenes to induce neoplastic 
transformation of cells.

5.1.1  Retrovirus-Associated Adverse Events in Gene Therapy Trials

Whenever any DNA sequence “randomly” integrates into a genome, there is a chance that the relationship of endogenous 
genes and their regulatory components will be affected. This is called insertional mutagenesis. There are many ways that 
endogenous genetic information can be corrupted by insertional mutagenesis, of which, the most commonly discussed 
are shown in Figure 5.1. Genetic alterations that are associated with adverse health consequences are (1) Loss-of-function 

FIGURE 5.1 Insertional mutagenesis by integration of therapeutic vectors. This figure uses a DNA transposon as a model vector, denoted by the 
inverted terminal repeats (blue triangles), but the same concepts apply to viral vectors. Transposon or viral integration can occur in four general types of 
chromatin. Integration into heterochromatin, essentially a black hole for expression cassettes, normally results in silencing of the vector. Integration into 
intergenic regions is desirable because a therapeutic gene (TG) will be expressed without affecting endogenous genes. Integration into or proximal to a 
transcriptional regulatory region that contains a protein-encoding gene (gene X); this can have several outcomes including gain-of-function (GOF) of 
the transgene, as well as GOF or loss-of-function (LOF) of gene X. Normal expression of gene X is shown by the dashed green arrow representing RNA 
synthesis, light black lines representing splicing of exons (with alternative splicing of the first exon to either the second or third exon being indicated), and 
alternative translational products represented by the purple boxes. Four examples of insertional mutagenesis are shown: (1) integration of a vector into an 
exon, which can lead to formation of a hybrid polypeptide (purple/blue product) similar to normal proteins that come from alternative splicing; (2) integra-
tion of a vector with a strong promoter that leads to expression of the transgene, but also may activate a silenced promoter (the red X) for gene X, thereby 
leading to unwanted expression of an endogenous gene; (3) integration into an intron of gene X, which generally results in expression of the transgene 
with little effect on gene X because the transgenic sequences are spliced out of gene X’s pre-mRNAs; and (4) integration of a vector with cryptic splicing 
sites (red line) that can lead to hybrid proteins (purple/gold product), resulting in LOF of gene X. In both examples 1 and 4, as well as other possibilities 
not shown, the hybrid polypeptides could have dominant-negative function (DNF) and/or dominant gain-of-function (DGF) that need not be “negative” 
per se. Many other types of genomic alterations, including induction or repression of epigenetic markings are possible. (For interpretation of the references 
to color in this figure legend, the reader is referred to the online version of this book.)
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(LOF) of a critical gene because of interruption by the insertion of an exogenous DNA sequence into an exon. (2) Gain-
of-function (GOF) of an oncogene, wherein a gene associated with cellular expansion that should not be expressed in a 
differentiated cell is activated by integration of strong transcriptional regulatory elements that were designed to drive the 
incoming transgene. (3) LOF of a critical gene because of insertions into introns. Insertion of a vector into an intron gener-
ally is more likely than into an exon because introns are on average six- to 10-fold longer than exons, although vectors that 
prefer to integrate proximal to transcriptional start sites may have a preference for the first exon.2 As long as there are no 
cryptic splice-acceptor or splice-donor sites in the vector, normal splicing should occur, but the level of transcription may be 
reduced resulting in low expression of the endogenous gene. (4) Should there be cryptic (low level) splice-donor or splice-
acceptor sites in the transgenic vector, then there is the possibility of synthesis of chimeric polypeptides that may have 
dominant-negative function or dominant gain-of-function, either of which could have adverse effects on cellular growth. 
Other potential mutagenic processes by transposons have been extensively described.3 The important lesson of Figure 5.1 is 
that integration of transgenic expression cassettes inside a gene does not irrevocably lead to loss of normal gene expression. 
This point is discussed further in terms of recently discovered plasticity of regulation of gene expression in human cells.

The potential of unpredictable outcomes from insertional vectors was observed when recombinant retroviruses were 
employed to deliver genes semirandomly into mouse genomes.4 Two decades later, similar results were seen in humans 
undergoing gene therapy in which retroviral vectors were used to introduce a therapeutic interleukin 2γc gene to treat 
X-linked severe combined immunodeficiency disease. Five of twenty boys developed leukemia three or more years after 
their treatments.5 Two boys died, the other three were successfully treated for their leukemias as well as immunodeficiency. 
In each case, integration of a gamma-retroviral vector was found upstream of the endogenous LMO2 proto-oncogene 
(Figure 5.1, example 2), which led to the hypothesis that in hematopoietic stem cells (HSCs) integrated retroviral vectors 
and the enhancer/promoter cassettes they carry could activate an oncogene.6 In subsequent studies, therapeutic retroviruses 
containing the gp91Phox gene for treatment of chronic granulomatous disease (CGD) resulted in leukemia and one death.7 
In the CGD patients, retroviral integrations proximal to growth-related genes have been associated with enhanced prolif-
eration.8 Consequently, viral vectors that integrated into chromosomes were associated with leukemias that, in some cases, 
could be successfully treated. These early events in retroviral transduction of HSCs cemented the notion of the dangers of 
insertional mutagenesis in the minds of many researchers.9

In contrast, retroviral vectors carrying either the adenosine deaminase (ADA) gene for treatment of ADA-linked 
immunodeficiency10,11 or WASp for Wiskott–Aldrich syndrome12 have not been associated with similar adverse events. 
Currently, by using altered retroviruses and appropriate doses, adverse events have been avoided.13–15 Recently, success-
ful use of lentiviral therapies has been demonstrated for metachromatic leukodystrophy, an inherited lysosomal storage 
disease caused by arylsulfatase A deficiency,16 and CGD in which vector integration analyses revealed highly polyclonal 
and multilineage hematopoiesis that resulted from the gene-corrected HSCs. These lentiviral gene therapies have not 
induced selection of integrations near oncogenes nor aberrant clonal expansion.17 Thus, although vector integration can 
be mutagenic, consequential adverse events are not a fait accompli. In some cases, there is limited, temporary clonal 
expansion of treated cells that actually increases the likelihood of successful gene therapy. Moreover, in contrast to early 
gene therapy of HSCs, viral-mediated transduction of T cells for adoptive immunotherapy has not been associated with 
adverse outcomes; comparable treatments of T cells for adoptive immunotherapy has not resulted in undesirable clinical 
outcomes.13,14,18,19

It is unclear why certain gene therapy treatments led to negative outcomes whereas others did not. There may be differ-
ences between cell types for integration sites as well as the availability of endogenous genes for activation. Analyses of pop-
ulations of gamma retrovirus-modified HSCs show that many transgene integration sites were proximal to genes involved 
in cell survival and growth control (e.g., 40% of insertions were found in only a very small proportion of the genome, about 
0.5%, that had nearly a 100-fold affinity for integrants compared with the genome as a whole20,21). These and other studies 
make it clear that only a small subset of all the integrations are responsible for most of the outgrowths of therapeutically 
treated cells. Retroviral parameters associated with integration effects and genotoxicity are still poorly understood.22–25

The deliberate use of insertional vectors to uncover oncogenes by inducing leukemia and solid tumors has exacerbated 
the concerns of insertional mutagenesis when the very same vectors are used for gene therapy. Retroviruses26 as well as 
transposons27 are used for this purpose, although predisposing mutations are often included in studies to raise the numbers 
of oncogenic events per mouse.28 These studies have identified a number of mechanisms by which integrations of special-
ized retroviruses induce mutations that lead to cancer.

AIDS patients are at increased risk for some cancers because of their immune state,29 but lentiviral vectors have not been 
associated with adverse outcomes stemming from either activation, inactivation, and/or alteration of splicing of endogenous 
genes.30 The absence of cancers/leukemias after treatments with lentiviruses might be due either to the ability of these vec-
tors to infect nondividing cells for therapeutic benefit31 or to their selection of a different set of genetic loci for integration.32
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5.2  SLEEPING BEAUTY TRANSPOSON/TRANSPOSASE SYSTEM ADAPTED FOR GENE 
THERAPY

Nonviral vectors have distinct advantages over viral vectors for gene therapy.33,34 Transposons, specifically, have two major 
improvements over viruses as gene therapy vectors. First, clinical grade manufacture and quality control of purified trans-
poson DNA is easier, more reliable, and less expensive than employing recombinant clinical-grade virus. Second, unlike 
viral vectors that have an integration bias either into or proximal to transcriptional units, SB transposons have few known 
preferences for integration. Nevertheless, insertional mutagenesis is always a concern.

During the past 2 years, there have been significant findings in areas that pertain to genotoxicity and its impact on 
gene therapy. First, the results from the 1000 Genomes Project and ENCODE Project35 have demonstrated that the inter-
actions of genetic elements in our chromosomes are far more variable and complex than previously thought. Second, it 
is evident that endogenous transposons are far more active in human cells than was surmised until very recently.36 Two 
questions arise from these findings: Do these elements induce similar genetic consequences as therapeutic transposons 
and do cells have mechanisms to cope with insertional mutagenic agents? In light of these recent discoveries, we have 
three objectives in this review that pertain to the use of SB transposons to engineer human T cells for adoptive immuno-
therapy in the clinic: (1) present the context of SB transposition in an environment of relatively high retro-transposition 
activity in human cells; (2) evaluate SB transposon-mediated induction of cancer in mouse studies and their pertinence 
to patients treated with SB transposons; and (3) present approaches to ameliorate potential risks of transposon-mediated 
events in patients.

5.2.1  DNA Transposons

At least 45% of the human genome is composed of clearly identifiable transposable elements,37 and up to two-thirds of 
chromosomes may be derived from transposons that have been adapted to support cell function.38 Transposons are divided 
into two classes (Figure 5.2). Class I transposons are retroelements that spread by a copy-and-paste mechanism, whereby 
the transposon is transcribed and the RNA transcript reverse transcribed for insertion elsewhere in the genome. Class II 
transposons, which include the SB system, are DNA sequences that can “hop/jump” from one site to the next via a cut-and-
paste mechanism. The distinctive features of class I and class II transposons are important considerations in evaluating risks 
associated with any type of gene therapy that involves integration of genetic sequences into chromosomes.

Class II DNA transposons, unlike class I transposons, are DNA sequences that can be excised from the genome for 
insertion elsewhere in the same, or different chromosome, by a cut-and-paste mechanism (Figure 5.2). The transposon 
sequence that is excised is precise, in that the termini of the transposed sequence are exact. However, with many transpo-
sons, when the donor DNA sequence is repaired, there is commonly a “footprint” that is left that, in the case of SB, appears 
to vary according to cell type, but often is a 5-bp AC(A/T)GT insertion39 flanked by the TA sites that flank all SB transpo-
sons. Approximately 300,000 class II transposons comprise about 3% of the human genome, but all are inactive because 
of a lack of a functional transposase gene.37 Active class II transposons are defined by inverted terminal repeats that flank a 
transposase gene, which does not have a promoter. Thus, remobilization is dependent on integration proximal to an active, 
endogenous promoter, which is infrequent because of evolutionary pressure to suppress insertional mutagenesis. However, 
DNA transposons under some circumstances can spread when the transposase gene is activated.40 Transposons, like viruses, 
are natural mechanisms used in nature to introduce new genetic sequences into cells. However, the host-cell responses to 
viruses and transposons, both parasitic invaders, differ. The general strategy of most viruses is to hit-and-run (i.e., infect 
and replicate regardless of consequences to the cell or whole organism). As a result, cells have elaborate defenses against 
viruses. In contrast, transposons are naked DNA sequences that lack the infective ability of viruses; they rarely penetrate 
the membrane barriers that shield genomes from the outer world, and so the defenses against transposons are generally, but 
not always, minimal. In nature, transposons are hit-and-hide vectors that are maintained over evolutionary periods in all 
the offspring of the cell.

5.2.2  Sleeping Beauty Transposon System

The potential of DNA transposons for use as vectors for transgene delivery was realized with the resurrection of an extinct 
DNA transposon in current salmonid genomes.41 DNA transposons accommodate genetic cargos of up to, and on occa-
sion, more than 10 kbp.42 There are not any active class II transposons (transposases) in the human genome. The SB sys-
tem (SB transposon plus SB transposase) derives its name from its resurrection from an evolutionary sleep of more than 
 10  million years.41 Owing to approximately 500 million years of evolutionary separation, the salmonid-based SB transposase 
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does not recognize remnants of class II transposons in the human genome. Since its first use as a vector for gene therapy 
in mice,43 SB transposase has been reengineered for increased activity (e.g., SB11, SB100X).42,44 Likewise, the inverted-
terminal-repeat structure of original transposon, T, also has been reengineered for greater activity to produce T2 and other 
versions33. DNA-based transposons have been employed as vectors for transgene delivery since 1997 (Box 5.1). Maximal 
DNA transposon activity is not always desirable for gene therapy because multiple integrations increase the probability of 
unwanted mutations and unwanted effects on the target cells. Currently, the intermediate strength of the enzymatic activity 
of SB1142 has been most extensively used in human trials.

For current clinical applications of the SB system, the SB11 expression cassette is supplied in a separate plasmid  
(Figure 5.3) rather than being incorporated into the same plasmid that carries the therapeutic transposon. There are two 
reasons for using two plasmids. First, small plasmids are more efficiently introduced into target cells for transposition.42 
Second, for clinical trials, once an SB transposase plasmid has been certified, it can be used with other plasmids that carry 
various therapeutic transposons. That said, a single plasmid with both the transposon and SB transposase gene (cis) could 
reduce cost as only one clinical-grade DNA plasmid would be needed, a consideration if transposons are used widely to 
treat cancer or other genetic diseases.

There are multiple advantages to using transposons as gene-delivery vectors. They can be straightforwardly delivered to 
single cells, the entire transposon is precisely integrated, and each integration reaction is independent so that concatemers 
are essentially never formed.67 A further advantage of the SB system, but not all other transposons, is that it only requires 
a TA dinucleotide sequence for integration, with very few preferences for integration, unlike most integrating viruses2,68–70 
(Figure 5.4, Table 5.1). There are about 200 million TA sites in the human genome, which is appealing for obtaining a wide 
distribution of integrated vectors. Although about 10% of TA sites can be considered preferential because of an inherent 
flexibility of their flanking base pairs,71 the SB system has the least preference for integration in and around transcriptional 
units (Table 5.1). As a consequence of its overall lack of preference for promoters and actively transcribed genes, unlike 
other transposons adapted for use in mammals, the SB transposon system has become the leading nonviral vector for gene 

FIGURE 5.2 Transposable elements in the human genome. Transposable elements, which comprise nearly 50% of the human genome, are divided 
into two classes: class I retrotransposable elements spread by a copy-and-paste mechanism whereby the transposon is transcribed by either RNA poly-
merase II (long interspersed elements (LINEs) and LTR-like) or RNA polymerase III (short interspersed elements (SINEs)), and the RNA transcript 
(dashed green line) is then reverse-transcribed for insertion as a double-stranded DNA elsewhere in the genome. The LTR-like transposons have long ter-
minal repeat sequences (illustrated in the table to the right) that flank a set of genes that are related to retroviral genomes; the genes generally are defective. 
Only a very small proportion of class I transposons are active and even these rarely transpose. Class II transposons, which include the synthetic Sleeping 
Beauty (SB) system, are DNA sequences that can “hop/jump” from one site to the next via a cut-and-paste mechanism when an active transposase is avail-
able that recognizes their inverted terminal repeat (ITR) sequences. No active DNA transposase genes in the human genome have been identified, and the 
SB transposase does not bind and transpose the inactive human Class II sequences. Blue entries in the tables indicate the numbers of active elements of 
each type in humans; there are an unknown number of active SINEs, generally Alu elements. (For interpretation of the references to color in this figure 
legend, the reader is referred to the online version of this book.)
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Box 5.1 A brief history of the Sleeping Beauty transposon system used for gene transfer
The Sleeping Beauty (SB) system was developed in 1997 as a 
nonviral vector for introducing genes into fish. The goal was 
to generate faster growing animals without using viral vectors, 
which at the time were considered too dangerous to use in 
animals for human consumption. However, it became appar
ent that the SB system was most active in human (HeLa) cells, 
which opened up consideration for its use as a nonviral vector 
for human gene therapy. The perceived advantages of using the 
SB system carried in plasmids were the relative ease and low 
cost of producing the required numbers of vectors to meet a 
large patient population, storage stability, and lack of immuno
genicity.45–47 Yant et al.43 first demonstrated the efficacy of the 
SB system for gene therapy achieving sustained expression of 
α1antitrypsin in normal mice and of factor IX clotting factor in 
hemophilic mice. Successful treatments of other genetic dis
eases in mice followed, including tyrosinemia,48 hemophilia A 
and B,49–52 mucopolysaccharidosis types I and VII,53–56 epider
molysis bullosa,57 glioblastoma multiforme,58 sickle cell ane
mia,59 and Bcell lymphoma.60–62 In rats, SB transposons have 
been used to treat pulmonary hypertension63 and jaundice.64 

All of these in vivo studies were conducted by introducing 
transposons into the entire animal, most commonly using the 
hydrodynamic (high pressure, short interval of less than 9 s) 
that directs transgene uptake and expression in the liver.65 Two 
issues face hydrodynamic delivery to the liver. First, only about 
10%, at most, of hepatocytes take up and stably express trans
genes in SB transposons. This rather low efficiency can be over 
come in two ways—either use the more active SB100X trans
posase rather than SB10 or SB11 to achieve multiple integrants 
per cell (e.g., references 43 and 44) or use an adenovirus as a 
carrier for the SB system.52 The second issue impeding systemic 
delivery of SB for gene therapy in humans is that no one has 
reported successful scaleup of effective delivery to livers of 
larger animals such as the dog, suggesting that hydrodynamic 
impulses required for successful breach of the plasma mem
branes of hepatocytes are attenuated in the larger and more 
complex vasculatures of organs in animals weighing 1 kg or 
more.66 The ex vivo approaches described in this chapter, 
wherein isolated hematopoietic cells are transduced by elec
troporation, avoids the issues with systemic delivery.

FIGURE 5.3 DNA transposition. DNA transposition, as exemplified by the Sleeping Beauty (SB) transposon system, is a cut-and-paste reaction in 
which a transposon containing an expression cassette with a therapeutic gene (in this case a chimeric antigen receptor (CAR)) and its promoter (green pen-
tagon) is delivered through the plasma membrane of target cells; electroporation (yellow bolt) is the method of choice for delivery to T cells (a). After entry 
into the nucleus (dashed oval), the SB transposase is expressed (b) and SB transposase cuts the transposon out of the plasmid (c) and inserts it into a chro-
mosome (d). The inverted terminal repeats (inverted set of double arrowheads) define the transposon. The second part of the SB system is SB transposase, 
which in this example is carried in a separate plasmid. The remaining plasmid, called an excision product, will have a footprint (red X) that is a sequence 
resulting from the repair of the cleavages on either side of the transposon. Excision products are a convenient way of evaluating the extent of transposi-
tion reactions. The SB transposon will almost always integrate into a TA-dinucleotide base pair. There are about 200 million in a diploid human genome, 
which allows nearly random insertion in the genome. Integration into a chromosome can confer sustained expression of the gene of interest through many 
rounds of cell amplification. (For interpretation of the references to color in this figure legend, the reader is referred to the online version of this book.)
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therapy. The SB vector has been validated for ex vivo gene delivery to stem cells, including T cells for the treatment of 
B-cell malignancies,72 and SB transposons have been delivered to liver for treatment of various diseases in mice33.

When used in a clinical setting, the possibility of remobilization of a transposon leading to an adverse event, as a 
result of residual transposase activity, is a theoretical concern that is ameliorated by the understanding that SB-mediated  
transpos ition is based on the conserved nature of DDE transposases73 that are designed to be extremely inefficient. Remo-
bilization of an SB transposon would have two consequences. First, remobilization would leave a footprint (Figure 5.3) 
that generally is an addition of 5 bp, although sometimes deletions and larger insertions occur as a result of repair at the 
excision site.39 Hence, remobilization out of a protein-encoding exon would likely induce a frameshift mutation resulting 
in an abnormal polypeptide. Because exons compose no more than 2% of the human genome and the rate of excision of a 
transposon in a cell is about 1/104, we estimate the chance of remobilization of a transposon into an exon is about 1/106, 
and the chances of integration into an exon in a haplo-insufficient oncogene to induce an adverse event would be more than 
100-fold smaller. Of course, the chance of an adverse event from reintegration is the same as for the initial delivery wherein 
far more sites are hit.

Nevertheless, there are two ways to deal with residual SB activity. First, use a transiently active promoter, such as the 
cytomegalovirus early promoter, to control SB transposase expression. This method results in SB activity being reduced 
about 10,000-fold over a couple of days.74 Nevertheless, because the possibility of a few cells continuing to express trans-
posase cannot be ruled out, a second alternative is to deliver the SB transposase as messenger RNA (mRNA) instead of 
a DNA plasmid.75 Theoretically, this is sound, but the instability of mRNA raises quality control issues that could hinder 
widespread use for gene therapy.

Experience suggests that more elaborate constructions may not be needed. After more than a decade of using SB trans-
posons for gene therapy in mice, there have not been any reports of tumor formation or leukemia. However, as discussed in 
the following section, SB transposons are notable for their role in identifying putative oncogenes.

5.2.3  SB Transposon-Mediated Induction of Cancer in Mice

Although it was developed as a vector for therapeutic gene transfer into genomes, the SB transposon system is more widely 
known as a tool to cause cancer and thereby identify oncogenes and pathways that lead to cancer.27 Clearly this raises issues 

FIGURE 5.4 Comparison of integration preferences of vectors used in gene therapy. The schematic illustrates the nearly random integration pro-
file of Sleeping Beauty transposons (blue arrows) that can integrate at any of about 200 million TA sites in the human genome more or less regardless of 
genetic activity, compared with retroviruses that prefer transcriptional regulatory motifs and lentiviruses and adeno-associated viruses (AAV) that prefer 
integration into active transcriptional units (see also Table 5.1). (For interpretation of the references to color in this figure legend, the reader is referred to 
the online version of this book.)

TABLE 5.1 Comparison of Insertion-Site Preferences of HIV, MLV, and SBa

Agent % of Insertions in RefSeq Genes % of Insertions ± 5 kb of a TSS

HIV 83% 11%

MLV 51% 20%

SB 39% 8%

Expect (random) 33% 5%

MLV, murine leukemia virus; SB, Sleeping Beauty; TSS, transcriptional start site.
aAdapted from data presented in references 2,68–70.
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for its use as a gene therapy vector. On the basis of early studies that showed murine leukemia virus can cause cancer by 
acting as an insertional mutagen,76 SB transposons were designed to mimic the abilities of retroviruses to cause both GOF 
and LOF after integration. T/Onc, the original SB transposon, and a number of derivatives such as T2/Onc, have been used 
in these experiments; herein, we collectively refer to them as T/Onc transposons. These transposons contain splice accep-
tors (SA) followed by polyadenylation (pA) signals in both orientations (Figure 5.5). Upon insertion into introns, these 
elements are designed to intercept upstream splice donors and elicit premature transcript truncation. Between the two SAs 
are sequences from the 5′LTR of the murine stem cell virus (MSCV) that contain strong, methylation-resistant, transcrip-
tional motifs that will initiate expression from the site of integration.77 Immediately downstream of the LTR is a splice 
donor for splicing of a transcript initiated from the LTR into a neighboring gene. Many variations on this theme have been 
developed.27 As shown in Figure 5.5, integration of a T2/Onc transposon into a gene, exon or intron can lead to its nearly 
complete disruption with termination of transcription regardless of orientation of insertion (right-to-left or left-to-right). 
Additionally, the strong MSCV promoter can cause overexpression of the entire gene or a truncated portion of the gene. 
This alters the expression of endogenous genes and can direct the synthesis of dominant-negative gain of function polypep-
tides that can affect any of a number of pathways leading to cancer.

Figure 5.6 shows the general strategy for using SB transposons to disrupt genes. Because the transposon sequence is 
known, it is possible to identify the genomic insertion location using various polymerase chain reaction (PCR) techniques. 
This means that the mutated genes can be fairly easily identified. The two genetic constructs required for SB activity are 
the transposon and the transposase. Additional constructs can be used to limit SB activity to specific cell types or to pre-
dispose the mouse to cancer using a known cancer gene (Figure 5.6). The first required element is a concatemer of T/Onc 
transposons that is introduced into mice using standard pro-nuclear injection techniques to generate transgenic mice. This 
technique results in multiple transposons inserted into a single location in the mouse genome. The multiple transposons, 
referred to as a concatemer, can range from 25 to 200 copies. The second required element is the SB transposase expres-
sion cassette. The expression cassette can be designed to be ubiquitously expressed or conditionally expressed using a third 
element. Ubiquitous expression is commonly generated by “knocking in” an SB complementary DNA to the ubiquitous 
Rosa26 promoter in mice. This method has been used to induce or accelerate tumors.78 Conditional activity is achieved 
by including a lox-stop-lox signal between the Rosa26 promoter and the SB complementary DNA. The lox-stop-lox signal 
blocks expression of SB unless the cell also expresses Cre recombinase, a bacteriophage enzyme capable of removing 
the lox-stop-lox signal. Many strains of mice expressing Cre recombinase under the control of different tissue-specific 

FIGURE 5.5 T/Onc transposon. The T/Onc series of Sleeping Beauty mutagenic vectors is illustrated by T2/Onc. T2/Onc contains elements designed 
to elicit either transcriptional activation from the mouse stem cell virus 5′-LTR (green murine stem cell virus (MSCV) pentagon) and splice donor (purple 
SD box) or inactivation (splice acceptors (gold SA boxes) and polyadenylation signals (red pA hexagons)). The inverted terminal repeats are indicated by 
the blue arrows labeled ITR. T2/Onc is effective in disrupting gene expression regardless of the orientation in which it integrates. Potential consequences 
of integration are shown in the bottom panel. Transcriptional regulatory regions (promoters and enhancers) are shown as green arrows; transcriptional 
units are in pink, with exon sequences darker than intron sequences and with lines showing possible splicing of exons. Normally encoded polypeptides are 
shown in purple, with the contributions by each exon indicated by the divisions within each box; and abnormal polypeptides with contributions from viral 
(green boxes) or intron sequences (orange boxes) indicated below the DNAs. The MSCV LTR promoter directs unusually high levels of RNA synthesis 
and the splice acceptor and donor sites in the T2/Onc vector can create unusual splicing, as indicated in the lower panel by the dashed green arrow and the 
dashed purple lines, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the online version of this book.)
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promoters are available and can be used to direct the expression of SB to specific cell types. This method has been used to 
generate intestinal epithelial adenocarcinoma, hepatocellular carcinoma and many other cancer types.79,80 Finally, a known 
cancer predisposing mutation, such as mutant p53 or Apc, can be introgressed into the SB mice to identify mutations that 
cooperate with these predisposing mutations.81,82 Figure 5.6 shows a representative experiment using a predisposing muta-
tion (Onc+/−) and a conditional SB expression system using Cre recombinase. In the outlined experiment, four genotypes 
are produced: the experimental group (active SB and Onc+/−), the active SB-only group (active SB, no Onc+/−), the predis-
posed group (Onc+/−, no Cre), and the control group (no Onc+/−, no Cre). The expected outcome of this experimental design 
is a high rate of tumorigenesis in the experimental group, attenuated rates in the SB-only and Onc+/− groups, and few or no 
tumors in the control group.

To identify the genomic location of the transposon insertions, DNA is extracted from a tumor, and linker-mediated 
PCR is used to amplify fragments of DNA where the transposon is adjacent to genomic DNA. These PCR amplicons are 
sequenced using next generation sequencing technology, and the sequences are mapped to the mouse genome. In a typical 

FIGURE 5.6 T2/Onc transposon-mediated cancer-gene screens in mice. The steps in mouse breeding for a tissue-specific cancer-gene screen are 
depicted. The steps include a mouse with a predisposing mutation (Onc+/−). A double transgenic mouse (top left) is generated to contain a concatemer 
of T2/Onc transposons (20–250 in a single locus) and a Sleeping Beauty (SB) transposase expression cassette that contains a blocking lox-stop-lox sig-
nal (gold star) between the promoter (green arrowhead) and the SB transpose gene (red box). The blocking lox-stop-lox signal permits tissue-specific 
expression of SB when the mice are bred to another mouse line that harbors a Cre recombinase transgene driven by a tissue-specific promoter. A second 
double-transgenic mouse (top right) is generated to contain the tissue-specific Cre transgene and another mutant tumor suppressor or oncogene. The two 
double-transgenic mice are mated resulting in offspring containing various combinations of these genes. Animals are genotyped and offspring with the 
four possible different genotypes (four middle boxes) are aged and monitored for tumor growth. Transposition in somatic cells causes random insertion 
mutations in mice that have an active transposase expression cassette and a T2/Onc concatemer (red and blue boxed mice on the left); owing to the pres-
ence of the Onc+/− predisposition (red box) there should be more oncogenic events than without it (blue box). Typical survival curves are shown at the 
bottom; generally, there is no significant difference between control mice without any part of the SB system and mice that have either a T2/Onc concate-
mer or SB transposase gene. (For interpretation of the references to color in this figure legend, the reader is referred to the online version of this book.)
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experiment, a single tumor will have several hundred transposon insertions that can be identified. By comparing the inser-
tions in all the tumors generated in the experiment, it is possible to identify common insertion sites (Figure 5.7). Cluster-
ing of insertions in certain regions, beyond what is expected by chance, indicates selection for these rare insertion events, 
among many neutral or negative insertion events, that can give the cell a selective growth or survival advantage. The genes 
present in these common insertion sites are, therefore, candidate cancer genes.

Five overall observations are important for evaluation of SB transposons used for gene therapy. First, although there is 
efficient induction of T-cell malignancy78 and myeloid leukemia83 in mice that are not genetically predisposed to tumor for-
mation, the experience of performing many of these studies in mice has shown that unless many conditions are met, tumor 
induction by transposon mobilization is not efficient. Second, the presence of either a concatemer of T/Onc transposons or 
expression of the SB transposase by itself does not result in tumorigenesis in mice, even when the transposase is expressed 
ubiquitously over the lifetime of the mice. These findings suggest that SB transposase does not induce chromosomal insta-
bility and/or mobilize endogenous mammalian transposons at a detectable rate. Third, an intermediate to strong promoter 
sequence to drive transposition is required for efficient tumor induction, consistent with transpositional studies in somatic 
tissues.74 Fourth, a promoter/splice donor sequence appears to be required to direct efficient oncogenesis. Fifth, in aggre-
gate, all of the various studies using SB transposons to identify oncogenes by inducing tumors and leukemias highlight the 
major influence that genetic background has on genotoxicity by integrating vectors.

In rough numbers, assuming a mouse organ has about 1 million cells, with each cell containing a total of 100 transpo-
sons, a single tumor per animal would mean that the incidence of an adverse event is about 1/108 transposons. This is a 
high number that does not reflect the actual incidence of a single transposon hit because in these animals there are hundreds 
of insertional mutations per tumor. This adverse event rate will be further reduced in gene therapy because therapeutic 
transposons will not contain the elements specifically designed to cause tumors (LTRs, splicing signals and transcription 
termination sequences) that are present in the mutagenesis experiments.

Thus, although the use of SB transposons to cause cancer may suggest danger, more careful consideration of the differ-
ences between the transposons used in mice to tag cancer genes and the SB transposons used in a clinical setting reveals 
that cancer is a highly unlikely outcome after therapeutic transposon delivery. To summarize, in the mouse experiments: 
(1) transposons are designed to maximally disrupt endogenous genetic pathways in multiple ways; (2) multiple copies of 
the disruptive transposon are mobilized in every targeted cell; (3) transposase enzyme is expressed continuously in all cells 
of a given tissue throughout the lifetime of the animal, which can lead to multiple remobilizations; and (4) efficient cancer 
induction is achieved in mice genetically predisposed to cancer. Thus, given the limitations of using mice as a model system 
(fewer cells per organ and considerably shorter lives) in the setting of human gene therapy, we do not expect cancer to be a 
likely side effect of using of transposon vectors.

A central point of this discussion is that for all the diagrams and models, we have to explain mutagenesis that leads to 
cancer: it takes an extraordinarily high number of events that employ insertion of a collection of transcriptional and RNA 

FIGURE 5.7 Analysis of T2/Onc-induced 
solid tumors and leukemias. Cells from 
tumors (colored objects in the top right mouse) 
caused by T/Onc transposition are collected, the 
genomes are isolated and the transposon inte-
gration sites (colored arrows on the green lines 
representing the genome) are identified and 
mapped to chromosomal sites (lower left cor-
ner; star color relates to the transposons shown 
in the lower right corner). Genes that are repeat-
edly mutated in multiple, independent tumors 
are designated as common insertion sites (CISs). 
CISs can be analyzed to determine what genes 
and genetic pathways contribute to cancer. (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the online 
version of this book.)
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processing motifs to elicit adverse events. Recent investigations into the regulation of gene expression, the unexpected 
variations in human genomes and the natural instability of genomes may explain the actual resistance to transformation 
events. These observations are important considerations in evaluating risks of insertional mutagenesis by SB transposons 
when used clinically.

5.3  PLASTICITY OF GENOMES AND GENE EXPRESSION IN HUMANS

Sequencing of human genomes from various normal tissue and many tumors and leukemias has revealed unexpected varia-
tions in chromosomal sequences including large alterations and complex rearrangements.84,85 Deep sequencing has found 
that there are approximately 22,000 insertions and deletions (indels), which are equivalent to insertions of transposons, in 
a given human genome with up to 50% being novel for any individual.86 Moreover, the average human has about 250–300 
LOF mutations in his or her genome, 50–100 of which are in disease-related genes.87,88 Included in the variation are copy 
number variations, especially of L1 and Alu retroelements found in protein-encoding genes, including growth-promoting 
genes, in cells of somatic tissues.89–91 Thus, the human genome is not only highly variable, but it can sustain genetic hits 
from transposons without apparent phenotypic consequences.

5.3.1  Retrotransposable Elements

DNA transposons are relatively minor contributors to the transposon load in mammalian genomes, and they all appear to 
be inactive.92 Class I transposons (Figure 5.2) comprise about 42% of the genome and are divided into four types. The 
most important with respect to gene therapy are the 500,000–800,000 long interspersed elements (LINEs) that are up to 
6–8 kb long. About 100 LINE-1 elements are active and about 10 are considered highly active (hot) because they encode 
all of the necessary products for integration.93 The second subtype of class I transposons are the approximate 1.5 million 
short interspersed elements (SINEs) that are about 100–300 bp and are transcribed by RNA polymerase III. SINEs are 
found everywhere in the genome. A small subset of one prominent SINE family, called source elements, also contributes  
to genomic instability.94 The third category comprises the nearly half-million retrovirus-like, human endogenous retro-
viral sequences (HERVs). HERVs have hallmarks of retroviruses that persistently invaded primate genomes over eons and  
since have lost their activities to mobilize. HERVs account for about 8% of the human genome, but their integrations over 
millions of years have contributed substantially to primate-specific gene regulation.95 Resurrection of a consensus HERV-
K sequence indicated that these elements preferentially integrated into or proximal to transcriptional units.96 The fourth 
category comprises a heterogeneous set of repetitive sequences that are several hundred base pairs in length and probably 
are transcribed by RNA polymerase II.

Of the nearly 3 million retrotransposable elements, only a small proportion of LINEs, those designated L1Hs, and 
SINEs, primarily Alu elements, are active and responsible for insertional mutagenic events that are associated with genetic 
disease,93,97 including cancer.90,98,99 For transpositional activity, the LINE or SINE first must be transcribed, generally 
from an endogenous promoter, and the RNA must be reverse transcribed to form a double-stranded DNA that can integrate 
somewhere into the genome. L1 sequences have two open reading frames that support the integration step. The origin of the 
reverse transcriptase activity in cells is poorly understood. Regardless, the polypeptides encoded in the hot L1 elements can 
transmobilize both inactive LINE as well as SINE sequences100 because both depend on reverse transcriptase and integra-
tion enzymes for their spread. With more than 2 million LINEs and SINEs in the genome, on average they will occur about 
every 2000 base pairs. However, they are not randomly distributed because evolutionary selection eliminates overactive 
transposons and transposons in regions that lower the fitness of the cell, but this calculation indicates that many will be well 
within the influence of endogenous promoters with uncharacterized leakiness.

Decades of analyses of mutations that cause genetic diseases in humans have documented the ability of LINEs 
to inflict deleterious mutations in human genomes.101 Nevertheless, owing to the huge number of retroelements in 
genomes and the paucity of mutagenic events, retroelements were thought to be largely inactive, mainly playing roles 
in genome evolution.102 This notion was reconsidered when whole-genome sequencing became available.101,103 Mobi-
lization of L1 transposons were found in many somatic neuronal cells89,104 and in cancers.105,106 The association of the 
loss of methyl-CpG-binding protein-2 activity in some cells with mobilization suggested that a failure in epigenetic 
silencing accounted for rare cases of L1 transposition.107,108 Investigations into the genome-wide DNA methyla-
tion status in human embryonic and adult tissues have identified unexpected tissue-specific and subfamily-specific 
hypomethylation signatures that can support transposition of retrotransposons.109 Epigenetic silencing is relaxed in 
germline cells110; hence, it is not surprising that epigenetic silencing fails to keep all retrotransposable elements quiet 
all of the time in all cells.
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5.3.2  Complexity of Transcription and Gene Expression in Human Genomes

The ENCODE project revealed that about 80% of the human genome could be attributed with a functional role in one cell 
type or another and that 95% of the genome was subject to transcription. Expression is highly variable: transcription of dif-
ferent sequences spans six orders of magnitude for polyadenylated RNA, which is generally associated with pre-mRNAs, 
with a large proportion of the transcripts being initiated from repetitive elements. The average protein-encoding gene has 
four splicing isoforms that are produced in unequal amounts.111 The insertion of transgenic DNA into chromosomes can 
alter epigenetic marks that affect gene expression108 and, conversely, retroviral vectors are subject to epigenetic silenc-
ing.112 Moreover, enhancer elements can work over long distances via chromosomal looping, with only about 7% of the 
looping interactions being to the nearest gene.113 These findings support earlier findings that murine leukemia virus integra-
tion up to 100 kbp upstream of the c-myb locus could activate a linearly distal locus through chromosomal looping loci.114 
Hence, physical proximity of an integrated vector is not a simple predictor for activation (or repression) of an endogenous 
gene. Transcriptional regulatory proteins selectively interact with each other and specific promoters,115 which may explain 
the pronounced lack of activation of endogenous genes that lead to cancer by enhancers in lentiviral vectors and the repeti-
tive findings of LMO2 activations with some murine retroviral vectors.

These findings are important for risk assessment of integrating vectors used in gene therapy. The interactions between 
regions of the genome that affect gene expression are complex and not based entirely on physical (linear) proximity. Cells 
have a bewildering level of variety in gene expression at both the transcriptional and RNA processing levels. Moreover, the 
genome appears to have the ability to assimilate transposable elements and even make use of them. All of these features 
strongly suggest that the genome is unexpectedly flexible in terms of events that would be expected to destabilize its pano-
ply of functions. Recent findings from the 1000 Genomes Project and other whole-genome sequencing projects support this 
assertion. The bottom line is that transcriptional activation is far more complex than previously thought, and the possible 
consequences of insertional mutagenesis are clearly more complex than shown in Figure 5.1, which serves more as a model 
than a guide. In fact, experiments conducted decades ago analyzing transposition in nematodes showed that despite a strong 
preference for integration into transcriptional units, most Tc1-transposon integrations did not have an obvious phenotypic 
effect because when they integrated into introns (Figure 5.1, example 3) their sequences were removed during pre-mRNA 
processing, thereby avoiding detrimental consequences.116

5.3.3  Genetic Consequences of Natural Transposition and Therapeutic Transposition

One way of addressing insertional mutagenesis by SB transposon vectors is to compare the nearly random insertion pro-
file of transposons with natural variation and the germline mutation rate. For example, variations in transcriptional regu-
lation in cells normally lead to expression of millions of transposable elements, including the ∼1014 hot retrotransposable 
elements and an unknown number of active Alu elements. Combined with the background mutation rate in normal cells, 
the potential for deleterious mutations is potentially millions of fold greater than the number of mutations resulting from 
single integrations of SB transposons in several thousand cells. Superficially, with the histories of gamma retrovirus- 
and lentivirus-mediated gene therapies in mind, it would appear that the consequences of insertions of SB transposons 
carrying a therapeutic cassette with enhancers that are not designed to interact promiscuously with all promoters should 
be relatively small. Specifically, because only approximately 1.2% of the genome consists of protein-encoding exons,35 
almost 99% of integrations are unlikely to affect protein sequences in any way other than their rates of expression, 
which can vary widely (Figure 5.1, example 3). The remaining 1% of integrations that might occur into exons must be 
viewed in terms of other conclusions from deep sequencing of human genomes. The average gene is multiply spliced 
giving isoforms that, for the most part, have undefined specific roles. Thus, in many cases only one of the isoforms of 
multiply spliced genes would be affected by an exonic integration, which may be the reason that background integration 
of retrotransposable elements does not cause as many adverse events as might be expected. Although retrotransposition 
and DNA transposition occur by different mechanisms (copy-and-paste compared with cut-and-paste), the phenotypic 
results will be similar when integration interrupts a genomic sequence that either encodes proteins or regulates their 
expression (Figure 5.1). These controls over insertional damage by endogenous transposons will likely be relevant to 
transposons used for gene therapy.

In the clinical studies discussed next, a chimeric antigen receptor (CAR) is used to redirect the specificity of T 
cells to bind to a tumor-associated antigen. It is possible that a small subset of cancer patients treated with CAR-
modified T cells carry inherited cancer-predisposing genetic alterations.117 Thus, potential mutations arising from 
insertions of SB transposons may be more likely to produce an undesirable effect in these individuals than in cells 
from healthy individuals.
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5.4  TRANSPOSON-MEDIATED GENE THERAPY IN THE CLINIC

Adoptive transfer of CAR+ T cells with a CD-19 targeted CAR in early clinical trials resulted in the desired outcome, the 
loss of normal CD19+ B cells and the destruction of malignant B cells in some patients.118,119 At present, most trials tar-
geting CD19 have used viruses to deliver the CAR to T cells. There have not been any reports of insertional mutagenesis 
leading to either persistent clonal expansion or enrichment for integration sites near genes implicated in growth control 
and/or transformation.13 These clinical data, generated at MD Anderson Cancer Center, provide the foundation for the 
first human application of the SB system to redirect T-cell specificity against B-cell leukemias and lymphomas. In these 
trials, a CAR (Figure 5.8(a)) was constructed to recognize the CD19-lineage antigen, a common polypeptide found on the 
surface of normal and malignant B cells. In preparation for these trials, we accumulated data regarding the ability of the 
SB system to enforce expression of a second-generation CAR that activates T cells via chimeric CD3-ζ and CD28.72 These 
two chimeric signaling motifs achieve a fully competent T-cell activation event, which is defined, at a minimum, as CAR-
mediated proliferation, cytokine production, as well as serial and specific lysis. The introduction of the CAR was achieved 
by co-electroporation (Figure 5.3) of two supercoiled DNA plasmids, one containing the CAR-transposon and the second 
encoding SB11.60 T cells stably expressing the CAR could be expanded by coculture with designer artificial antigen-
presenting cells (aAPCs) in the presence of the soluble recombinant cytokines interleukin (IL)-2 and IL-21 (Figure 5.8(b)). 
The aAPCs used for the initial clinical trials were derived from the human K-562 immortalized cells that were genetically 
modified using lentivirus to coexpress CD19 as well as CD64 and the T-cell costimulatory molecules CD86, CD137L, and 
a membrane-bound mutant form of human IL-15. By recursively adding γ-irradiated aAPCs to the stably modified CAR+ T 
cells, we achieved outgrowth of CAR+ T cells. The electroporation method employs defined ratios of mononuclear cells and 
components of the SB transposon system that result in between 1 and 2 CAR insertions per T-cell genome without integra-
tion of SB11 transgene, based on the absence of a PCR signature for SB11. The combination of SB and aAPC platforms 
routinely results in the outgrowth of T cells, with the majority expressing CAR within a few weeks after electroporation.120

FIGURE 5.8 Design and manufacture of chimeric antigen receptor (CAR+) T cells for nonviral gene therapy. (a) Structure of a prototypical CAR 
used at MD Anderson Cancer Center. A second-generation CAR is shown as a homodimer. Antigen recognition independent of human leukocyte antigen is 
achieved by scFv region derived from a CD19-specific mouse monoclonal antibody. The scFv is fused in frame to a modified hinge and Fc region derived 
from human IgG4. These extracellular structures are bound to the cell surface via chimeric CD28 and CD3-zeta, which activate T cells upon docking 
with CD19. (b) Blood from either a recipient or a healthy donor is collected by venipuncture. Supercoiled DNA plasmids from Sleeping Beauty system 
coding for transposon (CAR) and transposase (SB11) are synchronously electroporated into mononuclear cells using a commercial electroporator. The 
electroporation conditions and transposon to transposase ratio are calibrated to deliver between one to two CAR integration events per T-cell genome. 
Intranuclear and intracellular events that follow are illustrated in Figure 5.3. T cells that have stably integrated the CD19-specific CAR are retrieved by 
coculture with irradiated artificial antigen-presenting cells (aAPC) derived from K562 cells. The K562 cells function as aAPC because they are genetically 
modified to coexpress CD19 and costimulatory molecules (CD86, CD137L, and a membrane-bound variant of IL-15). The CD19-specific CAR+ T cells 
are numerically expanded before cryopreservation, release (and in-process) testing, and infusion into a recipient. (For interpretation of the references to 
color in this figure legend, the reader is referred to the online version of this book.)
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5.4.1  Risks Associated with T Cells Modified to Stably Express CARs from Transposons

Adverse events may be associated with (1) lympho-depletion of the recipient to improve engraftment of infused T cells, (2) 
massive cell death and the accompanying cytokine storm triggered by the CAR T-cell killing of B cells, and (3) rare adverse 
effects from either the integration of the CAR transgene into a particular locus or the remobilization of a transposon into a 
deleterious locus as a result of lingering SB transposase activity.

Recipients that receive myelosuppressive or myeloablative therapy to induce lymphopenia are at risk from opportunistic 
infections and toxicity from the administered drugs. Indeed, there has been one death attributed to administering cyclophos-
phamide in an elderly patient with bulky CLL that received CD19-specific CAR+ T cells121; but exceptional events of this 
sort should be manageable by modifications in caring for medically fragile patients. There have been expected and unex-
pected adverse events due to on-target toxicities as the CAR recognizes tumor-associated antigen on normal cells.122,123 For 
example, CAR+ T cells will not distinguish between CD19 on normal and cancerous B cells. This results in damage and 
even loss of humoral immunity in patients that benefit from T-cell therapy for B-lineage leukemias and lymphomas.124–127 
Destruction of normal B cells can be managed by repeated administrations of intravenous immunoglobulin, which appears 
tolerable in most patients at risk from dying from progressive B-cell malignancies. In addition, the synchronous activation 
of CAR+ T cells engaging large numbers of CD19+ malignant B cells can result in supraphysiologic elevations of cytokines 
and attendant systemic side effects. In severe cases, patients experience fever and degrading vital signs that can be compli-
cated by tumor lysis syndrome associated with the desired destruction of large numbers of tumor cells. This type of adverse 
event can be managed by timely application of IL-6 receptor blockade and intravenous administration of corticosteroids.

Unforeseen adverse events can occur because of on-target, but off-tissue, binding of the CAR to normal cells. For 
example, one patient that received a large number of ERBB2-specific CAR+ T cells died as a result of off-tissue effects.123 
Expected toxicities may be ameliorated using an interpatient T-cell dose-escalation schema and pausing between cohorts of 
patients before dose escalation to evaluate for emergence of delayed adverse events. Whether unforeseen toxicities can be 
managed with a similar approach remains to be seen.

The third type of risk associated with infusing CAR+ T cells stems from insertional mutagenesis either directly or indi-
rectly following remobilization of the therapeutic transposon. As noted earlier, unlike gene transfer into hematopoietic stem 
cells9 there has not been a reported genotoxic event in genetically modified T cells. Indeed, hundreds of infusions have 
been delivered using mostly recombinant retrovirus to transduce T cells.13 Extensive in-process testing and release testing is 
undertaken before infusion of the SB-modified T cells. The in-process evaluations include performing PCR to exclude inte-
gration of SB11 transgene, limiting the number of CAR integrants per T-cell genome to 1 or 2, and assessing the diversity of 
the T-cell receptor to exclude the emergence of either a mono- or an oligo-clonal population of genetically modified T cells 
that might herald unwanted uncontrolled growth in vivo. To guard against this possibility we undertake a culturing assay 
to measure the potential for autonomous proliferation. Other release tests include measurements of (1) sterility (absence of 
bacteria, fungal, Mycoplasma, endotoxin), (2) viability, (3) enumeration of CAR+ T cells, (4) chain of custody (measure-
ment of human leukocyte antigen class I to validate identity between CAR+ T cells and the intended recipient), (5) identity 
(CD3 expression to validate the presence of T cells), (6) contamination to exclude B cells and aAPC, and (7) expression of 
the CAR. The SB-modified clinical-grade T cells are prepared in compliance with current good manufacturing practice for 
phase 1/2 trials at MD Anderson Cancer Center.

Remobilization of SB transposons resulting from residual SB transposase activity should not be a major safety issue. 
Transposition after co-electroporation of plasmids carrying transposons and transposase occurs because the appropriate 
levels of transposase to transposon are delivered; transposons are designed by nature to be autoregulated such that too 
much or too little transposase will not support transposition.128 Thus, in this context, the data from clinical quality-control 
criteria studies that suggest there is no more than about 1 SB-mRNA/108 T cells67 strongly suggest that remobilization of 
SB transposons will not occur at a measurable level in preparations of cells for gene therapy. Moreover, the studies using SB 
transposons to identify oncogenes described earlier as well as transformation of hepatocytes74 suggest that approximately 
100 SB-mRNAs per cell are required to support transposition. Hence, the rate of remobilization is below detectable limits. 
In any case, a remobilization event does not imply adverse consequences to a greater extent than the initial delivery of the 
integrating vector. That is, if remobilization occurs at a rate of 1/104, then the chances of an adverse event would be 0.01% 
of a similar event happening after the initial delivery, which so far has been nil.

Four phase 1 studies are under way to establish safety, feasibility, and persistence of the infused T cells. Three of these 
trials infuse patient- and donor-derived CAR+ T cells in a setting of minimal residual disease after autologous and alloge-
neic hematopoietic stem-cell transplantation, including after umbilical cord blood transplantation. The fourth trial infuses 
autologous CAR+ T cells after lympho-depleting chemotherapy. Safety is a primary concern to be balanced with the medi-
cal condition of the patient for these early-phase clinical trials employing a new approach to gene therapy.
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5.4.2  Future Directions: Directing SB Vectors to “Safe-Harbor” Sites in Genomes

The fears of insertional mutagenesis during the course of adoptive cell therapy will likely persist—the memories of the 
X-linked severe combined immunodeficiency disease adverse events will not be forgotten. A recurrent idea has been to 
guide integrations into “safe harbors” in the genome.129,130 Site-specific nucleases—including zinc-finger nucleases, TAL-
effector nucleases, and the CRISPR/Cas9 system—are all feasible for efficiently supporting homologous recombination into 
specific genomic sites.131 The SB system can also be combined with gene-editing tools such as designer zinc-finger nucle-
ases and TAL-effector nucleases.132 Gene-editing technology allows placements of genes into precise locations in genomes 
with efficiencies that appear to be at least 80%, depending on the specific locus and the number of related sequences in the 
genome.133 Although off-target activity will occur in a minority of cells, the unselected sites will be somewhat predictable 
so that selective screening can be done to determine the level of insertions into nontargeted sites after cleavage by whatever 
gene-editing tool is used. Because gene-editing technologies have been in widespread use for less than a decade, we expect 
that the targeting efficiencies and our understanding of the rules governing specificity will continue to improve.

5.5  CONCLUSIONS

The barriers to widespread adoption of gene therapy are being lowered as we achieve greater understanding of how gene 
expression is regulated and the genomic environments into which vectors insert. The promise of genetically modifying 
the human genome to overcome cancer has never been greater. The SB system provides a clear alternative to viral vec-
tors to achieve safe and efficient gene therapy. The low cost of manufacturing clinical-grade SB plasmids and availability 
of expertise to manufacture these expression vectors in a commercial setting contrasts with the expense, uncertainty, and 
lengthy timeline to manufacture recombinant clinical-grade virus. Lowering the cost and improving the reliability of the 
gene delivery method will be essential for widespread application of gene therapy. Several cohorts of patients have success-
fully received T cells genetically modified with the SB system. Facilitating the use of SB transposons is the availability of 
methods such as electroporation to introduce immunologically neutral naked DNA molecules into cells. Now it is possible 
to adopt the SB system for further human applications beyond T cells and CARs, as described in Box 7.1.
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LIST OF ABBREVIATIONS
AAV Adeno-associated virus
CMV Cytomegalovirus
HSV Herpes simplex virus
IFN Interferon
IL Interleukin
IL-1Ra Interleukin-1 receptor antagonist
IRAP Interleukin-1 receptor antagonist protein
MCP Metacarpophalangeal
MoMLV Moloney murine leukemia virus
NF-κB Nuclear factor kappa B
OA Osteoarthritis
PVNS Pigmented villonodular synovitis
RA Rheumatoid arthritis
TGF-β1 Transforming growth factor-β1

TNF Tumor necrosis factor

6.1  INTRODUCTION

Arthritis is not an obvious target for gene therapy because no common form of arthritis results from a single gene defect. 
Rather than compensate for a genetic abnormality, the goal of arthritis gene therapy is to deliver, in a sustained and focal 
fashion, therapeutic gene products to the joints of subjects with arthritis.1 These individuals may well be genetically unre-
markable. Because of the unique physiology and pharmacokinetics of the joint,2,3 sustained intra-articular delivery of such 
products is almost impossible to achieve by any other clinically reasonable means. Not only do proteins have restricted 
entry to joints from the circulation, but their exit via the lymphatics is rapid.

As described in the next section, the concept of using gene transfer as a delivery system to joints originated at the University 
of Pittsburgh in the late 1980s, at the same time as the first human gene transfer trials in subjects with cancer and severe com-
bined immunodeficiency disease were getting underway. Arthritis was the first nongenetic, nonlethal disease targeted by gene 
therapy, a radical departure at the time that brought new types of common, everyday diseases within the scope of gene therapy.

Subsequent progress with arthritis gene therapy has been fitful.4–9 Nevertheless, from this beginning have emerged a 
few clinical trials, with a pivotal Phase III study in the advanced planning stage and four biotechnology companies devoted 
to the commercial development of arthritis gene therapy. This article describes the sequence of events leading to the present 
state and identifies matters in need of resolution. To avoid duplication, subjects that were described in detail in a previous 
review5 are not addressed in depth.

6.2  CONCEPTION AND STRATEGIES

The original strategy was, and is, conceptually very simple—to transfer cDNAs encoding therapeutic products to the 
synovial linings of individual joints with arthritis. Figures 6.1(a) and (b) are reproduced from the original concept paper 
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by Bandara et al.1 Several other strategies soon emerged. For polyarticular arthritides (e.g., rheumatoid arthritis (RA)), 
systemic delivery and facilitated local delivery, using genetically modified cells with the ability to home to joints, were 
suggested10,11 (Figure 6.2). Although impressive results in animal models of disease were reported,12–14 none of these alter-
native approaches to therapy were developed further. This was partly because of the emergence of successful, alternative 
therapies for RA that were based on systemically blocking tumor necrosis factor-α (TNF-α).15 Thus, the unique ex vivo and 
in vivo intra-articular approaches proposed by Bandara et al.1 remain the strategies of choice for clinical and commercial 
development. They have changed surprisingly little in the quarter-century since being proposed. The two main modifica-
tions are the inclusion of allogeneic cells for ex vivo delivery16 and the realization that chondrocytes can also be considered 
a target for gene transfer when using small vectors such as adeno-associated virus (AAV).17

It was originally proposed to transfer cDNAs encoding secreted protein products. There are several reasons for this. 
First, when this approach was initially conceptualized, gene transfer vectors were not as efficient as they now are. The 
chances of therapeutic success were considered greater with a secreted product because it would not be necessary to 
transduce synovial cells with high efficiency. It would simply be necessary to transduce a sufficient number of cells with 
sufficient efficiency to achieve, in aggregate, a therapeutic concentration of the transgene within the joint. This resonated 
with the authors’ interest in using the interleukin-1 receptor antagonist (IL-1Ra) as the transgene product. It should also be 
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FIGURE 6.1 Original concept behind arthritis gene therapy. (a) cDNAs encoding therapeutic products are transferred to the synovial linings of 
individual joints with arthritis. (b) Therapeutic genes can be transferred to the synovial linings of joints by ex vivo or in vivo methods. From Ref. 1.
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remembered that at this time Moloney-based retroviruses were the most developed of the vectors for human use. Because 
of their requirement for host cell division, they needed to be deployed in an ex vivo fashion.

With the development of more powerful vectors for in vivo delivery, it is now possible to envisage using transgenes 
encoding proteins with an intracellular site of therapeutic action as well as noncoding RNA molecules such as small inter-
fering RNAs and micro RNAs. However, such developments remain at the early preclinical stage.

Using genes to kill cells within synovium became another addition to the conceptual armamentarium.18 In RA and certain 
other intractable diseases where the synovium becomes severely and uncontrollably inflamed, there is a long history of sur-
gically removing synovium.19 This can provide symptomatic relief for an extended period. Nonsurgical synovectomy using 
toxins20 or irradiation21 has also been used, especially in diseases in which surgery is counter-indicated; the latter include hemo-
philia where hemoarthrosis commonly occurs as a result of repeated bleeding into the joint.22,23 In many cases, approaches 
toward achieving a genetic synovectomy converge with those of cancer gene therapy where the aim is to kill offending cells.

6.3  TECHNOLOGY DEVELOPMENT

6.3.1  Retroviruses and Ex vivo Gene Delivery

When research into arthritis gene therapy was initiated, vectors based on the Moloney murine leukemia virus (MoMLV) were 
the most advanced for clinical use. Indeed, the first 12 human trials approved by the Recombinant DNA Advisory Committee 
of the National Institutes of Health used this type of vector. Thus, it was the obvious choice for arthritis studies. The theoretical 
occurrence of insertional mutagenesis was recognized, but it was not considered an insurmountable barrier to use at this time.

Robbins, Guild, and Mulligan engineered a novel version of MoMLV-based vectors known as MFG.24 This simplified 
vector contains a region of the viral gag gene to increase viral titer, the env splice acceptor, and 5′ Ncol and 3′ BamH1 clon-
ing sites for insertion of transgene(s). Expression of the transgene is driven by the viral 5′ long terminal repeat. Translational 
efficiency is high because the start codon for translation of the transgene is coincident with the natural start codon of the 
viral env gene. The construct containing human IL-1Ra cDNA is known as MFG-IRAP (Figure 6.3), IRAP being a former 
acronym for IL-1Ra. MFG-IRAP was used in the first two human arthritis gene therapy trials.

Ex vivo gene delivery to joints required cells that could be recovered readily from the patient, expanded easily in culture, 
genetically modified with MFG-IRAP and, after being returned by intra-articular injection, would stably colonize the host 
synovium and express the transgene for an extended period. Our laboratory had extensive experience with the harvest and 
culture expansion of synovial fibroblasts from the knee joints of rabbits25,26 as well as human synovial biopsies,27 which 
were readily available as a result of surgical synovectomy or joint replacement surgery. These cells were readily grown in 
culture, transduced with retroviral vectors, and continued to express transgenes intra-articularly after intra-articular injec-
tion.28,29 Independent, parallel experiments by Makarov et al.30,31 made equivalent observations. In later research, we con-
firmed that skin fibroblasts were also suitable for this role but, by then, we had moved on to in vivo delivery.

Subsequent clinical trials using MFG-IRAP for the ex vivo delivery of IL-1Ra to human joints using autologous syno-
vial fibroblasts were successful,32–34 but they also highlighted the cumbersome, costly, and complicated nature of the pro-
cess. Using an allograft cell line offers one way to avoid the need to harvest and expand under good manufacturing practice 
conditions, genetically modify, and safety-test cells from each individual patient. The notion of using allograft cells for 
ex vivo gene transfer to joints was not immediately attractive for fear of an allograft response that would cause inflamma-
tion, eliminate the transplanted cells, and thus curtail transgene expression. However, TissueGene, Inc. established a line of 
primary human chondrocytes recovered from the articular cartilage of a newborn with polydactyly and used this cell line 
as a universal donor for transforming growth factor-β1 (TGF-β1) gene transfer to the joints of subjects with osteoarthritis 
(OA)16. As noted later, this protocol is about to enter Phase III trials.

FIGURE 6.3 Structure of MFG-IRAP. This retrovirus was the first taken 
into clinical trials for arthritis gene therapy. Expression of the full coding 
sequence of human interleukin-1 receptor antagonist (IL-1Ra) is driven by the 
5′ long terminal repeat (LTR) of the virus, which retains endogenous splice 
sites and initiation codon. SD, splice donor; SA, splice acceptor.
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6.3.2  In vivo Gene Delivery

Although attention was initially focused on ex vivo delivery to joints, it was obvious that in vivo delivery held advantages 
of simplicity and lower total cost.35 At about the same time, recombinant adenovirus vectors were becoming available36 
and they proved very effective in transferring genes to cells within the synovial lining, but not cartilage, in various experi-
mental species,37 including nonhuman primates.38 These vectors allowed for rapid screening of different candidate cDNAs 
as antiarthritic agents,39–43 but they were not good candidates for human application because early generation adenovirus 
vectors continue to express viral proteins in transduced cells, thus targeting them for destruction by the immune system with 
ensuing loss of transgene expression.

Transient transgene expression is not an impediment when attempting genetic synovectomy, and adenovirus has been 
used extensively and successfully to deliver various cytocidal genes to the joints of experimental animals.18,44–46 Clinical 
development of this approach has not occurred, but the strategy using gene transfer of herpes simplex virus (HSV) thymi-
dine kinase in combination with ganciclovir treatment has been evaluated in monkeys, leading to one related clinical trial 
as a means of dealing with the aseptic loosening of prosthetic joints.47

Removal of nearly all viral sequences from adenovirus produces a “gutted,” helper-dependent version that does not 
express viral proteins in transduced cells and has a high DNA carrying capacity of approximately 37 kDa. Because they 
no longer express viral proteins, transduced cells are not cleared by the immune system, which allows extended periods of 
transgene expression in nondividing cells. Robust transgene expression from synovium has been reported.48

Recombinant lentiviruses derived from human immunodeficiency virus are very effective vectors for gene transfer to 
synovium, but not cartilage, after intra-articular injection.49 Transgene expression is extremely high and is amplified upon an 
inflammatory flare because the transduced synovial fibroblasts proliferate under inflamed conditions.50 This advantage reflects 
the ability of such vectors to integrate their DNA into the chromosomal DNA of the host cells, something that raises many prohibi-
tive safety concerns for human use. Nonintegrating lentivirus vectors would eliminate these safety concerns but at the cost of los-
ing the intrinsic expansion of transgene during a flare. However, if the field as a whole makes sufficient progress, then it may only 
be a matter of time before nonintegrating lentivirus is advanced toward clinical trials for the local, genetic treatment of arthritis.

Much interest surrounds the use of AAV as a vector for local arthritis gene therapy. Its advantages as a safe, injectable 
virus with the ability to transduce nondividing cells were appreciated from the outset, but its path to the clinic was retarded 
by production problems and the unreliability of second strand DNA synthesis.51 Moreover, one of the first reported intra-
articular uses of AAV to transfer transgenes to synovium52 was later modified to suggest that the virus had actually trans-
duced adjacent muscle instead of synovium.53

Advances in AAV production technology, the development of self-complementing vectors, and the expanded choice 
of serotypes have greatly accelerated progress in developing AAV for intra-articular gene transfer.17,54–56 Moreover, stud-
ies in the horse confirm that, after intra-articular injection, AAV indeed transduces synovium and, unexpectedly, articular 
chondrocytes.17 As described below, AAV has advanced to Phase II clinical trials in arthritis and two additional trials are 
planned. In conjunction with Dr Jude Samulski of the University of North Carolina, our group has generated the vector 
sc-rAAV2.5IL-1Ra (Figure 6.4). This is a self-complementing, recombinant AAV, serotype 2.5 containing human IL-1Ra 
cDNA that is at the pre-investigational new drug stage of development toward a clinical trial in patients with OA.

Other vectors screened for their ability to transduce synovium in vivo in a sustained fashion include those based upon 
HSV,57 foamy virus,58 and a multitude of nonviral systems.59 High-titer, MoMLV-based vectors also have been tested in vivo 
under conditions of synovial inflammation and proliferation.60 Although they showed promise in animal models, their use is 
limited to conditions of acute inflammation; in any case, they are unlikely to find clinical application because of insurmountable 
safety issues. Vectors based upon HSV proved cytotoxic. A very wide variety of different nonviral vectors have been screened, 
but transgene expression was always low, transient, or both. Moreover, many nonviral formulations were inflammatory.59

Most information concerning the utility of various vectors for delivering genes intra-articularly has been obtained 
empirically. The investigation by Gouze et al.61 is one of the few studies to examine the biology of intra-articular gene trans-
fer in detail. Their data, obtained using the rat knee as the model system, indicate that long-term, intra-articular transgene 
expression can be obtained with immunologically silent vectors and transgenes using uncomplicated constitutive promoters 
such as the cytomegalovirus (CMV) immediate early promoter or the elongation factor 1-α promoter. Persistence of trans-
gene expression resided in a sub-set of synovial cells within specific anatomical locations. With AAV, especially in diseased 
joints, chondrocytes also could serve as a reservoir of long-term transgene expression.17

FIGURE 6.4 Structure of s.c.-rAAV2.5IL-1Ra. This self-complementing, serotype 2.5 adeno-associated virus (AAV) carries the full coding sequence 
of human interleukin-1 receptor antagonist (IL-1Ra) driven by the human cytomegalovirus (CMV) immediate early promoter. TR, terminal repeat.
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6.3.3  Regulated Transgene Expression

Regulated transgene expression is attractive because arthritis is often accompanied by exacerbations and remissions. Inte-
grating viruses may achieve this spontaneously because exacerbations are usually accompanied by synovial cell prolifera-
tion.50 However, safety issues limit the clinical development of such viruses in this context. Although there has been some 
research into the use of drug-inducible promoters,55 most interest has centered on the use of promoters that are sensitive to 
ambient inflammatory conditions.

According to early literature reports, in vivo synovial expression of a transgene driven by the CMV immediate early 
promoter within an AAV genome was enhanced under inflammatory conditions.62,63 Expression fell when the inflammation 
resolved, but it was restored when inflammation returned. This effect has been difficult to replicate,56 but Traister et al.64 
reported a strong and reversible increase in transgene expression from AAV-transduced human synovial fibroblasts exposed 
to IL-1β, TNF-α, and IL-6 in vitro. This effect was replicated when cells were exposed to synovial fluids recovered from 
inflamed joints, but not with fluids from noninflamed joints. Because amplification of expression occurred with single- and 
double-stranded vectors, it was presumably unrelated to second strand synthesis. It was also independent of the promoter 
used to drive transgene expression. The authors suggested that inflammatory cytokines affected intracellular trafficking of 
AAV mediated by phosphatidylinositol-3-kinase. The same group also demonstrated a marked and reversible stimulation 
of transgene expression in the presence of proteasome inhibitors.65

Miagkov et al.66 introduced the concept of endogenous regulation of transgene expression using promoters that respond 
to ambient inflammatory stimuli. Subsequent adaptation of this technology has produced promoters responsive to nuclear 
factor-kappa B (NF-κB) that are being proposed for human clinical trials in RA.67,68 Additional disease-activated promoters 
are also under investigation.69

6.3.4  Summary

Armed with these technologies, investigators have generated an abundance of data confirming unequivocally the ability to 
transfer genes to joints of multiple species, to express them intra-articularly at therapeutic concentrations, and to success-
fully treat animal models of arthritis. These findings have been extensively reviewed.5,6,11,70,71 Although subsequent studies 
continue to repeat and confirm these initial proof-of-concept experiments, the main challenge is now to bring this technol-
ogy into the clinic while addressing unresolved issues.

6.4  UNRESOLVED ISSUES

6.4.1  Immune Responses to Vectors and Their Significance

Very little detailed research has been performed on the immune response to viral vectors delivered by intra-articular injec-
tion. Most humans already contain neutralizing antibodies against adenovirus572 and certain AAV serotypes73 in their 
sera and synovial fluids.72–74 The degree to which this limits intra-articular transduction efficiency has not been examined 
empirically, but it can be assumed to be a barrier.

One way to obviate pre-existing immunity is to use serotypes, such as adenovirus3572 and AAV5 or AAV8,73 to which 
human populations do not normally have high natural immunity. However, in immunologically naïve animals, intra-articular 
administration of vector generates immune responses that would be expected to inhibit repeat dosing, but this also has been 
little studied. Because the joint is an accessible, isolated body cavity, it lends itself to various strategies for mitigating the 
effects of immune reactivity; lavage is the simplest of these. Mingozzi et al.75 using anti-CD20 antibodies (rituximab) as an 
example, have pointed out that many treatments for RA are immunosuppressive and could be used as combination therapy 
to reduce immune responses to viral vectors.

6.4.2  Which Arthritis and Which Transgene?

Arthritis is derived from Greek words meaning “inflamed joint,” a wide designation. According to rheumatologists, there 
are over 100 forms of arthritis. Most, if not all, of these could benefit from suitable intra-articular gene therapy.

The greatest clinical need occurs in OA, the most common cause of disability in the elderly. OA affects 27 million 
Americans, and this number will increase because of demographic changes; there is no cure and treatment options are very 
limited. Many individuals progress to the point of needing a joint replacement, something that is expensive and requires 
major surgery with extended postsurgical rehabilitation. A successful gene therapy would certainly address a major unmet 
clinical need.
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One reason that OA remains incurable and difficult to treat is our poor knowledge of the etiopathophysiology of the 
disease. As a consequence, the choice of a therapeutic transgene is not obvious. We have focused on interleukin (IL)-1 as 
an important mediator of symptoms and the disease process in OA, but there are many other candidates. Table 6.1 lists 
transgenes that have been evaluated in experimental models of OA. However, animal models are inadequate surrogates for 
human OA, with the possible exception of post-traumatic OA; therefore, their predictive value is weak.

RA is the second most common form of arthritis. Although this was the first form of arthritis to be targeted by gene 
therapy,32 its urgency has been diminished by progress in nongenetic therapies. For example, many cases of RA are treated 
in a satisfactory fashion with proteins, delivered by injection or infusion, that block TNF-α or IL-6 or target T or B lym-
phocytes.84 Such therapies are expensive, inconvenient, and invasive, but inhibitors of janus kinases have recently been 
approved as orally active drugs for RA.85 More progress along these lines can be expected.86 Thus, unless gene therapy 
proves to be dramatically more effective, safe, or economical than these existing treatments, it may be relegated to the 
fringes of therapy for RA.

Many other forms of arthritis, such as psoriatic arthritis and the crystal-induced arthropathies, are good candidates for 
gene therapy, but they have not been well studied. The hemarthrosis of hemophiliacs is discussed later in this review.

6.5  CLINICAL TRIALS

There have been four clinical trials of gene therapy in subjects with RA (Table 6.2) and four in subjects with OA (Table 6.3).

6.5.1  Ex vivo Gene Delivery

The first arthritis gene therapy trial,32 using MFG-IRAP (Figure 6.3) in an ex vivo fashion, was only the 74th human gene 
therapy study to gain approval by the Recombinant DNA Advisory Committee, which at last count (November 25, 2013), 
has approved 1258 human gene transfer protocols.90 Because of its novelty, the study raised considerable issues with regard 
to safety and the risk:benefit ratio. The main safety concerns were insertional mutagenesis triggered by retroviral insertion, 
and germ-line transmission of the transgene. The latter concern was addressed by restricting recruitment to postmenopausal 
females. Insertional mutagenesis was addressed by targeting the metacarpophalangeal (MCP; “knuckle”) joints of patients 
with RA who were to receive prosthetic MCP joint replacements. This provided the opportunity to deliver the genetically 
modified cells to arthritic joints 1 week before joint replacement surgery. We knew from our preclinical studies that the cells 
did not migrate in large numbers from the site of application. This ensured that they would be removed surgically when the 
joints were replaced. Such a strategy also provided biopsy material for analysis. One week was selected as the time between 
injection and removal of the cells because this allowed sufficient opportunity to confirm that the cells had survived injec-
tion, colonized the synovium, and continued to secrete transgenic IL-1Ra (Figure 6.5).

Entry criteria also included the need for at least one additional joint surgery required as part of the surgical management of the 
patients’ RA. This provided tissue for the recovery of autologous synovial cells. These were expanded in vitro and divided into  

TABLE 6.1 Transgenes Explored as Possible Therapeutic Agents in Experimental Models of Osteoarthritis

Transgene Model References

Interleukin-1 receptor antagonist Rabbit: meniscectomy
Horse: osteochondral defect
Dog: ligament transection

76
77
78

Lubricin Mouse: aging, ligament transection 48

Interleukin-10 Rabbit: meniscectomy 76

RNA Knockdown

 Macrophage inflammatory protein-1α
 NF-κB

Mouse: ligament transection
Rat: ligament transection

79
80

Hemoxygenase-1 Mouse: spontaneous 81

Thrombospondin-1 Rat: ligament transection 82

Kallistatin Rat: ligament transection 83
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two cultures, one of which was transduced with MFG-IRAP. Release criteria required the secretion of at least 30 ng IL-1Ra/106 
cells/48 h. Before injection, cells were tested for replication-competent retrovirus, sterility, mycoplasma, and endotoxin.

Because all four MCP joints on one hand were replaced, it was possible to inject two MCP joints with transduced cells 
and two MCP joints with unmodified, control cells. These were administered in a blinded, dose-escalation fashion, with 
three groups of three patients receiving 106 cells (low dose), 1.5–5 × 106 (medium dose), or 6.5 × 106–107 (high dose) cells 
per joint. One week later, the MCPs were surgically replaced and tissues analyzed.

This first-in-human trial confirmed that it is possible to transfer genes to joints safely and express them intra-articularly. 
There were no patient-related issues and several subjects reported symptomatic improvement, although this was attributed 
to a placebo effect. Transduced cells were detected by immunohistochemistry and in situ hybridization in the retrieved 
synovia, where they continued to express IL-1Ra. Activity of IL-1Ra was confirmed by reduced production of IL-6 and 
prostaglandin E2 by synovia receiving the transgene.

A similar clinical trial took place subsequently in Germany.33 This also introduced IL-1Ra cDNA into MCP joints of 
patients with RA using MFG-IRAP as the vector in conjunction with autologous synovial fibroblasts. However, instead of 

TABLE 6.2 Clinical Trials of Gene Therapy for Rheumatoid Arthritis

Transgene
Method of  
Delivery Phase

Principal Investigator, 
Institution or Sponsor

NIH OBA  
Protocol  
Number

Number of  
Subjects References

IL-1Ra Retrovirus ex vivo I Evans and Robbins  
University of Pittsburgh

9406-074 9 32

IL-1Ra Retrovirus ex vivo I Wehling, University of  
Düsseldorf, Germany

NA 2 33

Etanercept AAV In vivo I Mease, Targeted Genetics 0307-588a 15 87

Etanercept AAV In vivo I/II Mease, Targeted Genetics 0503-705b 127 88

IFN-β AAV In vivo Preclinical Tak, Arthrogen, Netherlands

OBA, Office of Biotechnology Activities; NIH, National Institutes of Health; NA, not applicable; AAV, adeno-associated virus; IL-1Ra, interleukin-1 receptor 
antagonist; IFN, interferon.
aIncluded one subject with ankylosing spondylitis.
bIncluded subjects with ankylosing spondylitis and psoriatic arthritis.
Adapted from Ref. 5.

TABLE 6.3 Clinical Trials of Gene Therapy for Osteoarthritis

Transgene
Method of 
Delivery Phase

Principal Investigator,  
Institution or Sponsor

NIH OBA 
Protocol  
Number

Number of  
Subjects References

TGF-β1 Retrovirus, 
ex vivo

I Ha, Kolon Life  Sciences, 
Korea

NA 12 16

TGF-β1 Retrovirus, 
ex vivo

I Mont, TissueGene 0307-594 9

TGF-β1 Retrovirus, 
ex vivo

IIa Ha, Kolon Life  Sciences, 
Korea

NA 28 89

TGF-β1 Retrovirus, 
ex vivo

II Mont, TissueGene 0912-1016 100

IL-1Ra AAV, in vivo Preclinical Evans, Mayo Clinic

OBA, Office of Biotechnology Activities; NA, not applicable; NIH, National Institutes of Health; AAV, adeno-associated virus; IL-1Ra, interleukin-1 receptor 
antagonist; TGF-β, transforming growth factor-β1.
Adapted from Ref. 5.
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MCP joint replacement surgery, the injected joints were subjected to surgical synovectomy. Moreover, a period of 1 month 
was allowed between injection of the genetically modified cells and surgery.

Although the ethics committee gave permission for six subjects to be treated in this manner, safety issues arising in a 
separate trial elsewhere involving MFG caused the RA study to be curtailed after only two procedures had been completed. 
Nevertheless, the results were highly encouraging and one patient experienced dramatic reductions in pain.33

These ex vivo studies were highly successful32,33 but revealed the cumbersome, laborious, and expensive nature of 
ex vivo gene therapy when using expanded autologous cells. TissueGene has obviated this problem by using allograft cells 
that serve as universal donors. Their protocol16 uses retrovirally transduced allograft chondrocytes expressing TGF-β1 
 (Figure 6.6). To address the issue of insertional mutagenesis, the transduced cells are irradiated before injection. Because 
this limits their survival, the irradiated cells are combined with untransduced, unirradiated cells before injection into knee 

FIGURE 6.5 Protocol for the first gene 
transfer to human joints. Surgery of the 
joints of the hand or foot (step one) pro-
vided autologous synovium, which was used 
to establish cultures of synovial fibroblasts 
(step two). Half of the cells were transduced 
with the retroviral vector (step three), and all 
cells were tested for replication-competent 
retrovirus and adventitious agents (step four) 
before injection into metacarpophalangeal 
(MCP) joints numbers two to five on one 
hand (step five). In a double-blinded fash-
ion, two joints received transduced cells, and 
two received control cells. One week later, 
the injected joints were surgically removed 
during total joint replacement surgery (step 
six), and the retrieved tissues were analyzed 
for evidence of successful gene transfer and 
gene expression (step seven). Redrawn from 
Ref. 32 with permission.
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FIGURE 6.6 Protocol for use of genetically modified, 
allogeneic chondrocytes in osteoarthritis. Transduced 
chondrocytes expressing transforming growth factor-β1 
(TGF-β1) are irradiated and mixed with unmodified cells in 
a 1:3 ratio. They are delivered to the clinic for intra-articular 
injection. Redrawn from Ref. 16, with permission.
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joints with OA. This combination of chondrocytes and TGF-β1 is expected to curtail cartilage damage and reduce symp-
toms. The protocol has completed Phase II testing in Korea and the United States; a Phase III study should begin in 2015.

6.5.2  In vivo Gene Delivery

Injectable vectors hold many obvious advantages for arthritis gene therapy. AAV was the first safe vector to offer in vivo 
delivery and the prospect of long-term transgene expression. Its clinical use for arthritis gene therapy was initiated by 
Targeted Genetics, Inc., who undertook Phase I and Phase II studies in subjects with RA (Table 6.2). Certain subjects 
with ankylosing spondylitis and psoriatic arthritis were also included. Etanercept, a TNF antagonist, was selected as the 
transgene, using AAV serotype 2. Although etanercept is widely administered for the treatment of RA, its effects are often 
incomplete, and certain patients have persistent symptoms in one or more joints. Gene delivery was used as a way of aug-
menting the concentration of etanercept in persistently symptomatic joints. Because of the size of etanercept cDNA, it was 
not possible to use self-complementing AAV.

The Phase I trial was accomplished without incident, but one subject died in the Phase II study. After an investigation, 
the U.S. Food and Drug Administration allowed the study to continue with modifications to the consent form, suggesting 
that gene transfer was not held responsible for the patient’s death. Although certain therapeutic trends were noted, any 
improvements in the signs and symptoms of RA did not reach statistical significance. Possible reasons for this include 
the low levels of etanercept expression from the single-copy AAV vector and the possibility that additional intra-articular 
etanercept is of little value in subjects mounting incomplete responses to TNF antagonists.

As far as we know, the only other protocols in late preclinical development are the ones listed in Table 6.2 using AAV2.5 
to deliver IL-1Ra in OA and AAV5 to deliver IFN-β in RA. The latter construct is notable for using an inducible promoter 
based on NF-κB responsiveness.

6.6  VETERINARY APPLICATIONS

OA is found commonly in horses and dogs, suggesting veterinary applications for arthritis gene therapy. Proof of principle 
was obtained in horses, in which a first-generation recombinant adenovirus vector was used to deliver equine IL-1Ra intra-
articularly to horses with experimental OA.77 This procedure lowered inflammation, protected the articular cartilage and, 
importantly, reduced lameness. The reduction in lameness is highly significant because it indicates that the gene therapy 
reduced pain and increased function—two very important considerations when treating OA.

Recombinant AAV is being used for clinical development of this strategy, carrying an equine IL-1Ra cDNA equivalent 
to the one shown in Figure 6.4.17 In this way, the equine product will not only provide a novel veterinary therapy, but it will 
also help regulatory approval of the human construct.

6.7  OTHER APPLICATIONS OF INTRA-ARTICULAR GENE THERAPY

6.7.1  Mucopolysaccharidosis Type VI

This disease provides a striking example of the unique power of gene transfer to deliver proteins to joints in a sustained fash-
ion. Mucopolysaccharidosis type VI (MPS VI; Maroteaux-Lamy syndrome) is a lysosomal storage disease resulting from loss 
of N-acetyl galactosamine-4-sulfatase (aryl sulfatase B). Once-per-week intravenous infusion of patients with recombinant 
N-acetyl galactosamine-4-sulfatase successfully treats all extra-articular manifestations of disease. Because this protein does 
not accumulate in joints to a sufficient degree, intra-articular pathology is more resistant to therapy. Glycosylated, recombi-
nant N-acetyl galactosamine-4-sulfatase has a molecular weight of only 56 kDa, less than that of serum albumin, indicating 
the severe limitations on protein accumulation in joints. Treatment of a feline model of MPS VI by in vivo intra-articular gene 
therapy using a lentivirus vector successfully treated intra-articular disease that was resistant to systemic protein therapy.91

6.7.2  Hemophilia

In similar fashion, administration of clotting factors to hemophiliacs, while controlling bleeding at extra-articular locations, 
is limited in its ability to control bleeding into the joint. This leads to a form of arthritis known as hemarthrosis. Studies in a 
murine model of hemophilia B showed that local gene delivery was superior to systemic introduction of recombinant factor 
IX as a means of preventing hemarthrosis.92 The transition of this technology into human clinical trials will be facilitated 
by the previous use of AAV to deliver factor IX to the livers of patients with hemophilia and by progress in using AAV 
intra-articularly to treat OA and RA.
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6.7.3  Pigmented Villonodular Synovitis

Pigmented villonodular synovitis (PVNS) is a rare condition resulting from hyperproliferation and fibrosis of the synovial 
lining. Surgical synovectomy is used to remove the hyperplastic tissue, but effectiveness is limited by regrowth. Moreover, 
surgical synovectomy is not effective in the diffuse form of PVNS. The disease is debilitating and, in rare cases, has led 
to amputation.93 In many ways, the lesion in PVNS resembles a tumor and should be susceptible to genetic synovectomy. 
This could be particularly useful in eliminating residual hyperproliferative cells after surgical debulking of the gross tissue. 
Using vectors and strategies that are already in clinical trials for cancer should expedite translation.

6.8  COMMERCIALIZATION

The path to commercial development was initiated when a gene therapy company, TissueGene, Inc., licensed a suite of 
patents on arthritis gene therapy owned by the University of Pittsburgh (Table 6.4). As noted, this company is developing 
therapies for OA using genetically modified allogeneic chondrocytes.16 These cells also show promise in the related area of 
cartilage repair, and a clinical trial of this application has successfully completed a Phase IIb trial.94 Their parent company, 
Kolon Industries, Inc., is pursuing parallel clinical trials in arthritis and cartilage repair in Korea.

Arthrogen B.V. is based in the Netherlands with funding from Dubai. Their lead product uses AAV serotype 5 to deliver 
IFN-β to individual joints with RA.95 According to the company’s website, visited February 25, 2014, the pipeline also 
includes the delivery of neutralizing antibodies and small hairpin RNA.

Two of us (S.C.G., P.D.R.) co-founded Molecular Orthopaedics, Inc., a virtual company created around the use of AAV 
technology to deliver IL-1Ra intra-articularly in human and veterinary medicine.

GeneQuine Biotherapeutics was recently formed to exploit the use of helper-dependent adenovirus for delivery to joints. 
Their website, visited February 25, 2014, does not specify the lead product, but they have published preclinical studies 
using a lubricin transgene.48

6.9  PERSPECTIVES

Although progress in arthritis gene therapy has been slow and tortuous,5 there are increasing grounds for optimism. Recent 
data from equine studies confirm unequivocally that it is possible to put a therapeutic gene into a human-sized joint, have 
it express at very high levels for at least 6 months,17 and produce beneficial effect in a model of OA (Ghivizzani et al., 
unpublished). Several human trials have been performed. An additional protocol should enter a Phase III trial next year, 
and one or two additional Phase I protocols may be initiated soon. There are now four companies devoted to this area of 
development, and three of them appear to have closed successful rounds of financing. Thanks to recent clinical successes 
in treating certain genetic diseases, the field of gene therapy is now infused with renewed optimism; although U.S. federal 
funding is stagnant, the venture capital market for gene therapy is regaining momentum and several corporate deals have 
been concluded in recent months.

Many of the immediate technology hurdles to arthritis gene therapy appear to have been successfully addressed, 
although a full understanding of the immune responses to vectors and how this might affect dosing and re-dosing is lacking. 

TABLE 6.4 Companies Commercializing Arthritis Gene Therapy

Company Location
Year Founded/ 
Incorporated

Lead Product/Technology  
Platform Web sites

TissueGene, Inc. Rockville, MD 1999 Allogeneic chondrocytes  
expressing TGF-β1

www.tissuegene.com

Arthrogen BV Amsterdam,  
The Netherlands

2005 AAV/IFN-β www.arthrogen.nl

Molecular Orthopaedics,  
Inc.

Chapel Hill, NC 2007 AAV/IL-1Ra N.A.

GeneQuine Biotherapeutics  
GmbH

Hamburg, Germany 2012 Helper-dependent  
adenovirus

www.genequine.com

IL-1Ra, interleukin-1 receptor antagonist; AAV, adeno-associated virus; IFN, interferon; N.A., not applicable; TGF-β1, transforming growth factor-β1.

http://www.tissuegene.com
http://www.arthrogen.nl
http://www.genequine.com
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Information on the required duration and level of transgene expression in the joints of large animals is incomplete. How-
ever, possibly the biggest deficiency is the lack of a clear therapeutic target, especially in OA, a complex and heterogeneous 
group of diseases. It is quite likely that different groups of patients will respond differently to interventions, but there are no 
data on this point. The selection of target determines, among other things, the necessary level and duration of therapeutic 
gene expression. Matters are not helped by the inadequacies of animal models, a circumstance that encourages early human 
trials after safety has been established.

Cost is an additional matter that will factor into the clinical success of an arthritis gene therapy. For comparison, the 
annual cost of the anti-TNF agent Humira is approximately $44,000, and the new janus kinase inhibitors are unlikely to 
be much cheaper. However, the patents protecting the first TNF blockers, such as enbrel, are expiring and, with new laws 
allowing biosimilars, the price may drop considerably. Intra-articular injection of hyaluronic acid, commonly and contro-
versially used to treat OA of the knee, costs approximately $1500. Knee joint replacement surgery costs approximately 
$50,000. Where a genetic therapy would fall in the price-efficacy continuum is not yet predictable.
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LIST OF ABBREVIATIONS
Ad Adenovirus
Aire Autoimmune regulator
APC Antigen-presenting cell
ATG Antithymocyte globulin
CsA Cyclosporine A
CTLA-4 Cytotoxic T-lymphocyte antigen
DCs Dendritic cells
Flt3L Fms-like tyrosine kinase-3 ligand
Gad65 Glutamate decarboxylase 65
G-CSF Granulocyte colony-stimulating factor
HLA Human leukocyte antigen
ICOS Inducible costimulator
Idd3 Insulin dependent diabetes susceptibility 3
IFIH1 Interferon induced with helicase C domain 1
IGRP Islet-specific glucose-6-phosphatase catalytic subunit-related protein
MHC Major histocompatibility complex
mTECs Medullary thymic epithelial cells
mTOR Mammalian target of rapamycin
NOD Nonobese diabetic
PD-1 Programmed death 1
PPI Preproinsulin
STZ Streptozotocin
TCR T cell receptor
Th T helper
Treg Regulatory T
T1D Type 1 diabetes
VNTR Variable number tandem repeat

7.1  INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease. T1D patients present with absolute insulin deficiency; hyperglyce-
mia occurs when the vast majority of pancreatic beta cells in the body are destroyed by autoimmunity. To date, insulin 
replacement remains the mainstay of treatment. In the past three decades, the introduction of multiple forms of insulin 
formulations that exhibit widely varying durations of action has significantly added to our armamentarium for the clini-
cal management of diabetes. The continued development of better insulin pumps and glucose monitoring systems will 
further improve glycemic control among diabetics. These advances notwithstanding, insulin injection therapy is not a 
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cure for diabetes, as exogenously administered insulin cannot mimic the pattern of natural glucose-stimulated insulin 
secretion from the normal pancreas.

The induction of new beta cells, or beta-like cells, in T1D subjects could lead to a cure. Strategies for the generation 
of new beta cells include the in vivo approaches of directed differentiation/transdifferentiation of pancreatic nonbeta cells 
or the directed transdetermination of liver progenitor cells into beta cells; in contrast to these two in vivo approaches, 
ex vivo approaches include directed differentiation of embryonic stem cells and induced pluripotent stem cells into beta 
cells in vitro (recently reviewed in Translational Research by Wagner et al.1). For instance, we showed that gene transfer 
of the lineage-defining transcription factor neurogenin 3 leads to reversal of diabetes and restoration of normal glucose 
and  insulin dynamics in streptozotocin-induced diabetic mice. Neurogenin 3 gene therapy induces the reprogramming 
of hepatic  progenitor cells (also known as oval cells) into neo-beta cells that closely mimic normal pancreatic beta cells 
functionally, biochemically, and ultrastructurally.2,3 Even if we assume that a gene therapy regimen succeeds in inducing 
new beta cells, the latter would be destroyed immediately by ongoing autoimmunity. As shown in Figure 7.1, any effective 
therapy that enables the acquisition of new beta cells must be supported by a potent immunotherapy to reverse T1D. Herein, 
we will review the mechanistic background information on the autoimmune process that underlies T1D and the current 
status of immunotherapy that addresses specific T1D autoimmune processes.

7.2  EFFECTIVE IMMUNE THERAPY/MODULATION: A PREREQUISITE FOR SUCCESSFUL 
GENE THERAPY OF TYPE 1 DIABETES

In the past 20 years, there has been considerable progress toward the therapeutic induction of neo-beta cells in vitro and in experi-
mental animals in vivo. Overt T1D is preceded by autoimmune destruction of pancreatic beta cells such that, at presentation, T1D 
patients have lost 70–90% of their beta cell mass. Gene therapy-based beta cell neogenesis has the capacity to restore insulin 
production and reverse hyperglycemia. However, for a sustained therapeutic response, the neo-beta cells must be protected from 
the ongoing autoimmune process. Over the past decades, many laboratories have tested different immunomodulatory therapies 
with the objective of preventing, postponing, or reversing the onset of T1D. The same principle applies if, and when, diabetes gene 
therapy-mediated neo-islet regeneration becomes a reality. The islet neogenesis regimen must be supported by an immunotherapy 
that allows the new beta cell to survive the onslaught of autoimmunity, so it can continue to do its job.

T1D occurs when the body’s T cells attack and destroy insulin-producing beta cells in the pancreatic islets (Figure 7.2). 
If the T cell-mediated immune attack could be halted, residual beta cells (or neo-beta cells produced by gene therapy) in T1D 
patients would be preserved and perhaps be given a chance to proliferate and produce sufficient insulin to normalize blood glu-
cose. The fact that T cells that directly attack beta cells are islet antigen autoreactive4 forms the basis for the many antigen-based 
therapies for T1D that have been devised over the years. Unfortunately, clinical trials using such antigen-specific strategies 
have been largely unsuccessful in delaying human T1D progression.5 Numerous other clinical trials have depended on the use 
of immune-modifying drugs to treat T1D. Treatments using such drugs have often been borrowed from effective therapeutic 

FIGURE 7.1 Combining β cell replacement with immunotherapy to 
treat T1D. Insulin-producing β cells in late-stage T1D subjects are destroyed 
by T and B lymphocytes. To restore insulin secretion in these patients, 
 effective therapies that produce new beta (neo-β) cells must be supported by a 
potent immunotherapy that halts T and B cell attack. Subjects with new-onset 
T1D have some residual beta cells. Potential immunotherapies may reverse 
disease in these subjects by protecting the residual beta cells.
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regimens for transplant rejection or other T cell-mediated autoimmune diseases. However, the use of these drugs in T1D 
patients only transiently delays (but does not abrogate) beta cell loss.5 Therefore, rather than assuming that T cell-mediated beta 
cell destruction can be halted by common immunosuppressive drugs, the rational development of innovative immunotherapy 
for T1D depends on a clear understanding of the molecular basis of the T cell response against a patient’s own pancreatic islets.

To identify optimal therapeutic targets for T1D immunotherapies, it is necessary to develop a mechanistic framework 
for understanding T1D immune pathogenesis, including a detailed understanding of the (1) genetic factors and mecha-
nisms responsible for the generation of islet antigen-specific T cells and the success (or failure) of antigen-based therapies 
for T1D; (2) T cell-mediated pathogenesis in T1D and its modulation and control by broad immunosuppressants; and (3) 
immunotherapies that selectively target the chain of events that enable and sustain the effector function of diabetogenic T 
cells. These mechanistic underpinnings of T1D immune pathogenesis are described below.

7.3  TARGETED ISLET ANTIGEN RECOGNITION AND ANTIGEN-BASED THERAPIES

7.3.1  Altered Self-Antigen Recognition Generates Diabetogenic T Cells

T cells are the master regulators that control the quality and quantity of adaptive immune responses. A majority of mature T 
cells express their own unique T cell receptor (TCR) consisting of an α and a β chain, which recognize specific “foreign” or 
“self” peptide antigens presented by major histocompatibility complex (MHC) molecules. To ensure immune tolerance to self-
antigens, developing T cells in the thymus that have a TCR that recognizes a self-antigen/MHC molecule with high affinity 
generally undergo apoptosis, a process called negative selection or central tolerance. However, not all self-reactive developing 
T cells are eliminated during development. Some of them may leave the thymus and circulate in the periphery. To maintain 
peripheral tolerance to self-antigens, self-reactive T cells entering the periphery can be eliminated, become anergic (a lack of 
reactivity against specific antigen), or be actively suppressed by regulatory T (Treg) cells.6 The development of autoimmune 
T1D is the consequence of impaired thymic deletion and peripheral tolerance of diabetogenic T cells (Figure 7.3).6

To efficiently delete self-reactive developing T cells, self-antigens need to be displayed in the thymus and presented 
to developing T cells. The transcription factor autoimmune regulator (Aire) influences ectopic expression of thousands of 
self-tissue-specific antigens (including pancreatic beta cell-restricted insulin) in medullary thymic epithelial cells (mTECs). 
Disruption of Aire function eliminates the expression of insulin and other tissue-specific antigens in the thymus, which 
leads to lethal autoimmunity that often includes T1D as part of the disease phenotype.7 Hence, Aire mutations may cause 
a T1D phenotype by impairing negative selection of insulin-reactive T cells. Aire mutations are rare in the general popula-
tion. Altered insulin expression levels in the human thymus are mainly attributed to the variable number of tandem repeat 
(VNTR) polymorphisms that lie upstream of the INS promoter. While the class III INS-VNTR genotype provides protec-
tion from T1D and is associated with high expression of insulin in mTECs, the class I INS-VNTR genotype contributes 
to the risk of T1D and is associated with lower thymic insulin expression.8,9 Recently, Fan et al.10 genetically inactivated 
insulin expression in the mTECs of C57BL/6 background mice, while the animals were allowed to maintain pancreatic 
insulin production. These mice developed diabetes spontaneously around 3 weeks after birth. Therefore, a defect in negative 
selection of insulin-reactive T cells in the thymus indeed causes T1D.

FIGURE 7.2 Immune cells attack islet cells in the pancreas of NOD 
mice. Pancreatic tissue was obtained from a diabetic NOD mouse, followed 
by immunofluorescence staining of beta cells with anti-insulin Ab (white), 
B cells with anti-B220 mAb (red), and T cells with anti-CD3 mAb (green). 
Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, blue). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the online version of this book.)
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Self-antigen is presented to both developing and mature T cells by MHC molecules. Therefore, polymorphisms of 
human MHC, the human leukocyte antigen (HLA), may affect the generation and effector function of diabetogenic T cells. 
Indeed, polymorphisms of HLA represent the primary etiological pathway of T1D.11 For instance, the predisposing HLA 
class II haplotypes—DRB1*03, DRB1*04, and DQB1*0302—are present in 39% of patients who develop T1D before 
age 20 and confer the highest T1D risk. The risk of developing T1D reaches 50% in children who have a predisposing 
HLA genotype and two or more relatives with T1D. By contrast, children with a T1D family history but with protective 
 HLA-DQB alleles (e.g., DQB1*0602) have only about a 1% risk of developing T1D.12 Genome-wide association studies 
have verified that the major T1D susceptibility loci indeed map to HLA-DQB1 and HLA-DRB1 and that several HLA class 
I regions are also associated with T1D.13

Knowledge of the MHC molecules that contribute to T1D susceptibility in the generation and function of diabetogenic 
T cells is still in its infancy. It has been suggested that the particular polymorphic peptide-binding pockets of these HLA 
molecules may contribute to T1D susceptibility by presenting a unique set of peptides.14 Interestingly, nonobese diabetic 
(NOD) mice express only one MHC class II allele, I-Ag7, which has a substantially wider peptide-binding pocket that 
accounts for its distinct peptide preferences compared to other MHC class II alleles. The unusual peptide-binding pocket 
of I-Ag7 leads to its weak interaction with proinsulin peptides, which may in turn provide low binding affinity and  avidity 
to autoreactive T cells.15 Autoreactive T cells with low avidity are capable of escaping thymic negative selection and 
 peripheral tolerance mechanisms. To drive the chronic progression of T1D, polyclonal autoreactive T cells that escape into 
the periphery with low avidity for MHC antigens may transit into a set of oligoclonal T cells with higher avidity for cognate 
antigens.16 Taken together, the generation of diabetogenic T cells is driven by both susceptibility to MHC molecules and 
altered thymic expression of self-antigens.

7.3.2  Insulin Immunotherapy

Insulin was the first identified human T1D antigen. Insulin antibodies can be detected in T1D patients prior to exogenous 
insulin treatment.17 Several preproinsulin (PPI)/insulin epitopes can also be recognized by human T cells.18,19 For instance, 
certain CD4+ T cell clones obtained from pancreatic lymph nodes recognize the insulin A 1–15 peptide restricted by 
 HLA-DRB1*0401 allele,18 and some circulating CD8+ T cells react to PPI15–24 bound to the HLA-A*0201 molecule.19 In 
NOD mice, insulin B chain 9–23 peptide (insulin B:9–23) is a primary autoantigen that initiates T1D. Hence, auto-immune 
diabetes can be prevented in transgenic NOD mice that express, in place of native insulin, a functional insulin with a 
Tyr → Ala substitution in position 16 of its B chain.20 Insulin B:9–23 reactive CD4 T cells and B:15–23 reactive CD8 T cells 
are the predominant infiltrating cells in the islets with initial insulitis from 4-week-old NOD mice. However, the proportion 
of those cells is dramatically reduced at or near disease onset (usually >12-week old).21 Pathogenic T cells recognizing 
other antigens further accumulate in the pancreas during the early progression of T1D. The progressive involvement of 
other PPI epitopes or other pancreatic beta cell molecules is called “antigen spreading.”21

Mucosal (oral or nasal) administration of insulin has been used clinically in an attempt to restore immune tolerance to 
insulin antigens. In particular, antigens crossing from the intestine into the gut-associated lymphoid tissue will be embedded 

FIGURE 7.3 Development of T1D is the 
 consequence of impaired thymic deletion and 
peripheral tolerance of diabetogenic T cells. 
Certain polymorphisms of HLA and genotypes of 
insulin gene variable number of tandem repeats 
 (INS-VNTR) impair the central tolerance (thymic 
deletion) of potential diabetogenic T cells, which 
enter the peripheral tissues and lymphoid organs. 
Treg suppression and other peripheral tolerance 
mechanisms are breached by genetic factors, such 
as gene polymorphisms in IL2RA, PTPN22, and 
CTLA4. Diabetogenic T cells are then activated in 
the  pancreatic lymph nodes upon encounter with 
T1D antigens (e.g., insulin, IGRP, and Gad65) 
 presented by DCs, and infiltrate into the pancreas to 
destroy islets and in turn induce T1D. B cells also 
 infiltrate the pancreas but their pathogenic role is still 
 undefined.
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in an environment enriched with suppressive cytokines (e.g., TGF-β and IL-10) as well as unique CD103+ gut dendritic cells 
(DCs) that express indoleamine 2,3-dioxygenase and retinoic acid. Such an environment favors the induction of  tolerance to 
antigens by increasing Treg cells or deleting antigen-specific T cells.22 Indeed, mucosal insulin inhibits  insulin-specific T cell 
and antibody responses in humans. Nevertheless, it has proven difficult to delay or prevent human T1D by mucosal insulin 
immunotherapy.23 The reason for the lack of success may be due to the occurrence of antigen spreading prior to oral insulin 
administration. Moreover, in contrast to inbred NOD mice, there is no conclusive evidence that PPI/insulin is “the initiating 
antigen” in human T1D. Further studies are required to define the role of PPI/insulin antigenicity in distinct human populations.

In NOD mice, intranasal administration of insulin peptides prevents the development of T1D.24 When combined with a 
low dose of systemic anti-CD3 mAb treatment, oral or intranasal administration of proinsulin can even enhance remission 
from recent-onset autoimmune diabetes in mice.25 Other PPI/insulin delivery strategies have also been found to reduce 
the T1D incidence in NOD mice, such as intramuscular injection of a plasmid DNA vaccine encoding proinsulin II,26 
intravenous administration of syngeneic splenocytes ECDI cross-linked to intact insulin or specific peptides (B:9–23 or 
B:15–23),27 and administration of an agonistic insulin mimetope (replacing the arginine residue [R22] in the natural peptide 
B:12–23 with glutamic acid).28 The clinical utility of these strategies remains to be determined.

7.3.3  Other Antigen-Based Therapies

Islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP) is a diabetic antigen that is expressed 
 exclusively in pancreatic islets. Because IGRP is not expressed in thymic mTECs, it regulates the response or tolerance 
of IGRP-reactive T cells mainly in the periphery.29 TCR transgenic mice with CD8+ T cells specific for the IGRP206–214 
epitope (NOD8.3 mice) develop accelerated diabetes, but the development of such a phenotype requires the presence of 
autoimmunity against proinsulin.30 Thus, in NOD mice, IGRP may be one of the many “spreading” antigens following 
pathogenic proinsulin-specific autoimmunity. In humans, several HLA-A2-restricted IGRP epitopes have been identified 
as diabetic antigens. Circulating CD8+ T cells from patients with recent-onset T1D but not from healthy controls respond to 
the identified IGRP epitopes,31 indicating that the presence/absence of IGRP-reactive T cells may be a marker for monitor-
ing the progression of T1D.

Glutamate decarboxylase 65 (Gad65) is predominantly expressed in the pancreas and brain, and is an essential 
 autoantigen in both T1D and stiff-person syndrome.32 Autoimmune diabetes in NOD mice can be prevented not only by 
intrathymic injection of GAD65 at 3 weeks of age,33 but also by intravenous injection of large amounts of GAD65 during 
later stages when autoimmunity has been initiated.34 Hence, GAD65 antigen that has arisen very early in life could con-
tinuously mediate disease progression. In humans, immunization with GAD65 formulated with alum was initially shown 
to delay the progressive loss of c-peptide (a measure of beta cell function) in new-onset diabetic individuals, but a recent 
phase 3 trial of GAD65-alum did not show any clinical benefits.35

The list of diabetic antigens is constantly growing, and approximately 20 antigens have now been identified to be 
 targeted by diabetogenic T cells (Table 7.1). For instance, an extensively studied diabetogenic CD4+ T cell clone, BDC2.5, 
has recently been shown to recognize the peptide epitope from chromogranin A.36 Many antigen-based T1D therapies are 
under active clinical trial. For example, trials using heat shock protein 60 DiaPep277 peptide have shown some promise in 
preserving residual beta cell function.37 Moreover, innovative methods of antigen administration (e.g., injection of nanopar-
ticles coated with peptide-MHC) are under investigation for the treatment of T1D.38 Overall, antigen-based therapy for T1D 
remains attractive because it offers the advantage of affecting only diabetogenic T cells. The success of this approach relies 
not only on the identification of primary antigen targets that initiate or aggravate T1D in distinct “outbred” human subjects, 
but also on the development of innovative and efficient antigen delivery systems.

7.4  BROAD IMMUNOSUPPRESSIVE THERAPIES

7.4.1  Pathogenic Role of T Cells in T1D

A recent study of pancreas autopsy samples removed from 29 patients with recent-onset T1D showed that CD8+ cytotoxic 
T cells were the most abundant cell population identified in insulitis specimens. Macrophages and CD4+ cells were also 
prominent in the islet infiltrate of T1D patients.39 However, it remains difficult to define the pathogenic role of T cells 
in human T1D because of the difficulty in accessing pancreatic tissues from patients. By contrast, in NOD mice, there 
is overwhelming evidence that T1D is a T cell-mediated autoimmune disease. Priming of islet-reactive T cells occurs in 
the pancreatic lymph nodes,40 where islet antigens are present and initially associated with a ripple of physiological beta 
cell death that occurs at 2 weeks of age.41 Primed T cells then infiltrate into islets causing further islet damage and the 
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subsequent release of different peptides from islet proteins that may contribute to early antigen spreading.21 Amplified T 
cell responses, together with the reaction of other immune cells, eventually induce T1D onset at around 12 weeks of age or 
later. It is noteworthy that T cell entry to the pancreas is an antigen-specific process, and the majority of T cells recruited 
to the pancreatic islets in the course of T1D are islet autoreactive.4 Destruction of islet beta cells by diabetogenic T cells is 
mediated via perforin and granzyme, the Fas/Fas ligand pathway, and the TNF-α-dependent pathway.42

A central step to start a T cell response is the activation of antigen-specific T cells. Naïve T cell activation requires at least 
TCR/CD3 and costimulatory signals, which are delivered by antigen-MHC and other molecules expressed on the surface of 
the antigen-presenting cell (APC). TCR/CD3 signaling activates various intracellular pathways (e.g., PKC/NF-κB, AP-1, 
and calcium/calcineurin/NFAT) to fulfill the needs of T cell proliferation and effector function.43 Thus, in theory, decreased  
TCR/CD3 signal strength may prevent T1D autoimmunity. Nevertheless, the PTPN22 gene encodes a negative regulator of 
TCR/CD3 signaling, lymphoid tyrosine phosphatase (LYP). The T1D susceptibility gene PTPN22 increases LYP activity and 
suppresses TCR/CD3 signaling, which results in a profound deficit in T cell responsiveness to antigen stimulation.44 There-
fore, it is not clear how changes in TCR/CD3 signal strength affect T1D autoimmunity, because TCR/CD3 signaling controls 
multiple processes involved in thymic T cell development, Treg cell generation, and naïve T cell activation and function.

7.4.2  Small-Molecule Immunosuppressants

Immunosuppressive drugs have been used to treat T1D, a T cell-mediated autoimmune disease. Cyclosporin A (CsA) is a 
calcineurin inhibitor that prevents T cell activation and function. Continuous CsA treatment in patients with new-onset T1D 

TABLE 7.1 Antigens Recognized by Human or Murine Diabetogenic T Cells

Antigen Human T Cell Murine T Cell

Insulin + +

Islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP) + +

Glutamate decarboxylase 65 (Gad65) + +

Glutamate decarboxylase 67 (Gad67) + +

Heat shock protein 60 (Hsp60) + +

Insulinoma-associated protein 2 (IA-2) + +

Insulinoma-associated protein 2β (IA-2β) + +

Carboxypeptidase E (CPE) + +

Glucose transporter 2 (GLUT2) + +

S100β + +

Glial fibrillary acidic protein (GFAP) + +

Islet cell autoantigen 69 kDa (ICA69) + +

Islet amyloid polypeptide (IAPP) + +

Heat shock protein 70 (Hsp70) + N/Aa

Mitochondrial 38 kDa islet antigen (Imogen 38) + N/A

Chromogranin A (Chg A) N/A +

Pancreatic duodenal homeobox 1 (PDX1) N/A +

Peripherin N/A +

Hepatocarcinoma–intestine–pancreas/pancreatic associated protein (HIP/PAP) N/A +

Dystrophia myotonica kinase (DMK) N/A +

Regenerating gene II (REG II) N/A +

aN/A indicates that positive results are not available.
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was shown to eliminate the need for exogenous insulin, but the effect was not lasting.45 Moreover, it caused renal toxicity, 
which considerably dampened enthusiasm for its use in T1D patients.

Rapamycin (also known as sirolimus) inhibits the mammalian target of the rapamycin (mTOR) pathway, which is criti-
cal for cell growth, proliferation, motility, and survival. A recent trial examined islet beta cell function in patients with long-
term T1D and showed that rapamycin monotherapy leads to an increase in serum c-peptide and a reduction in exogenous 
insulin requirements.46 By contrast, another trial showed that rapamycin/IL-2 combination therapy in T1D patients actually 
impaired beta cell function.47 The clinical benefit of rapamycin therapy, if any, is debatable.

7.4.3  Anti-CD3 mAbs

Binding of cell surface receptors by mAbs in vivo could result in the depletion of cells or in the agonistic/antagonistic 
effects mimicking/blocking the action of the receptor’s natural ligands. Therefore, selecting mAbs against distinct receptors 
on immune cells is a promising approach for developing new immunotherapies. The first mAb approved for clinical use 
was a mouse anti-human CD3ε (OKT3) mAb, which is a potent mitogenic agent for T cells by providing agonist effects via 
the TCR/CD3 complex.48 OKT3 mAb treatment elicits almost immediate massive cytokine release leading to mild-to-life 
threatening symptoms. To reduce such side effects, FcR-nonbinding humanized CD3 mAbs (teplizumab and otelixizumab) 
were developed to reduce the quantity and quality of TCR signals and attenuate toxic reactions. FcR-nonbinding CD3 mAb 
treatment marginally and transiently depletes T cells and exerts long-lasting immune regulatory effects.49,50

In initial clinical trials, brief administration of FcR-nonbinding CD3 mAbs in new-onset T1D patients exhibited substan-
tial therapeutic benefits. The cytokine release syndrome was largely eliminated, and the circulating T cell number recovered 
to pretreatment levels by one month of treatment. Most importantly, transient therapy with FcR-nonbinding CD3 mAbs 
preserved residual beta cell function in patients for more than two years.51 Depending on patient age and baseline residual 
beta cell mass, transient treatment with otelixizumab even preserved insulin production for up to 3–4 years.52 In a small 
group of patients, brief teplizumab treatment preserved residual beta cell function as long as 5 years.53 Nevertheless, in a 
recent phase 3 trial using teplizumab in 516 T1D patients within 12 weeks of diagnosis, the composite endpoint  (glycated 
hemoglobin A1c (HbA1c) <6.5% and insulin dose <0.5 U/kg per day at 1 year) did not differ significantly between the 
teplizumab-treated groups and the placebo group.54 A phase 3 trial of otelixizumab also did not meet the primary efficacy 
endpoint of change in C-peptide at month 12 in T1D patients.5 It is unclear whether further optimization of therapeutic 
antibody concentration and timing of treatment would lead to better outcomes.

7.4.4  Antithymocyte Globulin

Antithymocyte globulin (ATG) is a rabbit polyclonal gamma-immunoglobulin against human thymocytes. ATG has  multiple 
specificities for various molecules displayed on T cells and other immune cells and is a potent immune-depleting agent. 
Transient ATG therapy delays the loss of beta cell function in T1D patients,55 but does not induce long-lasting remission.5 
Recently, a group of new-onset T1D patients were transplanted with autologous nonmyeloablative hematopoietic stem 
cells. The majority of these patients achieved insulin independence after a mean follow-up of 29.8 months.56 Importantly, 
these patients were also treated with cyclophosphamide and granulocyte colony-stimulating factor (G-CSF) for hemato-
poietic stem cell isolation, as well as with ATG and cyclophosphamide before cell transplantation.57 Thus, a combination 
of potent immune depletion and suppression may forestall beta cell loss; however, potential adverse side effects may 
 complicate such an aggressive approach.

7.5  IMMUNOTHERAPIES THAT TARGET EVENTS IN T CELL RESPONSE

7.5.1  Environmental Triggers of T1D

An effective T cell response requires not only the presence of antigens and antigen-specific T cells, but also a proinflam-
matory environment. In the context of autoimmune T1D, the diabetogenic T cell response may be mainly triggered by 
undefined “sterile” inflammation. On the other hand, T1D onset could also be influenced by microbial infections and 
the intestinal microbial environment. For instance, inoculation of encephalomyocarditis virus induces diabetes in wild-
type SJL mice by triggering an immune attack on beta cells.58 In NOD mice, interaction of intestinal microbes with the 
innate immune system was found to be a critical factor modifying T1D predisposition.59 In humans, rare variants of IFIH1 
(interferon induced with helicase C domain 1) have been shown to provide protection against T1D. These variants are 
predicted to alter the expression and structure of IFIH1 and disrupt the normal function of IFIH1’s response to viral RNA. 
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Hence, viral stimuli through IFIH1 may be an environmental trigger of human T1D.60 Over the last 50 years, a several-fold 
increase has been observed in the incidence of human T1D, indicating an urgent need to identify possible diabetogenic  
environmental triggers.

7.5.2  Antigen-Presenting Cells

Local inflammation induces maturation of APCs, which in turn migrate to lymphoid tissues and activate antigen-specific 
T cells. DCs are a type of professional APC and can be divided into several subsets. For instance, conventional DCs are 
specialized for antigen processing and presentation, whereas plasmacytoid DCs express CD45RA and have poor antigen-
presenting capacity. Conventional DCs can be further classified into CD4+ DCs, CD8α+ DCs, and CD4−CD8α− DCs. 
Interestingly, NOD mice exhibit a defect in CD8α+ conventional DCs.61 Some studies indicate that enhancing DC develop-
ment or function predisposes to autoimmune disease.62 By contrast, others showed that Fms-like tyrosine kinase-3 ligand 
treatment prevents diabetes in NOD mice by upregulating the frequency of CD8α+ conventional DCs.61 G-CSF treatment 
also prevents diabetes by recruiting plasmacytoid DCs.63 To date, the exact role of DCs in T1D remains elusive, and the 
therapeutic use of DCs needs to be further investigated.

B cells are crucial APCs in the pathogenesis of T1D. Although B cell-derived autoantibodies against islet antigens are 
useful markers for predicting T1D disease activity, these autoantibodies may not be pathogenic.64 By contrast, B cells 
themselves infiltrate the pancreatic islets39 and present autoantigens to T cells.65 NOD mice deficient in B cells are insu-
litis resistant and protected from developing diabetes.66 Moreover, in a transgenic NOD mouse expressing human CD20 
(hCD20) on their B cells, transient depletion of B cells by an anti-hCD20 mAb delays the onset of diabetes and even 
reverses overt diabetes.67 A clinical trial with a course of an anti-hCD20 mAb (rituximab) showed that, at 1 year of therapy, 
the rituximab group had a significantly higher level of C-peptide and required less exogenous insulin for treatment than the 
placebo group. However, B cell depletion persists for months and is associated with some adverse events.68 A shortcoming 
of anti-CD20 mAb therapy is the risk of lowered systemic immunity.

7.5.3  Positive and Negative Costimulatory Molecules

APCs express various costimulatory molecules to regulate T cell response. For instance, CD28 expressed on T cells is the 
receptor for B7.1 (CD80) and B7.2 (CD86) expressed on APCs. TCR/CD3 stimulation plus CD28 signaling are sufficient 
to activate naïve T cells. In the absence of a CD28 costimulatory signal, TCR/CD3 stimulation induces functional anergy 
rather than activation of naïve T cells. T cell activation induces surface expression of cytotoxic T-lymphocyte antigen 4 
(CTLA-4), which also binds to CD80 and CD86 on APCs. However, CTLA-4 transmits an inhibitory signal to “turn off”  
T cell activation and serves as a physiologic antagonist of CD28. Mice deficient in CTLA-4 die within the first month 
of life of severe pancreatitis and mycocarditis, demonstrating the critical regulatory function of this negative costimula-
tory receptor.69 In the context of murine T1D, specific CTLA-4 deletion in autoreactive T cells facilitates the induction 
of autoimmunity,70 whereas artificial expression of a CTLA-4 agonist on B cells protects NOD mice from spontaneous 
auto-immune diabetes.71 In humans, an association of the CTLA-4 locus with susceptibility to T1D has been reported.72 
Moreover, a clinical trial of abatacept (CTLA4-Ig; a fusion protein of the CTLA4 and an IgG1 Fc domain) was conducted in 
T1D patients to block the CD28 pathway. Continued administration of abatacept resulted in an estimated 9.6 months delay 
in C-peptide reduction; however, beta cell mass and function continued to deteriorate.73

Inducible costimulator (ICOS) is a CD28 superfamily costimulatory molecule expressed on activated T cells. ICOS 
serves as a positive mediator for activated T cells by upregulating cell proliferation and cytokine secretion. NOD mice defi-
cient in ICOS or ICOSL (ICOS ligand) are protected from developing diabetes by limiting the activation of diabetogenic  
T cells.74 Combined treatment of mAbs blocking ICOS and CD40 ligand signaling also prevents T1D in adult NOD mice.75 
By contrast, abrogation of the ICOS pathway in BDC2.5 NOD mice exacerbates T1D, which may be due to the critical role 
of ICOS in homeostasis and functional stability of Treg cells in prediabetic islets.76 Therefore, caution should be exercised 
in immunotherapeutic use of ICOS blockade.

Activated T cells express programmed death 1 (PD-1). Binding of PD-1 with its two ligands, PD-L1 and PD-L2, 
maintains peripheral T cell tolerance by not only inhibiting primary T cell activation but also triggering exhaustion of 
activated T cells.77 Thus, blockade of the PD-1‒PD-L1 pathway with mAbs rapidly precipitates diabetes in prediabetic 
NOD mice.78 PD-1 deficiency in NOD mice also accelerates the onset and frequency of T1D development.79 It is worth 
noting that PD-L1 is expressed broadly on hematopoietic and parenchymal cells. PD-L1 expression on parenchymal 
cells rather than hematopoietic cells protects against T cell-mediated autoimmune diabetes.80 PD-L2 is predominantly 
expressed on hematopoietic cells and is less potent in controlling T1D in NOD mice.80 Lymphocyte activation gene 3 



Type 1 Diabetes Mellitus Chapter | 7 107

(LAG-3) is another inhibitory coreceptor expressed on activated T cells. LAG3 acts synergistically with PD-1 to prevent 
autoimmunity in mice,81 possibly by inducing exhaustion of activated T cells.77 Moreover, CD137 (4-1BB), a member of 
the tumor necrosis factor receptor superfamily, is primarily expressed on activated T cells and may prevent their exhaus-
tion.82 However, potential risks may associate with anti-4-1BB-based immunotherapy for autoimmune diseases,83 which 
requires further study.

The development of immunotherapies targeting costimulatory pathways is an attractive but challenging undertaking. 
Activated CD4+ T helper (Th) cells express high levels of CD154 (CD40L) to control the activation and function of various 
CD40-expressing immune cell subsets. Blocking CD40–CD154 interaction by using an anti-CD154 mAb proved effective 
in inducing peripheral T cell tolerance in various animal models. However, clinical trials of anti-CD154 mAb had to be 
prematurely terminated, because the mAb also binds to CD154 expressed on platelets and stimulates coagulation.84 It is 
important to note that attempts to target costimulatory pathways (e.g., the use of CD28 superagonist antibody TGN1412) 
in humans have led to life-threatening complications.85 Thorough preclinical investigations are required for understanding 
the therapeutic potential and possible toxicity of targeting costimulatory molecules.

7.5.4  Cytokines in Treg and Effector T Cell Function

Activated T cells produce many cytokines that have a variety of actions on themselves and other immune cells. In 
 particular, recent studies highlight that impairment of the IL-2 pathway plays a central role in the pathogenesis of T1D. 
IL-2 is predominantly produced by activated T cells and supports the expansion of activated T cells. However, IL-2 is 
also a critical cytokine for the development and homeostasis of Treg cells. In murine models, insulin-dependent diabetes 
susceptibility 3 (Idd3) on NOD mouse chromosome 3 is the strongest single non-MHC T1D susceptibility locus, which 
contains the Il2 gene and transcribes much less IL-2 mRNA as compared to protective Idd3 alleles. This genetic defi-
ciency in IL-2 production correlates with reduced Treg cell function in NOD mice.86 Moreover, transient low-dose IL-2 
administration in diabetic NOD mice can reverse T1D progression by a local effect on pancreatic Treg cells.87 Therefore, 
in NOD mice, the defect in the IL-2‒Treg pathway is critical for T1D development, and such a defect can be corrected 
by IL-2 therapy.

The IL-2‒Treg pathway in “outbred” human T1D subjects should be broadly interrogated. First, the Foxp3 transcrip-
tion factor is the master regulator for maintaining Treg cell phenotype and function. Humans with a rare Foxp3 mutation 
develop severe T1D and other lethal autoimmune disorders, demonstrating that a defect in Treg cell function triggers human 
T1D.7 Second, Treg cells isolated from patients with recent-onset T1D exhibit markedly reduced suppressor function 
in vitro.88 Finally, polymorphisms in genes encoding IL-2 receptor alpha chain (IL-2Rα or CD25) and IL-2 are strongly 
associated with human T1D.11 In particular, individuals with IL2RA susceptibility genotypes are associated with lower IL-2 
secretion by T cells as well as lower expression of CD25 on Treg cells, both of which may impair Foxp3 expression and 
Treg cell function.89 Taken together, the IL-2‒Treg pathway could be a regulator controlling the development of human 
T1D. Nevertheless, effector T cells isolated from T1D patients are also resistant to suppression by Treg cells,90 which may 
be a barrier for Treg cell-based therapy (i.e., low dose IL-2 administration). Indeed, in a recent clinical trial, IL-2 therapy 
combined with rapamycin in T1D patients causes transient beta cell dysfunction rather than protection, though treated 
patients exhibit increased Treg cell frequency.47

Recent studies demonstrated that IL-21 plays an essential role in T1D onset in NOD mice.91–94 IL-21 and IL-2 are 
closely related cytokines, both of which are predominantly produced by activated Th cells. The genes encoding IL-21 and 
IL-2 are adjacent to each other, and receptors for IL-21 and IL-2 share a common γ chain. However, IL-21 and IL-2 play 
distinct roles in regulating the immune system. While both cytokines can support expansion and survival of antigen-specific 
T cells during acute viral infection, IL-21 is the major cytokine required for sustaining effector T cell function in chronic 
viral infection.95 Moreover, IL-21 is not required for Treg cell homeostasis, but provides pleiotropic effects on many other 
immune cell types. Therefore, in contrast to IL-2-deficient mice that suffer from lethal autoimmunity due to Treg cell 
defect, IL-21 or IL-21 receptor (IL-21R) deficiency in mice prevents the induction of several autoimmune diseases.95 This 
has proved true in NOD mice as well. Deficiency in IL-21 or IL-21R renders NOD mice resistant to the onset of T1D.91,92 
Recent studies further showed that CCR9+ Th cells in the pancreas produce IL-2193 and that the IL-21R signal controls 
autoreactive T cell infiltration in pancreatic islets.94 Such thorough investigations of IL-21 actions will facilitate the design 
of immunotherapy targeting the IL-21signal.

IL-21R is expressed on CD4+ Th cells, CD8+ T cells, B cells, NK cells, DCs, macrophages, and keratinocytes. Thus, 
IL-21 produced by activated Th cells has a broad range of actions on various immune cells.95 For instance, Th17 cells pro-
duce IL-21, but IL-21 also serves as an autocrine cytokine for Th17 cell development and upregulates IL-23R expression 
to maintain the Th17 cell phenotype.95 Interestingly, enhanced Th17 immunity is observed in T1D patients.96 Inhibition of 
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Th17 cell function even prevents diabetes in NOD mice.97 Therefore, enhancing the Th17 cell response may be one of many 
actions by which IL-21 underlies the pathogenesis of T1D.

Inflamed tissues contain many types of immune cytokines, all of which play distinct roles in regulating immune 
responses. In the context of T1D, polymorphisms in genes encoding IL-7 receptor alpha, IL-10, and IL-27 also  
predispose to islet autoimmunity.11 The biology of these cytokines in T1D should be investigated to evaluate 
their therapeutic potential. Moreover, proinflammatory cytokines (e.g., IL-1) can directly cause beta cell destruc-
tion.98 Results from a recent clinical trial indicated that use of the IL-1 blocker anakinra lowers the requirement 
for exogenous insulin for months in children with new-onset T1D.99 Although IL-1 blocker alone may be insuf-
ficient to induce long-term remission of T1D, it should synergize with other immunotherapies in reversing diabetes  
(Figure 7.4).100

7.6  PROSPECTS FOR IMMUNOTHERAPY IN PROTECTING NEO-BETA CELLS

In the previous sections, we have reviewed many of the approaches that have been tested either in laboratory animals 
or in T1D patients in clinical trials (Table 7.2). Here, we offer additional thoughts on possible strategies for immu-
notherapy. We note that similar immune mechanisms that have led to beta cell destruction in a T1D subject will also 
destroy neo-beta cells that are produced in response to novel gene and cell therapy. Hence, a safe and effective immu-
notherapy is not available for the long-term protection of neo-beta cells. A possible approach is to halt the autoim-
mune attack first with potent short-term general immunosuppression (e.g., FcR-nonbinding anti-CD3 mAb, ATG, or 
anti-CD20 mAb) and prevent or ameliorate late recurrence of autoimmunity by instituting prolonged or intermittent 

FIGURE 7.4 Developing immunotherapies by targeting molecules that regulate T cell response. A central step in initiating a T cell response is the 
activation of T cells upon MHC-restricted antigen presentation by APCs. In the context of T1D, cDCs are professional APCs specified for processing beta 
cell antigens and presenting them to T cells. Proinflammatory cytokines (e.g., IL-1) trigger “sterile” inflammation and activate cDCs. IL-1 also directly 
causes beta cell destruction. Hence, IL-1 blocker may synergize with other immunotherapies in reversing T1D. By contrast, G-CSF prevents the T1D 
onset in mice by recruiting pDCs, which have poor antigen-presenting capacity. B cells are also crucial APCs in the pathogenesis of T1D. A clinical trial 
of an anti-hCD20 mAb showed some protective effects on beta cells by depleting B cells. APCs activate T cells through at least TCR/CD3 and CD28 
costimulatory signals. In recent trials using FcR-nonbinding CD3 mAbs to alter TCR signals or CTLA4-Ig to block the interaction between CD80/CD86 
and CD28, the beta cell loss was delayed but not abrogated. Other costimulatory or coinhibitory receptors (e.g., ICOS, 4-1BB, LAG-3, PD-1) are also 
potent regulators for T cell activation and function. Moreover, activated T cells produce many cytokines (e.g., IL-2 and IL-21) that have a variety of actions 
on themselves and other immune cells. IL-2 controls the generation and survival of Treg cells; however, IL-2 therapy in T1D patients did not protect beta 
cells from destruction. IL-21 provides pleiotropic effects on many immune cell types. Promoting Th17 cell response may be one of many actions by which 
IL-21 contributes to the pathogenesis of T1D. Targeting costimulatory pathways and cytokine signals remains an attractive but challenging therapeutic 
approach to treat T1D.
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immunotherapies that target costimulatory signals or cytokines (e.g., CTLA4-Ig or IL-1 blocker). Each of those thera-
pies delays beta cell loss for months. It would be interesting to determine the safety and efficacy of such combined 
therapies as a treatment strategy.

As immunologists continue their research on the mechanistic basis of the cause and progression of T1D, they should 
pay attention also to the precise pathogenic roles of diabetogenic T cells. Undoubtedly, they will uncover new treatment 
targets that will help refine future immunotherapies. For example, it has been noted recently that IL-21 produced by 
activated Th cells is required to sustain the chronic immune response in different autoimmune diseases.95 IL-21 and its 
related signaling molecules are thus attractive targets for T1D immunotherapy. Moreover, other innovative  technologies 
for immunotherapy should be explored. A plasmid DNA vaccine encoding mouse proinsulin II has been shown to 
reduce the incidence of diabetes in NOD mice,26 which demonstrates the potential of DNA-based immunotherapy for 
T1D.

Immune response against neo-beta cells is only one of the challenges for the clinical application of beta cell regenera-
tion. Efficient gene therapy to induce neo-beta cell formation in vivo still relies mostly on viral vectors, which themselves 
exert potent immunogenicity as well as toxic and other adverse effects. The generation of mature beta cells in vitro from 
pluripotent stem cells remains inefficient for obtaining clinically relevant cell numbers for therapy. The tumorigenicity of 
pluripotent cells also poses a potential threat that must be neutralized or circumvented before clinical application. Extensive 
preclinical investigations are required to resolve these challenges.

TABLE 7.2 Clinical Attempts Described in This Chapter That Target Antigens and Cells Involved in Immune-Mediated 
Beta Cell Destruction

Antigen/Cell 
Types

Mechanism of 
Action in T1D Therapeutic Strategy Patient Selection

Clinical Outcomes and 
Limitations

Insulin A major antigen 
that may trigger 
T1D onset

Oral/nasal insulin 
administration for 
 tolerance induction

T1D-risk children with 
HLA genotypes and 
autoantibodies

Did not prevent or delay T1D23

GAD65 A major antigen 
in T1D

Subcutaneous (s.c.) 
injection of alum- 
formulated GAD65

T1D children; within 
3 months after  diagnosis

Did not reduce the loss of beta 
cell function or improve clinical 
 outcomes over a 15 month period35

Hsp60 
 peptide p277

An antigen in T1D s.c. injection of a 
synthetic Hsp60 p277, 
DiaPep277

Adult and  pediatric 
patients with  new- onset 
T1D

Significantly preserved insulin 
synthesis in adult, but not pediatric, 
T1D patients37

T cells Effector cells that 
attack beta cells

CsA inhibits T cell 
function

Patients with  new-onset 
T1D

Required continued use of CsA to 
protect beta cells; associated with 
renal toxicity45

T cells Effector cells that 
attack beta cells

FcR-nonbinding CD3 
mAbs alter TCR signals

Patients with  new-onset 
T1D

Did not meet the primary efficacy 
endpoint of a phase 3 trial54; 
 associated with transient cytokine 
release and EBV reactivation

T cells Effector cells that 
attack beta cells

ATG depletes T cells T1D patients within 
4 weeks of diagnosis

Delayed the loss of beta cell 
 function; transient fever and 
 symptoms of serum sickness55

T cells Effector cells that 
attack beta cells

CTLA4-Ig blocks 
costimulatory signal of 
T cell activation

Patients with  new-onset 
T1D

Slowed reduction in beta cell 
 function; no increase in infections 
or neutropenia73

B cells APC and secrete 
autoantibodies

Anti-CD20 mAb 
depletes B cells

Patients with  new-onset 
T1D

Partially preserved beta cell 
 function over a period of 1 year; 
grade 1 or 2 reactions after the first 
infusion68

Innate 
immune cells

APC and release 
inflammatory 
mediators

Anti-IL1 mAb blocks 
inflammatory media-
tor IL-1

Patients with  new-onset 
T1D

Safe but were not effective as a 
single immunomodulatory drug99
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7.7  CONCLUSION

The past decade has witnessed steady progress in experimental in vivo reprogramming of nonbeta cells or adult stem cells 
in situ, and ex vivo-targeted differentiation of embryonic and adult stem cells, to mature beta cells as a therapy for  diabetes. 
To prepare for the clinical translation of beta cell creation strategies in T1D patients in the future, we must add to our arma-
mentarium an effective treatment method that counters the autoimmunity that underlies T1D. T1D patients harbor activated 
diabetogenic T cells that specifically attack beta cells. None of the current immunosuppressive agents can selectively 
 eliminate diabetogenic T cells to protect neo-beta cells in the long term. A better understanding of the T cell response in 
T1D would greatly improve our chances of developing a safe and effective immunotherapy that protects de novo-generated 
beta cells and enables a cure of this devastating disease.
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LIST OF ABBREVIATIONS
ABT Adenosine kinase inhibitors
Arx Aristaless-related homeobox
BMP Active bone morphogenetic protein
CAII Carbonic anhydrase II
cdk6 Cyclin-dependent kinase 6
Cpa1 Carboxypeptidase A1
DDC Dihydrocollidine
ESCs Embryonic stem cells
FBS Fetal bovine serum
FGAd First generation adenovirus
Fgf10 Fibroblast growth factor 10
GSIS Glucose-stimulated insulin secretion
GWAS Genome-wide association studies
HDAd Helper-dependent adenovirus
Hes1 Hairy and enhancer of split1
HFD High-fat diet
HGF Hepatocyte growth factor
iPSCs Induced pluripotent stem cells
KAAD Keto-N-aminoethyl-aminocaproyl-dihydrocinnamoyl
Klf4 Krüppel-like factor 4
MODY Maturity onset diabetes of the young
MSCs Mesenchymal stem cells
mtDNA Mitochondrial DNA
mTOR Mammalian target of rapamycin
Oct4 Octamer-4
Pax4 Paired box gene 4
PDL Pancreatic duct ligation
RA Retinoic acid
Shh Sonic hedgehog
Stat3 Signal transducer and activator of transcription 3
STZ Streptozotocin
TCF7 Transcription factor 7
TGFβ Transforming growth factor-β

8.1  INTRODUCTION

The prevalence of diabetes mellitus has been on the rise globally. It is a major health issue in well-developed countries 
and a major threat to the health and welfare of developing countries. Diabetes occurs when there is absence or insufficient 
circulating insulin to drive glucose into the cell and maintain euglycemia. Pancreatic β cells are the source of circulat-
ing insulin. Type 1 diabetes (T1D) is caused by absolute insulin deficiency, and type 2 diabetes (T2D) by relative insulin 
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deficiency in the presence of insulin resistance. Replacement of the missing insulin by the administration of exogenous 
insulin is the standard treatment for T1D; it is also an important adjunct therapy for T2D. However, insulin therapy can-
not mimic the secretion pattern of endogenous insulin in response to changes in blood glucose. Diabetic individuals who 
are treated with exogenous insulin invariably develop hyper- and hypoglycemia at least some of the time, and they are not 
completely protected from chronic diabetic complications. Despite some limited initial success,1 islet transplantation is not 
a cure; most transplanted islets eventually fail during long-term follow-up. Furthermore, the availability of islet donors is 
severely  limiting, and transplant recipients must receive lifetime toxic immunosuppressive therapy to prevent rejection.2 
These  limitations have prompted research on the generation of new β cells for replacement therapy. This approach is 
applicable to T1D individuals, who produce little or no insulin. The knowledge is also potentially useful in the treatment 
of subgroups of T2D individuals who exhibit severe β cell loss and dysfunction. Functional β cells can be generated by a 
number of  strategies outlined in Figure 8.1.

8.2  GENERATION OF β CELLS FROM PANCREATIC MATURE NON-β CELLS

Reprogramming the existing pancreatic non-β cells to transdifferentiate into new β cells has been widely explored. The 
rationale behind this approach is that these cells share close developmental lineage with β cells, and the reprogramming 
barrier may be lower than in the developmentally less well-related cells.

8.2.1  Pancreatic α Cells

A close lineage relationship provides an opportunity for directed transdifferentiation between α cells and β cells. The 
antagonistic functions of the transcription factors aristaless-related homeobox (Arx) and paired box gene 4 (Pax4) serve as 
a switch in the maintenance of α cell and β cell identity, respectively.3 The repression of Arx by DNA methyltransferase 
1-dependent methylation is required for the maintenance of β cell identity in mice.4 Forced expression of Arx is sufficient to 
transdifferentiate β cells to α cells.5 Ablation of Pax4 leads to the loss of β cells and a concomitant increase in the number 
of α cells,6 which raises the possibility that forced expression of Pax4 in α cells may have the reciprocal effect. Indeed, 
Collombat et al.7 discovered that ectopic expression of Pax4 is sufficient to convert α cells to β cells in vivo. Forced Pax4 
expression in α cells induces hypoglucagonemia, which induces the conversion of Ngn3+ progenitor cells into α cells that 
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subsequently acquire a β cell phenotype upon Pax4 ectopic expression. The animals display a 10-fold increase in β cell 
mass after 20 months but, inexplicably, eventually develop diabetes.7

The potential utility of α-to-β cell conversion has been reinforced by a report that conditions of near complete β cell 
depletion are sufficient to lead to a similar change in cell identity. In a transgenic mouse model that permits α cell  lineage 
tracing, near total β cell ablation using the diphtheria toxin receptor system leads to the regeneration of β cells but, 
 unexpectedly, β cell replenishment is mediated by α cell transdifferentiation rather than by β cell replication.8 In another 
β cell ablation model using simultaneous pancreatic duct ligation (PDL) and alloxan, both α-to-β cell conversion and β 
cell  replication are involved in the restoration of β cell mass.9

In 2013, a recent genome-wide study showed that α cells harbor bivalent chromatin signatures marked by the activating 
H3K4me3 and repressing H3K27me3 histone modifications, particularly at the loci of genes that are active in β cells, such 
as Pdx1 and Mafa.10 The presence of bivalent signatures is characteristic of progenitor cells and may suggest that α cells 
carry the plasticity to be reprogrammed into β cells. Interestingly, treatment of cultured human islets with a histone methyl-
transferase inhibitor results in insulin and Pdx1 expression in glucagon+ cells, suggesting that epigenetic manipulation may 
provide an avenue for α-to-β cell reprogramming.10

8.2.2  Pancreatic Acinar Cells

Pancreatic acinar cells are the major cell type in the pancreas; they share a similar lineage history with β cells during 
embryogenesis. Therefore, it is reasonable to expect that these cells may be amenable to reprogramming to β cells. Zhou 
et al.11 discovered that transduction of acinar cells with the three transcription factors, Pdx1, Ngn3, and Mafa reprograms 
these cells to β cells in vivo. Lineage tracing confirms that the insulin-positive cells have been derived from carboxypepti-
dase A1 (Cpa1)-positive mature acinar cells. They also coexpress mature β cell markers such as Nkx6.1, Glut2, and gluco-
kinase, but no longer express acinar cell markers such as Ptf1a and amylase. Sufficient reprogrammed insulin-positive cells 
can be produced by transduction in situ to improve the glycemia of streptozotocin (STZ)-induced diabetes in mice.11

While adenovirus-mediated transduction with the three transcription factors is sufficient to reprogram acinar cells to 
functional β cells in vivo, the same manipulation fails to fully reprogram the acinar cells to β cells in vitro.12 One concern 
in testing the in vivo strategy to generate new β cells in humans is the risk of pancreatitis caused by the manipulation.

A recent study claimed that Ptf1a+ acinar cells can transdifferentiate into Ngn3+ progenitor cells after PDL injury; they 
would further differentiate into endocrine β cells that express mature β cell markers, such as Pdx1, Nkx6.1, and Mafa.13 
According to this report, acinar cells may spontaneously retrieve embryonic multipotency after injury and transdifferentiate 
into mature β cells. However, other groups have failed to identify any newly generated β cells in the PDL injury models.14,15 
The reason for these discrepancies is unknown.

Baeyens et al.16 recently reported that transient simultaneous administration of epidermal growth factor and ciliary 
neurotrophic factor to adult mice with alloxan-induced diabetes efficiently stimulates the reprogramming of acinar cells to 
β-like cells. These newly generated β-like cells durably reinstate normal glycemic control and display a degree of glucose-
stimulated insulin secretion (GSIS). Activation of signal transducer and activator of transcription 3 (Stat3) signaling and 
Ngn3 expression in acinar cells are required for the complete transdifferentiation of acinar cells to β-like cells in this model.

As acinar cells can be reprogrammed to β cells by genetic manipulation in vivo, it is possible that one can treat 
 cultured pancreatic acinar cells with different cocktails and accomplish reprogramming in vitro. Unfortunately, it has been 
 challenging to use cultured pancreatic acinar cells for this type of experiment, partly because the exocrine component 
undergoes rapid dedifferentiation (see section 8.2.4 for details) under standard culture conditions. Lima et al.17 reported 
that addition of a combination of rho-kinase inhibitor (Y27632) and transforming growth factor β1 inhibitor (SB431542) to 
exocrine enriched pancreatic cells cultured in vitro slows down the dedifferentiation process.

8.2.3  Pancreatic Ductal Cells

During embryonic development, the pancreatic epithelium undergoes dynamic structural segregation of tip and trunk 
domains at the onset of the secondary transition. Lineage-tracing experiments showed that the tip domain (marked by the 
expression of Ptf1a, c-Myc, and Cpa) is quickly restricted to an acinar cell fate, whereas the trunk domain (marked by the 
expression of Nkx6.1/6.2, Sox9, Hnf1β, onecut1, Prox1, and Hes1) predominantly gives rise to the endocrine and ductal 
cell lineages.18

Although pancreatic β cells are known to expand by self-replication in postnatal life,19 the contribution of the ductal 
 progenitors in the process remains controversial, discrepant data being reported by investigators using different lineage-
tracing animal models.20 Inada et al.21 used an inducible human carbonic anhydrase II (CAII)-Cre to cross with ROSA26 
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loxP-Stop-loxP LacZ reporter mice to trace the lineage of ductal progenitors and found that CAII-expressing cells within 
the pancreas act as progenitors that give rise to both new islets and acini normally after birth and after PDL injury. In 
contrast, Solar et al.,22 who used Hnf1β as a ductal-specific lineage tracing marker, concluded that Hnf1β+ cells contribute 
to β cells during embryogenesis, but make no significant contribution to acinar or endocrine cells postnatally under basal 
 conditions or after PDL injury. In another study using mucin gene Muc1 expression to track exocrine and ductal cells, 
Kopinke et al.23 observed that Muc1+ cells give rise to β cells and other islet cells in utero, but do not detectably contrib-
ute to islet cells after birth, whereas Muc1 lineage-labeled cells contribute to the exocrine compartment even after birth. 
It is noteworthy that the lineage tracing systems used in all these studies have limitations, which may explain some of the 
 discrepancies between laboratories.20

Whether ductal cells are a postnatal source of β cells remains an open question. It is clear, however, that under  appropriate 
conditions, ductal cells can be converted into insulin-producing cells in vitro. Recently, Lee et al.24 reported that CD133+ 
human adult pancreatic duct cells can be successfully transdifferentiated into insulin-producing cells after transduction with 
the four islet developmental factors Pdx1, Ngn3, Mafa, and Pax6. These human insulin-producing cells exhibit features 
of functional neonatal β cells including high-level preproinsulin expression, proinsulin processing and dense-core granule 
formation as well as secretion of insulin and C-peptide in response to glucose and ATP-sensitive potassium channel stimu-
lants. Despite the fact that many of these cells created in vitro die shortly after transplantation in NOD-SCID gamma mice, 
a substantial proportion undergo further maturation in the host animal and secrete insulin when the animal receives an acute 
glucose challenge in vivo.24

8.2.4  Pancreatic Dedifferentiated β Cells

In 2004, Gershengorn et al.25 observed that human insulin-positive cells maintained in serum-containing media undergo 
dedifferentiation, characterized by expression of the mesenchymal cell marker vimentin, exponential expansion, and reten-
tion of the ability to return to hormone-positive cells in serum-free media. Lentiviral-based lineage tracing showed a substan-
tial proliferative capacity in dedifferentiated human islet β cells, whereas a much lower proliferative potential is observed 
in dedifferentiated mouse islet β cells.26 In another lineage tracing study, Weinberg et al.27 came to the same conclusion for 
mouse islet β cells, indicating that significant differences exist in β cell proliferative behavior in a species-specific manner.26

It has been suggested that pancreatic β cells may dedifferentiate to progenitor-like cells, a process that may contribute 
to the pathogenesis of β cell failure in T2D.28 Lineage tracing experiments demonstrated that loss of β cell mass in FoxO1 
deficient mice is caused by β cell dedifferentiation.29 Dedifferentiated β cells can revert to progenitor-like cells that express 
Ngn3, Oct4, Nanog, and L-Myc and fail to produce insulin.30 Interestingly, it is proposed that these dedifferentiated β cells 
could be used to reconstitute functional β cells by expanding these progenitor-like cells and redifferentiating them. Efrat 
and colleagues identified that inhibition of Notch pathway or epithelial–mesenchymal transition regulatory factor SLUG 
(SNAI2) facilitates redifferentiation of expanded human pancreatic β cell-derived cells.31

8.3  GENERATION OF β CELLS FROM TISSUE PROGENITOR CELLS

Progenitor cells have been widely identified in different tissues in adults and have a tendency to differentiate into a specific 
type of cell under specific conditions. Unlike stem cells, progenitor cells have more limited proliferative capacity.32 An 
alternate strategy to generate new β cells is by nudging these progenitor cells toward β cell lineage by gene transfer.

8.3.1  Transdetermination of Liver Progenitor Cells into β Cells

The liver and pancreas both arise from the endodermal cells in the embryonic foregut and share common progenitors. The 
adult liver harbors facultative progenitors, called “oval cells,” that can be activated in response to certain types of injury, 
especially under conditions of impaired hepatocyte proliferation, for example, when rodents are fed a 3,5- diethoxycarbon
yl-1,4-dihydrocollidine (DDC) diet.33 The oval cells, presenting as a heterogeneous population, are bipotential in that they 
can differentiate into both biliary epithelial cells and hepatocytes.33 Hepatic oval cells have been shown to become insulin-
producing cells under appropriate circumstances. When cultured in vitro in a high glucose environment for prolonged 
periods, oval cells acquire the capability to produce insulin.34 STZ-induced diabetes in rodents fed a DDC diet can lead to 
low-level insulin production by the newly formed oval cells.35

Adenovirus-mediated transfer of Pdx1 was shown to induce the expression of insulin in the liver of STZ-induced diabetic 
mice.36,37 This was true whether the gene was transferred by first generation adenovirus (FGAd) or helper-dependent adeno 
virus (HDAd), an adenovirus vector that is devoid of all adenoviral protein genes. FGAd caused a severe toxic reaction, and the 
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experiments were terminated eight days later.36 In mice treated with HDAd-Pdx1, high-level Pdx1 transgene expression also 
led to severe fulminant hepatitis four weeks later.37 Further analysis revealed that hepatic Pdx1 expression led to the appear-
ance of cells that express both insulin and pancreatic acinar enzymes such as trypsin. It appears that, as a pancreas lineage-
defining transcription factor, Pdx1 induces the production of both pancreatic exocrine and endocrine cells in the liver of adult 
diabetic mice, though the cellular origin of these ectopic pancreatic cells was not determined in this study.

To circumvent the undesirable exocrine-inducing action of Pdx1, Kojima et al.37 transduced Beta2/NeuroD1, a tran-
scription factor downstream of Pdx1, into the liver and achieved robust islet neogenesis that encompassed cells that pro-
duced all four major islet hormones (insulin, glucagon, somatostatin, and pancreatic polypeptide). The insulin secretion 
from the liver exhibited GSIS and stably reversed diabetes in STZ-treated mice. However, the origin of the newly formed 
insulin-producing cells after HDAd-Beta2/NeuroD1 treatment was not addressed in this study.

Subsequently, Yechoor et al.38 used HDAd to deliver the genes for Ngn3 and betacellulin (a β cell growth factor) to 
the liver of STZ-diabetic mice, and found neoislet formation in the periportal region of the treated animals. The newly 
formed islets encompassed cells that produced the four major islet hormones, especially insulin in a robust fashion. The 
periportal neoislets exhibit GSIS and stably reverse diabetes in STZ-diabetic mice. They also exhibit an ultrastructure and 
a transcription profile that is essentially identical to those of pancreatic β cells. Lineage tracing in combination with histo-
logical analyses indicate that the insulin-producing cells arose from a progenitor cell population, the hepatic oval cells.38 
The process of differentiation of an adult stem cell or progenitor cell population into developmentally related cells is called 
transdetermination.39 These proof-of-concept experiments in mice could lay the foundation for future research exploiting 
the process of transdetermination to treat diabetes.

8.3.2  Generation of β Cells from Hepatic Bile Ducts

In pancreatic progenitor cells, the protein hairy and enhancer of split1 (Hes1), a mediator of Notch signaling, inhibits the 
expression of Ptf1a, which controls exocrine cell differentiation, and of Ngn3, which drives islet differentiation.18 Foci 
of ectopic pancreatic tissue in the extrahepatic bile ducts have been detected in Hes1-deficient mice.40 Dutton et al.41 
found that a small population of endocrine cells spontaneously appears in the extrahepatic bile ducts, suggesting that the 
latter may be a new source from which to generate β cells for the treatment of diabetes. Using an adenoviral polycistronic 
vector, Banga et al.42 transferred the Pdx1, Ngn3, and Mafa genes in the livers of STZ-diabetic NOD-SCID mice and suc-
cessfully reversed hyperglycemia of these animals. Interestingly, marked ectopic duct-like structures that express a vari-
ety of β cell markers were observed in the livers of these mice. The insulin-positive cells display GSIS and dense-core 
granules characteristic of rodent β cells. Lineage tracing experiments showed that they are derived from Sox9+ cells,42 
which are normally associated with small bile ducts in the periportal region, strongly suggesting in vivo reprogramming 
of cells in the biliary tree to a β cell-like phenotype. Recently, multipotent progenitor cells have been isolated from 
human biliary ducts that differentiate toward β cell-like cells in conditional media. These insulin-producing cells also 
express C-peptide, Pdx1, glucagon, and somatostatin, and can have glucose-lowering effects in STZ-diabetic mice.43,44

8.3.3  Generation of β Cells from Gut Neuroendocrine Cells

Despite their common endodermal origin, pancreatic and gut Ngn3+ progenitor cells have distinct developmental fates and 
lifespans.45 In the pancreas, Ngn3+ progenitors are formed during embryonic development and their numbers are drasti-
cally decreased to a very low level after birth.46 In the gut, Ngn3+ progenitors instead continually arise from gut stem cells 
and contribute to the repopulation of the high-turnover enteroendocrine population.45 A recent study showed that ablation 
of FoxO1 in Ngn3+ enteroendocrine progenitor cells redirects them toward gut insulin-positive cells.29 These cells display 
the characteristics of mature β cells, e.g., expression of mature β cell markers, the ability to secrete bioactive insulin and 
C-peptide in response to glucose and sulfonylureas. The ectopic gut-produced insulin was shown to ameliorate diabetes in 
STZ-treated FoxO1 deficient mice.29 The plasticity of enteroendocrine cells demonstrated in FoxO1 ablated cells raises the 
possibility for gut cell-based therapies for diabetes.

8.4  GENERATION OF β CELLS FROM STEM CELLS

Different types of stem cells including embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs) and mesenchy-
mal stem cells (MSCs) have been exploited as starting material for directed differentiation to a β cell phenotype. The major 
benefit of using stem cells to generate functional islet cells is their unique ability to divide indefinitely in culture while 
maintaining an undifferentiated fate in a process known as self-renewal.47
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A set of criteria have been proposed that define MSCs: (1) adherence to plastic in standard culture conditions;  
(2) the simultaneous presence of CD105, CD73, CD90, and absence of CD45, CD34, CD14, or CD11b, CD79a, or CD19 
and HLA class II; (3) the ability to differentiate to osteoblasts, adipocytes, and chondroblasts under standard in vitro 
differentiation conditions.48 Numerous attempts have been made to differentiate MSCs from distinct tissue origins to 
insulin-producing cells; unfortunately, the majority of reports have used insulin production as the sole criterion in their 
assessment and as evidence of success. Furthermore, considerable uncertainty remains with respect to the identity and 
heterogeneity of MSCs (reviewed by Dominguez-Bendala et al.49). Recently, Carlotti et al.50 characterized a subset of 
human islet-derived MSCs, possibly related to pericytic CD105+/CD90+ progenitors. When these endocrine hormone-
negative cells are transferred to a serum-free medium, they aggregate to form clusters and develop the capacity to 
produce insulin, glucagon, and somatostatin. These cells appear to fall short of what is required for efficient GSIS and 
therapy in vivo. Pluripotent stem cells, particularly iPSCs, have received much more attention than MSCs as a potential 
source of pancreatic β cells.51

8.4.1  Embryonic Stem Cells

Establishing executable differentiation protocols to direct pluripotent ESCs to functional somatic cells has been a major 
focus of research in the field of regenerative medicine (Figure 8.2). Baetge and colleagues established an efficient protocol 
for directed differentiation of ESCs to pancreatic endoderm, which was recapitulated as four stages of embryonic develop-
ment to obtain glucose-responsive, insulin-secreting cells in vitro.52,53

8.4.1.1  Nodal and Wnt Signals Drive Definitive Endoderm Formation from ESCs

During gastrulation, Nodal and Wnt signals coordinately regulate patterning of the streak and the formation of midline 
organizing tissues.54 Nodal, a transforming growth factor-β (TGFβ) ligand, displays antagonism in mesoderm and endo-
derm induction within the embryo. High levels of Nodal signal direct mesendoderm cells toward an endoderm fate, and 
to a mesoderm fate at lower doses.55 Activin A, another TGFβ ligand that mimics the action of Nodal, was successfully 
used in the first efficient protocol for generating definitive endoderm in vitro from ESCs.52 The differentiation of ESCs 
to definitive endoderm is achieved by culturing pluripotent cells at a low concentration of fetal bovine serum (FBS) 
for three days in the presence of a high level of Activin A (100 ng/mL). Additional Wnt3a on the first day of Activin A 
exposure facilitates mesendoderm specification and definitive endoderm formation, characterized by the expression of 
Sox17, Foxa2, CER, and Cxcr4. The differentiation of pluripotent cells to definitive endoderm is a critical step for the 
efficient differentiation of pancreatic endoderm; therefore, future protocols may benefit from incorporating the small 
molecules IDE1 and IDE2, which are known inducers of definitive endoderm via activating the Activin/Nodal signaling 
pathway in mouse and human ESCs.56
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FIGURE 8.2 Schematic representation of differentiation  procedure and the expression of key markers of (a) normal β cell  development and (b) 
directed differentiation of ESCs/iPSCs toward β-like cells.
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8.4.1.2  Removal of Activin A Promotes Transition to Primitive Gut Endoderm

During embryogenesis, sonic hedgehog (Shh) plays an essential role in primitive gut tube endoderm development; however, 
Shh must be repressed later in the posterior foregut for pancreatic buds to be specified.57,58 In vitro, this process could be 
mimicked by returning FBS and removing Activin A from the culture for three days. The removal of Activin A is critical for 
transition from definitive endoderm to gut tube endoderm. At this stage, the expression of gut tube markers such as Hnf1β 
and Hnf4α is increased; in contrast, the expression of definitive endoderm markers CER and Cxcr4 is reduced.52 Notably, 
Sox17 is persistently expressed in Hnf1β-positive cells, indicating their endodermal origin. Although Activin A removal 
alone is sufficient to induce the expression of gut tube markers Hnf1β and Hnf4α, D’Amour et al.52 observed that the 
addition of the fibroblast growth factor 10 (Fgf10) and hedgehog signaling inhibitor 3-keto-N-aminoethyl- aminocaproyl-
dihydrocinnamoyl (KAAD)-cyclopamine at this stage significantly promotes β cell differentiation as manifested in end 
stage differentiated cells marked by a massive increase in insulin production.

8.4.1.3  Noggin and Retinoic Acid Promote Pancreas Specification

The foregut endoderm gives rise to the pancreas, stomach, lungs, liver, and biliary apparatus in embryos. Active bone 
 morphogenetic protein (BMP) signaling is associated with hepatic induction from foregut endoderm, while BMP inhibition 
in the dorsal endoderm favors a pancreatic fate.59 Retinoic acid (RA) is sufficient to induce the expression of the pancreatic 
marker gene Pdx1 in pancreatic endoderm from Xenopus to humans.60,61 The signaling environment could be recreated 
in vitro by supplementing the previously differentiated cells with RA, Fgf10, and KAAD-cyclopamine. Recent studies 
indicate that Noggin, a BMP inhibitor, combined with RA, succeeded in producing massive Pdx1+ pancreatic progenitor 
cells.62,63 Properly differentiated cells at this stage express significant levels of Pdx1, Hnf6, and Sox9. Importantly, RA 
treatment at this stage is required for later expression of insulin and Ngn3.52

8.4.1.4  Amplification and Maturation of Pancreatic Endoderm and Endocrine Precursors

During pancreas development, the expansion of Pdx1+ pancreatic progenitor cells is driven by signals from the pancreatic 
mesenchyme. Mesenchymal Fgf10 plays a crucial role in inducing progenitor cell proliferation and arresting their terminal 
differentiation.64,65 Both Fgf10 and epidermal growth factor treatments facilitate the expansion of human ESC-derived 
Pdx1+ pancreatic progenitor cells.62,63

It has been a major challenge to achieve the subsequent transition from pancreatic Pdx1+ progenitors to endocrine 
Ngn3+ progenitors. The paucity of data on proper signals to specify β cell fate underlies some of this difficulty. Recent 
genome-wide association studies (GWAS) in adult populations identified GLIS family zinc finger 3 (GLIS3) as a candidate 
gene for T1D,66 as well as a gene associated with T2D.67,68 The Glis3 gene appears to control the specification of endocrine 
progenitors in mice by transactivating Ngn3, collaborating with Hnf6 and Foxa2 during early pancreas development.69 This 
finding opens an avenue for a translational effort to promote the formation of endocrine progenitors by overexpressing 
Glis3 and Hnf6 or Foxa2 properly.

Sander and colleagues reported that aberrant histone modification patterns are associated with inefficient induction of 
endocrine genes during terminal differentiation into endocrine cells in vitro. Notably, several transcription factors such as 
the Hnf1α, transcription factor 7 (TCF7) and hematopoietically-expressed homeobox protein HHEX, are poorly induced, 
which could underlie the inappropriate chromatin remodeling of β cell genes including insulin and urocotin 3 during 
in vitro differentiation.70 It is unclear whether direct manipulations of these transcription factors or chromatin-modifying 
enzymes would facilitate production of fully differentiated β cells in vitro.

8.4.2  Induced Pluripotent Stem Cells

The term “induced pluripotency” refers to the reprogramming of a somatic cell into a cell with pluripotent potential. Shinya 
Yamanaka first showed that somatic cells can be reprogrammed into iPSCs directly in culture through forced expression 
of four defined factors: Octamer-4 (Oct4), Sox2, Krüppel-like factor 4 (Klf4), and c-Myc.71 Shortly afterwards, studies 
demonstrated that somatic cells can be reprogrammed by substituting Nanog and Lin28 for Klf4 and c-Myc.72,73 Recently, 
Yamanaka and colleagues discovered that GLIS1 can replace c-Myc and markedly enhances the generation of iPSCs from 
both mouse and human fibroblasts.74

The iPSCs exhibit many ESC-like properties such as high telomerase activity, hypomethylation of endogenous 
 pluripotency gene promoters, as well as reactivation of the X-chromosome in XX cell lines.75 In the future, the genera-
tion of iPSCs in vitro likely will be favored over ESCs for tissue transplantation for several reasons. First, iPSCs are 
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patient-specific, thereby minimizing the likelihood of immune rejection after transplantation. Second, the induction 
process is becoming increasingly efficient with fewer technical limitations. Finally, the production of iPSCs does not 
require the use of oocytes or the destruction of an embryo, circumventing major ethical concerns associated with ESC 
production.

Importantly, iPSCs can be generated from patients with T1D by reprogramming their adult fibroblasts with three 
 transcription factors (Oct4, Sox2, and Klf4). T1D-specific iPSCs have the hallmarks of pluripotency and can be  differentiated 
into insulin-producing cells,76 although efficiency is low and clonal variance has been noted.77 In addition, patient-specific 
iPSCs have been generated from patients with maturity onset diabetes of the young (MODY) mutations78 and  mitochondrial 
DNA (mtDNA) mutations.79 In time, these and other patient-derived iPSC lines may enable personalized medicine for 
 diabetic patients at a level not previously achievable.

One must overcome some hurdles before iPSCs can be used to treat T1D patients. First, reprogramming typically 
requires genomic integration to drive exogenous gene expression. Three out of the four reprogramming factors—c-Myc, 
Oct4, and Klf4—initially identified are known oncogenes or have oncogenic potential.80,81 It is unlikely that they will be 
used to generate iPSCs for reimplantation in a patient. It has been reported that the transgenes undergo silencing after 
reprogramming has occurred71; nonetheless, there is continued concern over the risk of reactivation and subsequent trans-
formation of transplanted tissue. Furthermore, viral-mediated genomic integration may also cause insertional mutagenesis. 
Currently, nonintegrating or excisable systems, RNA delivery, or protein transduction methods have been developed to 
circumvent this potential drawback.82–84

The second obstacle is that iPSCs, like ESCs, exhibit enormous tumorigenic potential.85 Different strategies (e.g., 
optimizing the directed-differentiation protocols and use of cell-sorting techniques) are being developed to optimize the 
production of a more homogeneous β cell population produced in vitro for transplantation.51,86

Finally, although there are major advances in the induction of insulin production capacity from iPSCs, the gen-
eration of authentic β cells in vitro has not been achieved.87 Several factors seem to underlie the difficulty. First, the 
presence of epigenetic memory may influence the propensity of cells to differentiate toward β cell lineage. Bar-Nur 
et al.88 found that β cell-derived iPSCs maintain open chromatin structure at key β cell-specific genes, conferring 
them with an enhanced  capacity to differentiate to insulin-producing cells both in vitro and in vivo, as compared with 
ESCs and non-β cell-derived iPSCs. Noncoding RNAs, particularly microRNAs, are also involved in the regulation 
of iPSC generation and morphological, as well as functional, β cell differentiation.89 Recent studies showed that 
miR302 can replace all the formerly defined factors to reprogram human and mouse somatic cells to iPSCs. Mecha-
nistically, miR302, as a cytoplasmic gene silencer, represses the translation of multiple key epigenetic regulators to 
induce global DNA demethylation, which subsequently triggers the previously defined factors such as Oct4, Sox2, 
and Nanog to complete the reprogramming process.90–92  Inhibition of mouse embryonic fibroblast-enriched miR-
NAs such as miR-21 or miR-29a enhances reprogramming  efficiency to iPSCs.92 Deletion of the miRNA processing 
enzyme Dicer1 in the early pancreas affects all subsequent pancreatic lineage development, suggesting that a unique 
profile of miRNAs is required for pancreas development and β cell formation.89 Therefore, in addition to identifying 
the proteins needed for conferring true β cell identity, we must keep in mind the importance of epigenetic regulation 
and microRNA modulation in the process.89,92,93

8.5  GENERATION OF NEW β CELLS BY INDUCING THEIR REPLICATION

Dor et al. reported in 2004 that newly generated β cells in adult pancreas arise directly from preexisting mature β cells rather 
than from specialized progenitor cells.19 Teta et al.94 used an innovative DNA double-labeling system to trace the origins 
of new β cells and came to the same conclusion. Whether adult human β cells arise from preexisting β cells remains to be 
determined. Formation of a human β-cell population within pancreatic islets is established before the age of five years or 
even earlier.95 Early in life, β cell mass increases as β cell replication rates are increased, and islet sizes increase but islet 
number remains stable; thus, the predominant source of new β cells in humans in early life is from previously existing 
β cells.96

A recent GWAS implicated growth-associated loci (e.g., CDKN2 A/B and CCND2) as contributors to the hereditary risk 
of T2D.97 It should be noted that most patients with long-duration (greater than five years) T1D retain some β cells,98 sug-
gesting that they may benefit from therapies that induce proliferation of these residual cells. The fact that self-duplication 
as the primary mechanism for β cell growth and regeneration after birth has heightened the interest in finding approaches 
to stimulate β cell replication to treat diabetes.
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8.5.1  Insulin Resistance-Induced Circulating Factors Stimulate β Cell Replication

The insulin resistant state is a strong stimulant for β cell replication in rodents. The connection between insulin resistance 
and β cell replication is well-established in the liver-specific insulin receptor knockout mouse model, which fails to sup-
press hepatic glucose production in response to insulin. The inability to suppress hepatic gluconeogenesis causes marked 
hyperinsulinemia and robust compensatory β cell expansion.99 In humans, whether insulin resistance induces β cell rep-
lication is controversial. Hanley et al.100 discovered that β cell proliferation is increased in obese nondiabetic patients and 
decreased in obese diabetic patients, compared to that in lean nondiabetic controls. In contrast, Saisho et al.101 and Kou et al.102 
reported that β cell replication is not significantly different between obese nondiabetic patients and lean nondiabetic controls. 
Recently, Mezza et al.103 found that increased islet neogenesis, but not β cell replication, contributes to increased β cell mass 
in insulin-resistant living subjects, compared to that in body weight-matched insulin sensitive controls. Low proliferation 
rate, sample origins, ethnic differences, and poorly matched comparisons may explain some of the discrepancies.

Glucose has been identified as a stimulant for β cell replication in vitro and in vivo for decades.104 This notion was 
challenged by the observation that β cell replication is increased in islets transplanted into euglycemic insulin resistant 
animals,105 suggesting that circulating factors other than glucose are responsible for driving β cell replication. In the past  
2 years, two hormones—hepatocyte growth factor (HGF)106 and angiopoietin-like protein 8/betatrophin107—have been 
identified to be responsible for the compensatory expansion of β cells in the face of insulin resistance in rodents.

Circulating levels of HGF are elevated in obesity-associated insulin resistance. The physiological role of HGF in the 
pancreatic β cell was examined in conditional knockout mice in which HGF/c-Met signaling was disrupted in β cells. These 
mice display impaired GSIS without significant alterations in β cell mass, suggesting that HGF is important for controlling 
normal insulin secretion but dispensable for normal β cell growth.106 On the other hand, HGF administration or overexpres-
sion in β cells increases β cell proliferation, survival, and differentiation. Interestingly, HGF gene transfer to islets ex vivo 
enhances islet graft survival and function and reduces the number of islets needed for successful transplantation, suggesting 
a potential therapeutic future for HGF in islet transplantation in humans.106

Betatrophin, predominantly expressed in liver and adipose tissue, is upregulated in mouse models of insulin resistance and 
during pregnancy in mice.107 Overexpression of betatrophin in mouse liver markedly promotes pancreatic β cell proliferation, 
expands β cell mass, and improves glucose tolerance. Betatrophin has been highlighted as a β cell selective growth factor with 
therapeutic potential.107 This notion was challenged by the recent observation that circulating levels of betatrophin are doubled 
in individuals with long-standing T1D, compared to normal individuals. An increased level of betatrophin does not protect 
against progressive loss of functional β cells.108 More recently, Jiao et al.109 reported that elevated betatrophin fails to stimulate 
the proliferation of transplanted human islet β cells in animals. These recent data indicate that manipulation of betatrophin may 
not have therapeutic value in human diabetes as it may in insulin-resistant diabetic rodents.

8.5.2  Wnt/GSK-3/β-catenin Pathway

The conserved Wnt/GSK-3/β-catenin pathway plays an essential role in cell proliferation and differentiation.110 Pharma-
cologic inhibition of GSK-3 in combination with nutrient activation of mammalian target of rapamycin (mTOR) leads to 
activation of the Wnt/GSK-3/β-catenin pathway, which in turn modestly stimulates DNA synthesis, cell cycle progression, 
and proliferation of adult human β cells in vitro.111 However, a study utilizing this approach showed that the expansion 
of human islets is associated with a loss of insulin content and secretory function.111 Aly et al.112 discovered that cadaver-
derived intact human islets treated with a conditioned medium from intestinal L cells that constitutively produce Wnt-3a, 
R-spondin-3, and Noggin, in combination with inhibitors of ROCK and RhoA, display significantly increased DNA syn-
thesis by six-fold, and are associated with a 20-fold increase in proliferation of the human β cells beyond that with glucose 
alone. Importantly, this approach appears not to impair GSIS or decrease insulin content of the human β cells.112 This novel 
strategy might have a potential for use in the in vitro expansion of human islet β cells to treat diabetes.

8.5.3  Cell Cycle Regulators

A number of studies have focused on developing strategies to expand or restore β cell mass by exploring pathways that drive 
β cell proliferation.104,113 Delivery of cell cycle regulators such as cyclin-dependent kinase 6 (cdk6), c-Myc, and cyclin 
D1 can induce the replication of adult human β cells in vitro or in transplanted mouse models.104,113 Notably, therapeutics 
targeting the cell cycle must be highly selective for β cells and have a reversible effect on β cell growth to avoid neoplastic 
transformation.
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Haploinsufficiency of Glis3, a potent insulin gene transactivatior,114 has been shown to make adult Glis3+/− mice much 
more prone to develop high-fat diet (HFD)-induced diabetes, because of the impairment of β cell proliferation and β cell 
mass expansion during HFD feeding. Mechanistically, Glis3 controls β cell proliferation in part by directly regulating 
Ccnd2 transcription.115 GWAS showed both GLIS3 and CCND2 loci are closely associated with T2D,67,68,97 which high-
lights the interest to drive β cell replication by manipulating Glis3 expression.

Although many strategies can successfully drive β cell replication in rodents, induction of adult human β cell replication 
has proven to be much more challenging.113 Recently, Stewart and colleagues found that almost all of the critical G1/S cell 
cycle control molecules, including cyclins or cdks, necessary to drive human β cell proliferation are located in the cyto-
plasm of the quiescent human β cell, whereas the cell cycle inhibitors, pRb, p57, and variably, p21 are present in the nuclear 
compartment.116 This difference between humans and rodents may be one of the reasons why human β cells are resistant to 
some stimuli that seem to work in rodents.

8.5.4  Small-Molecule Inducers

Identification of small molecules to stimulate β cell proliferation, instead of making use of endogenous factors that promote 
β cell replication, is an alternative strategy to generate more β cells. By high-throughput screening, adenosine kinase inhibi-
tors (ABT-702, 5-IT), phorbol esters, thiophene-pyrimidines, and dihydropyridine derivatives have been shown to stimulate 
β cell proliferation in immortalized β cell lines or primary rodent islets.117,118 Notably, adenosine kinase inhibitors selec-
tively promote β cell replication, but not replication of other cell types such as exocrine cells, hepatocytes, and myocytes.117 
It is unclear whether adenosine kinase inhibitors stimulate human β cell replication. Stainier and colleagues confirmed that 
adenosine kinase inhibitors promote β cell regeneration in a diabetic zebrafish model.119 More recently, the small molecule 
WS6 was shown to potently stimulate β cell proliferation in rodents and humans.120

8.6  CLOSING REMARKS

A major challenge facing cell transplantation for treating diabetes is the host immune system via allo- and autoimmunity.121 
An updated summary on the immune process underlying T1D and current immunotherapies to protect the newly trans-
planted islets or β cells from autoimmune attack is the subject matter in Chapter 7 in this volume. One alternative approach 
of bypassing the immune system is to encapsulate the islets or β cells within a semipermeable membrane barrier, allowing 
diffusion of insulin, glucose, and other nutrients, but not of larger molecules, cells, or antibodies.122 Although islet encap-
sulation has been proven a success, the variability amongst small-scale clinical trials in T1D highlights a variety of issues, 
such as homogeneity, stability, purity, porosity, and biocompatibility of the  materials.123 Improvement in the efficacy of 
islet encapsulation has been achieved by combining with a short-term or low-dose immunosuppression regimen.124

In summary, tremendous progress has been made in the areas of β cell differentiation, replication, and reprogram-
ming of non-β cells to β cells. The pros and cons of current approaches to produce β cells have been briefly summarized 
in Table 8.1. Current protocols for deriving pancreatic endocrine cells have to be further optimized to achieve efficient 
 differentiation and production of homogeneous β cell populations that lack residual multipotent cells. Additional research 

TABLE 8.1 Comparisons of Current Approaches to Generate Pancreatic β Cells

Approach Pros Cons

Pancreatic mature non-β cells Closely related developmental lineage, 
lower reprogramming barrier

Acinar cells: risk of pancreatitis; ductal cells: 
absence of a unique lineage tracing system makes 
validation difficult; dedifferentiated β cells: limited 
available data

Tissue progenitor cells Common endodermal origin, single or few 
transcription factors are introduced

Difficult to isolate and expand

Stem cells Essentially infinite proliferative capacity, 
no ethical concerns (iPSCs), iPSCs present 
great translational potential

Tumorigenic potential; full differentiation to 
authentic β cells still a challenge

Induction of β cell proliferation Adult β cells form by self-duplication; 
 clinical potential

Human β cells seem resistant to the known stimuli
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into the mechanisms of endocrine specification will be needed to eventually yield the necessary tools to allow for direct dif-
ferentiation of non-β cells toward endocrine β cells. In any event, new discoveries on β cell biology and manipulation have 
been appearing in rapid succession, and we are optimistic that β cell replacement therapy will become a practical strategy 
for treating diabetes in the not too distant future.
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LIST OF ABBREVIATIONS
AADC Aromatic amino acid decarboxylase
BBB Blood–brain barrier
BDNF Brain-derived neurotrophic factor
CED Convection-enhanced delivery
FGF2 Fibroblast growth factor 2
GABA γ-Aminobutyric acid
GAL Galanin
GDNF Glial cell line-derived neurotrophic factor
GAD Glutamic acid decarboxylase
GlyR Glycine receptor
GTP Guanosine triphosphate
HSV Herpes simplex virus
IL Interleukin
NMDA N-methyl-D-aspartic acid
NPY Neuropeptide Y
NTF Neurotrophic factor
PD Parkinson’s disease
SE Status epilepticus

9.1  INTRODUCTION

No other organ system can reach the complexity of the nervous system. Not only are the principal cells (the neurons) mor-
phologically and physiologically complex and heterogeneous, but they are also highly interconnected to generate circuits 
and regions organizing and regulating all kinds of functions: from the vegetative, to the sensory-motor, to the so-called 
“higher” functions (perception, memory, and emotion). Many other cell types, such as astrocytes and microglia, participate 
in and sustain neuronal activity. Achieving normal neuronal function is a balance between correct developmental pathways 
and maintenance of the cells in the adult brain. Contrary to a dogma that prevailed for about a century, it was demonstrated 
that neural stem cells persist even in the adult brain, which ensures continuous replacement of some neuronal elements and 
increases their activity in conjunction with physiological needs (such as learning and memory) or damage.1

Because of the complexity, it is not surprising that the nervous system is the site where many of the most elusive and perva-
sive disease processes arise. These diseases encompass a broad spectrum of pathologic states (neurodegeneration, abnormal cell 
activity, cancer, neuroinflammation, metabolic, and developmental disorders) and can have global or local effects on develop-
ment, metabolism, and function. Because of the complexity and limited understanding of the relevant neuropathophysiology, 
conventional therapeutic approaches (drug treatments and neurosurgical procedures) provide limited and often unsatisfactory 
effects. Because the continuous aging of the population leads to a progressive increase in the incidence of nervous system dis-
eases, there is an urgent need to improve the currently available treatments and to develop effective alternatives.

In this review, we will present and discuss data supporting the notion that gene therapy may become a realistic option for 
the treatment of nervous system diseases. The field has matured, with the development of sophisticated gene delivery vehi-
cles and their successful application to treatment of animal models. Based on these preclinical studies, early human clinical 
trials were carried out to test the safety and the efficacy of gene therapy and these studies showed encouraging results.
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A single review cannot cover all these data in detail. Therefore, we will focus on some of the most representative cases 
and lead the reader to other recent papers for further information (see Ref. 2). Here, we will first briefly describe the advan-
tages and disadvantages of the different vectors for application to nervous system diseases. We will then discuss data on three 
diseases in detail: (1) neuropathic pain, representative of peripheral nervous system diseases; (2) epilepsy, characterized by 
abnormal hyperactivity; and (3) Parkinson’s disease, representative of neurodegenerative diseases. It should be noted that this 
choice was dictated by the will to demonstrate the widespread potential applicability of gene therapy to heterogeneous groups 
of nervous system diseases. Spectacular advances were made in other areas of neurological disorders, like sensory organs 
diseases and brain cancer,2 but these will not be discussed in detail. The authors believe that gene therapy has tremendous 
potential to prevent development and progression of many nervous system diseases and possibly to restore normal function. 
Optimistically, some of these approaches will become approved medications for patients in the not too distant future.

9.2  VIRAL VECTORS FOR NEUROLOGICAL DISEASES

The delivery of genes in the nervous system has employed a large array of vectors. Nonviral vectors composed of naked 
DNA have been attempted by a number of investigators. These vectors suffer from difficulties (Table 9.1) related to deliv-
ery, short-term expression and immune reactivity to the vector itself. Viral vectors were also extensively employed for pain 
gene therapy with considerable success (Table 9.1). Viruses can be delivered locally and many, but not all, can be trans-
ported down the axons by a retrograde transport mechanism to the cell body following infection of the nerve termini. This 
retrograde transport may be particularly attractive for the therapy of neuropathic pain, as described in subsequent sections. 
It occurs with different efficiencies depending on the virus type and strain but the most highly evolved virus type for this 
purpose in human infections is herpes simplex virus (HSV). Retrograde transport provides a means of targeting specific 
ganglia following intradermal infection or other delivery routes.

Other important considerations for the choice of vector relate to dosing, mechanism of persistence (e.g., integrated or 
episomal), induction of local inflammation, payload capacity and complexity, level and duration of transgene expression, 
and the degree to which the vector platform can be delivered to specific neuronal subtypes. In general, vectors such as those 
derived from retroviruses (Figure 9.1(a)) and lentiviruses (Figure 9.1(b)) can deliver durable transgene expression but require 
integration (Table 9.1). Axonal transport of these vectors is inefficient and standard retroviruses require cell division for gene 
delivery. Lentiviruses can integrate into nondividing cells and can be pseudotyped with rabies G protein to enhance retro-
grade delivery3,4; however, they run the risk of disruption of normal genes including tumor suppressor functions or activation 
of oncogenes.5,6 Vectors that stably persist as episomes are preferred for peripheral nerve applications. Adenoviral vectors 
(Figure 9.1(c)) do not require integration and undergo retrograde transport, but can recruit inflammatory cells because of 
viral gene expression7,8 and have not been shown to persist long-term in sensory neurons (Table 9.1). The immunogenic-
ity of adenoviral vectors has relegated their exploitation to vaccine development and as oncolytic vectors to treat cancer. 
Adeno-associated (Figure 9.1(d)) viruses (AAV) have proven attractive for gene delivery to the nervous system. They are 
dependent on helper virus such as HSV and adenovirus for replication and are not in themselves pathogenic. Several clades 
have been isolated based on isolation from primates9,10 and pigs,11 and these different virus serotypes have shown proclivity 
for infection of different cell types (Table 9.2) compared with standard AAV serotypes.9–13 The new serotypes, as well as 
AAV serotypes 1–11, transduce neurons with varying efficiencies, while some serotypes, such as AAV1, 5, and 8, can read-
ily transduce glial cells. However, various neuronal-specific promoters can be employed to achieve transgene expression 
exclusively in neurons.10,13 AAV can efficiently transduce nerve tissue, can be retrogradely transported efficiently at least in 
mice14–16 and express transgenes long term. A limitation of these vectors is payload capacity (3–4 kb) and thus only single 
moderate-sized genes are generally accommodated and virus doses to achieve effective transduction are very high compared 
with other vectors. Moreover, targeting of AAV vectors for infection of specific cell types, especially neurons, has thus far not 
been adequately demonstrated. AAV is readily neutralized by antibody and repeat dosing is usually not possible. There have 
been concerns that high vector dosing in the periphery and loading of genomes into cells can induce DNA damage responses 
that lead to inflammation.17,18 Besides transduction of neurons of the brain, vectors are needed for the transfer of therapeutic 
genes to the peripheral nervous system to treat diseases such as pain and peripheral neuropathies. HSV (Figure 9.1(e)) is 
probably the most logical choice for peripheral nerve delivery because it only establishes latency in human peripheral ganglia 
accounting for its neurotropism and persists for life in humans without integration or apparent harm to sensory neurons.

The biology of HSV is complex and the genome is large (152 kb) compared with other vectors (Figure 9.1(e)). Among 
the approximately 80 encoded gene products, about half are essential for virus replication. The viral genes (Figure 9.1(e)) are 
classified as immediate early (IE), early, and late and they are expressed in a cascade manner during the replication cycle. 
Deletion of any of the essential IE genes blocks virus replication at a very early stage, sidestepping the need to make exten-
sive deletions in the genome to make highly defective vectors suitable for gene transfer. The propagation of deletion mutants  
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defective for the essential IE genes ICP4 and ICP27 require engineered cell lines that complement these mutant genes by 
providing these essential products in trans. An important component of HSV is the latency locus that expresses an 8.3-kb 
latency transcript that is noncoding and unstable. However, this region encodes a number of microRNAs that are likely to play 
a role in establishing or maintaining the latent state.19,20 In addition, there is a large 2-kb intron (LAT) that is spliced from the 
8.3-kb latency transcript. LAT is highly stable and accumulates in most latently infected neurons. The function of the latency 
gene noncoding RNA is unclear but some evidence shows that it plays a role in preventing virus-mediated apoptosis and aids 

TABLE 9.1 Vector Characteristics

Vector Plasmid RV LV AdV AAV HSV

(1) Genome size Varies ∼10 kb ∼10 kb ∼40 kb ∼5 kb ∼150 kb

(2) Payload size Varies Medium Medium Large Very small Very 
large

  (a) Size Varies ∼7 kb ∼6.5 kb ∼7–36 kb ∼3–4.5 kb ∼40 kb+

  (b) Genes Varies 1–2 1–2 1–many 1 1–many

(3) Host range Varies Limited Limiteda Broad Broad Broad

  (a) Dividing Yes Yes Yes Yes Yes Yes

  (b) Nondividing Yes No Yes Yes Yes Yes

(4) Transduction  
efficiency

Low High High Medium Low-medium High

(5) Genome stability Low High High Low High Medium-
high

  (a) Episomal Yes No No No Yes Yesc

  (b) Integrated Rared Yes Yes No Yes No

(6) Expression levels Medium Medium Medium High Medium Medium

  (a) Short term Low Low Low High Low Medium

  (b) Long term Poor-rare High High Poor-rare High Lowe

(7) Production Easy Easy Easy Easy Easy-hard Hard

  (a) Cell line needed No Yes Yes Yes Yes Yes

  (b) Kits available Yes Yes Yes Yes Yes No

  (c) Cost High Low Low Low Medium Low

(8) Titers (TU/mL) f 105−107 106−108 1010−1013 108−1012 109−1011

(9) Safety High Poor-low Poor-low Poor Medium-poor Low

  (a) Tumor potential No Medium Medium No Medium-low No

  (b) Recombination No Medium Medium Low Low Low-rare

  (c) Immune response Med Rare Rare Very high High Low-rare

  (d) Cytotoxicity Low-rare No No High No Medium-
rare

(10) Repeat dosing No No No No No (eye)b Yes

AdV, adenovirus; AAV, adeno-associated virus; HSV, herpes simplex virus; kb, kilobases; LV, lentivirus; mL, milliliters; RV, retrovirus; TU, transducing units.
aHost range of pseudotyped LV varies with the glycoproteins employed, which affects transduction efficiency.
bAAV repeat dosing has been achieved during vector delivery to the eye/retina.
cOnly maintained as an episome.
dMarker drug selection can enable integration.
eExtended expression using HSV latency promoter system.
fPlasmid DNA preparations in mg/mL rather than TU/mL.
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FIGURE 9.1 Diagrams of the genomes of various viral vectors used in gene therapy approaches. The diagram for each vector depicts the genome of 
the wild-type (wt) virus above the dotted lines and the genome of the corresponding viral vectors below the dotted lines. The diagrams show viral structural 
genes, some essential transcriptional regulatory genes and viral polymerases, and nonstructural accessory genes. Accessory genes are not required for the 
virus to replicate in cell culture, but they may play a role in the virus life cycle in vivo. All of these replication-defective virus vectors are produced using 
standard cell lines that express the essential viral genes that are deleted from the viral vector genome in trans to enable vector propagation in vitro that 
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reactivation.21,22 Deletion of the latency gene has little effect on the establishment of latency, allowing the manipulation of this 
genomic region to express genes long term in neurons. Replication-defective HSV genomic vectors have been developed for 
gene transfer (Figure 9.1(e)) as these vectors are easier to engineer and produce to high titer (Table 9.1). Although wild-type 
virus is capable of reactivation from the latent state, replication within the host and spread to others, replication-defective HSV 
vectors enter a permanent state of “latency” incapable of reactivation.

9.3  GENE THERAPY FOR CHRONIC PAIN

Chronic pain remains a disease state in need of effective therapies that lack the unwanted side effects and tolerance or abuse 
problems associated with the various current pain drug therapies. Gene therapy represents a viable approach for the treatment 
of chronic pain that will avoid the unwanted drug-associated whole body side effects because the vectors can be injected into 
patients only at sites where they are experiencing pain. This section covers the various strides made in preclinical studies 
using gene therapy approaches to treat various forms of chronic pain such as arthritis pain, interstitial cystitis-painful bladder 
syndrome, bone cancer pain, spinal cord injury pain, infectious agent-induced pain, and even chemotherapeutic agent-induced 
pain. Although lentivirus, adenovirus, and AAV vectors have been used, the majority of these studies have used HSV vectors 
that cumulated in the first phase 1 clinical trial to treat chronic cancer pain associated with bone metastases.23

are also depicted below the dotted line above the vector genome diagram. The more complex vectors such as adenovirus and HSV, show various stages of 
vectors that over time have decreased toxicity and immunogenicity because of the deletion of more viral gene products. Viral genes that are transcribed in 
the 5–3′ direction (rightward arrow) are depicted above the viral genome; those transcribed in the opposite direction (leftward arrow) are depicted below 
the genome. The location of the therapeutic gene cassettes within the vector genomes is shown in gray and genes covered by an “X” are deleted from the 
vector genome. AAV, adeno-associated virus; AdV, adenovirus; β, beta or early gene; ds, double-stranded; E, early gene; HCMV, human cytomegalovirus 
promoter; HSV, herpes simplex virus; ICP, infected cell polypeptide; IE, immediate early gene; IRL, inverted repeat long; IRS, inverted repeat short; 
ITR, inverted terminal repeat; kb, kilobase; L, late gene; LAT, latency-associated transcript; LTR, long terminal repeat; LV, lentivirus; ORF, open reading 
frame; P5, AAV promoter; PolyA, polyadenylation sequences; RV, retrovirus; ss, single-stranded; TR, terminal repeat; U3, retroviral; U5, retroviral LTR 
promoter; UL, unique long; US, unique short.

TABLE 9.2 Adeno-Associated Virus (AAV) Vector Serotype-Specific Transduction of the Brain, Eye, and Peripheral 
Nervous System

AAV Serotype
Central Nervous Systemd  
(Str, Ctx, Hip, SN) Eyee

Peripheral Nervous System 
(Aβ-A™ >> C)

AAV1 Mediumb,c High (PR/HC/MGC) Medium

AAV2 Low High (HC/GCL) Medium

AAV3 Low-poor ND Low-poor

AAV4 Low-poor ND Low

AAV5 Higha Medium (PR/ONL/INL) Medium

AAV6 Low ND Medium

AAV7 Medium ND ND

AAV8 High-mediuma,b High-mediuma (PR/HC/GCL) High

AAV9 High-medium High (PR/ONL/INL/HC/GCL) ND

AAV10 ND Medium (PR/ONL/INL/HC/GCL) ND

Rh43 Low-medium ND ND

AAV, adeno-associated virus; Ctx, cortex; GCL, ganglion cell layer; Hip, hippocampus; HC, horizontal cells; INL, inner nuclear layer; MGC, Mueller glial 
cells; ND, not determined; ONL, outer nuclear layer; PR, photoreceptors; SN, substantia nigra; Str, striatum.
aHigh-level transduction of astrocytes.
bHigh-level transduction of oligodendrocytes.
cHigh level transduction of microglia.
dRhesus macaque rh2, rh8, rh10, rh20, rh39, Cynomolgus macaque cy5, and Baboon bb2 serotypes also tested in the central nervous system with varying 
transduction efficiencies.
ePorcine AAV serotypes po1, po2, po4, po5, and po6 also tested in eye with varying transduction efficiencies.



134 Translating Gene Therapy to the Clinic

9.3.1  Chronic Pain and Normal Pain Signaling

Detection and withdrawal from pain is a natural protective mechanism for avoidance of tissue damage and injury. Pain 
is a cognitive experience that is derived from activation of pain sensing neurons, nociceptors, in the peripheral nervous 
system. The pain pathway is well-described and involves neurotransmitter release from primary nociceptor afferent 
termini into the dorsal horn of the spinal cord, thereby activating second-order neurons that transmit pain signals to the 
thalamus to third-order neurons that activate cognitive centers in the brain.24 Activation of nociceptors can result from 
a variety of events including nerve damage, inflammation, contact with caustic chemicals, and extreme pressure and 
temperature. Two types of nociceptive neurons exist which are involved in pain signaling, the medium-sized Aδ-fibers 
that are fast-firing because of being myelinated and the smaller C-fibers, which fire very slowly because they are non 
myelinated. Pain can be classified as being either acute-sharp in nature being primarily mediated by myelinated  
Aδ-fibers, whereas the slow chronic prolonged pain is thought to be mediated by thinly myelinated C-fibers, most likely 
involved in chronic pain states. Although acute pain is adaptive, chronic pain represents a pathologic state that results 
from long-term inflammation or nerve damage. Chronic pain is defined as severe and ever-present pain that persists for 
at least 3 months after initial injury or tissue damage. The mechanism(s) that underlie chronic pain are incompletely 
understood, but clearly the biology of nociceptors is altered with the establishment of low threshold patterns of activa-
tion. Common causes of chronic pain include cancer, diabetes, arthritis, pancreatitis, cystitis, infections such as shingles, 
irritable bowel syndrome, surgery, and amputation. It is estimated that 80 million Americans will experience chronic 
pain at some time in their lives and with an estimated 90 billion in health care costs and loss of work time.25 As the popu-
lation ages, the toll of chronic pain is expected to increase.

The treatment of acute pain is manageable and involves the use of drugs that range from anti-inflammatory substances 
such as nonsteroidal anti-inflammatory drugs that inhibit cyclooxygenase, opioid analgesics, and corticosteroids. Chronic 
pain is far more difficult to treat and may include combinations of anti-inflammatory substances, opioids, and adjuvant 
analgesics that include tricyclic antidepressants, γ-aminobutyric acid (GABA), and N-methyl-D-aspartic acid (NMDA) 
agonists.26 Although these drugs can be effective for some patients they are not without systemic toxicities and have 
unpleasant sedative-like side affects on patients. Opioids have been widely used for treatment of chronic pain and include 
hydrocodone, morphine, oxycodone, and fentanyl. Although initial analgesia is quite good, use beyond a few weeks is 
accompanied by growing tolerance and lack of efficacy. Because these drugs act systemically, they can have profound 
effects on brain activity, bowel function, and respiration. Addiction is commonly associated with opioid abuse. Vicodin has 
become one of the most highly dispensed drugs in the United States, with estimates of exceeding 15–20 million people.27 
Clearly safer, more effective strategies lacking the undesired side effects are needed to combat chronic pain.

9.3.2  Genetic Intervention in Pain

Gene therapy for chronic pain has many attractive features that suggest a potential broad-based utility. The intent of gene 
therapy for chronic pain is to introduce genes into the ganglia where pain arises. Pain-ameliorating gene products block 
the activation of nociceptors and/or the release of neurotransmitters or binding to second-order neurons in the spinal cord. 
The achievement of this goal will block pain at its source thereby representing a local rather than systemic therapy. Both 
viral and nonviral vectors have been used for pain gene therapy and the therapeutic genes are wide ranging.28 Because HSV 
establishes latency in peripheral nerve ganglia, we focused our research efforts on developing gene therapies for periph-
eral neuropathies29,30 and chronic pain.31,32 Introduction into the skin allows vector uptake by sensory nerve terminals and 
transport of the defective virus to the nerve cell body where the viral genome persists and can function as a platform for 
transgene expression. Third-generation HSV vectors are suitable for gene delivery to sensory neurons. Just like wild-type 
HSV, replication-defective HSV vectors are readily taken up by nerve terminals following intradermal injection or by other 
delivery routes. The efficiency of retrograde axonal transport exceeds other vector systems and the virus genome is deliv-
ered to the nerve cell nucleus where it persists for life as a stable circular episome.

Our initial work to exploit HSV vectors to treat pain involved the local expression of opiate peptides. Preproenkephalin 
gene delivery results in protein processing to produce met and leu opiate peptides that impede pain-related neurotransmit-
ter release through binding to the mu and delta receptors found on both nociceptors and second-order neurons in the spinal 
cord. Thus, we reasoned that HSV expression of preproenkephalin in the primary afferent could substantially dampen pain 
signaling at the site where nociceptor activation was occurring; in other words, treating pain at its source. This strategy 
proved effective in blocking both neuropathic and inflammatory pain in multiple animal models of chronic pain.31–43 Tran-
sient expression of enkephalin prevented pain and longer-term treatment could be achieved by repeat dosing.32 Importantly, 
enkephalin gene therapy did not lead to tolerance and could be observed even when tolerance to morphine was induced 
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by high-dose administration of the opioid drug.34 These features were essential because early-phase human clinical trials 
for treatment of cancer-related pain would encounter these two issues. Data from the phase 1 trial looked very promising23 
(Table 9.3) and the results of the phase 2 trial are in review (Darren Wolfe, personal communication, Periphagen Inc., 
Pittsburgh, PA).

A similar approach has involved the engineering of an enkephalin gene cassette that encodes both endomorphin and 
enkephalin peptides.49,50 Other genes such as glutamic acid decarboxylase (GAD) produce GABA that will dampen pain 
signaling by binding the GABA receptor.51 Other strategies have involved the use of genes that express neurotrophins52 or 
growth factors (nerve growth factor, brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor 
(GDNF), vascular endothelial growth factor, erythropoietin, fibroblast growth factor 2 (FGF2), and hepatocyte growth fac-
tor) that offer the ability to reduce nerve cell damage and neuropathic pain. In cases of pain largely because of inflamma-
tion, immune modulatory factors such as interleukin (IL)-10, IL-2, IL-4, tumor necrosis factor soluble receptor,53 and IkB 
have been used to reduce the root cause of pain that relies on the presence of an inflammatory soup to induce nociceptor 
activation. The finding that chronic pain signaling can result from increased expression of certain sodium channels such as 
Nav1.7, 1.8, and 1.9 has led to the use of short hairpin RNAs to reduce channel expression.54 Genes that prevent activation 
(PP1α) or transport (dominant negative PKCε) of the calcium channel TRPV1 have been shown to prevent inflammatory 
pain responses (Reinhart et al., unpublished).55

Despite the utility of enkephalin and other therapies,31–43,49–56 the consequences of long-term pain-relieving transgene 
expression using a form of the latency promoter remained uncertain and untested in patients. Therefore, regulated therapy 
may prove essential for pain gene therapy to become a practical solution for chronic pain treatment. A possible solution 
may involve the use of a ligand-mediated chloride channel that can hyperpolarize the nerve cell and prevent the formation 
of a pain signal-induced action potential. The glycine receptor (GlyR), a common chloride channel that is expressed only 
in the central nervous system and the alpha subunit alone (GlyRα) could be distributed along axons and was sufficient for 
channel activation by glycine.57 Activation resulted in hyperpolarization of the neuron with subsequent silencing, raising 
the question of whether delivery of the GlyRα gene to sensory nerves with subsequent glycine administration to the skin 
would block pain. We recently showed that both neuropathic and inflammatory pain (i.e., regardless of the cause of pain), 
could be blocked by GlyRα activation following HSV-mediated gene transfer to sensory nerves.57 Thus, we had created a 
“nerve-silencing” tool that could be regulated by a drug, providing a novel drug-regulated approach to gene therapy. We 
also found that glycine could be administered systemically to treat bladder pain.57 These studies have now been extended 
to the use of a mutant form of the GlyR that is exclusively activated by ivermectin,58 an approved drug for treatment of 
helminth infections in humans59 and it appears feasible that ivermectin-inducible GlyR activation will create a powerful and 
highly specific means of controlled, long-term pain treatment.

9.4  GENE THERAPY FOR EPILEPSY

9.4.1  Clinical Manifestation of Epilepsy

Epilepsy is the most common serious neurological disorder. It affects an estimated 1% of the population (i.e., about 60 mil-
lion individuals worldwide and about 10 million between Europe and North America); approximately one in 25 people will 
develop epilepsy at some point in his or her lifetime 60,61. The term “epilepsy” actually includes a large group of genetic 
and acquired chronic neurological disorders whose single common feature is a persistent increase of neuronal excitability 
occasionally and unpredictably expressed as a seizure. According to previous work,62 epilepsy comprises “the transient 
occurrence of signs and/or symptoms due to abnormal, excessive or synchronous neuronal activity.” Seizures can be of 
two types: generalized, when occurring in and rapidly engaging bilaterally distributed networks, or focal, when occurring 
within networks limited to one hemisphere.63 Etiologically, epileptic syndromes are classified as genetic (when resulting 
from a known genetic defect), structural/metabolic (when resulting from a structural or metabolic lesion), and of unknown 
cause.63 Genetic epilepsies are most often associated with generalized seizures, whereas most structural epilepsies are 
associated with focal seizures that originate within or around the lesion area.

There is a significant unmet medical need in epilepsy. First, no truly antiepileptogenic therapy is available. None of the 
antiepileptic drugs in clinical use can prevent the development of epilepsy in cases in which the cause of the epileptogenic 
lesion is identifiable (e.g., lesional epilepsies following for example a head trauma, an episode of status epilepticus (SE), a 
stroke, a brain infection). Second, pharmacological therapy is unsatisfactory: one-third of the patients treated with antiepileptic 
drugs continue to experience seizures. Furthermore, in patients in whom seizures are well controlled, drugs may exert debilitat-
ing side effects and, in time, refractoriness to their therapeutic effects may develop. For some patients with focal seizures that 
are refractory or become refractory to pharmacological therapy, one final option is the surgical resection of the epileptogenic 
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TABLE 9.3 Gene Therapy Clinical Trials for Chronic Pain and Parkinson Disease

Disease Anatomical Target Phase Sponsor Viral Vector
Transgene—Therapeutic 
Mechanism Reference Status

Chronic bone 
cancer pain

Intradermal injection 
of vector into der-
matome innervated 
by neurons showing 
pain

Phase 1 trial Diamyd Inc. HSV-1 Preproenkephalin synthesized in 
dorsal root ganglion secreted by 
vesicles into synaptic cleft within 
spinal dorsal horn

23 Completed. Phase 2 
trial results currently 
under review.

Parkinson’s 
disease

Putamen Controlled 
phase 2

Ceregene AAV2 Neurturin (NRTN) for neuropro-
tection, nigrostriatal regeneration, 
and upregulation of dopamine 
production

48 Completed. Met safety 
but failed efficacy 
endpoints.

Parkinson’s 
disease

Putamen and sub-
stantia nigra

Controlled 
phase 2

Ceregene AAV2 Same as above but added 
 substantia nigra target

47 Completed. Met safety 
but failed efficacy 
endpoints. No further 
clinical development 
expected at this point.

Parkinson’s 
disease

Putamen Open phase 
1b

NIH/NINDS AAV2 GDNF: similar to NRTN  
mechanism, but  
convection-enhanced delivery 
(CED) expected  
to increase putaminal coverage

Bankiewicz, 
personal com-
munication

Ongoing and recruit-
ing NCT01973543

Parkinson’s 
disease

Subthalamic nucleus Controlled 
phase 2

Neurologix AAV2 GAD: converts glutamate to 
GABA to increase synaptic 
 inhibition of the subthalamic 
nucleus

46 Completed and met 
endpoints. Signifi-
cance not enough to 
attract funding for 
further development.

Parkinson’s 
disease

Putamen Open phase 
1b

Genzyme AAV2 AADC: converts systemic  
L-dopa to dopamine

44 Completed and met 
endpoints. Additional 
study is recruiting 
NCT01973543.

Parkinson’s 
disease

Putamen Open phase 
1/2

Oxford Bio-
medica

Equine infec-
tious anemia 
virus

AADC, tyrosine hydroxylase, 
guanosine triphosphate (GTP) 
cyclohydrolase.  
Intraputamenal autonomous 
dopamine production

45 Completed and met 
endpoints. Additional 
clinical development 
expected.
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region. Overall, we do need easily tolerated therapies and therapies that are effective in pharmacoresistent patients. Third, there 
is a need for disease-modifying therapies. Antiepileptic drugs do not prevent the progressive worsening of seizures observed 
in many patients, and we lack therapies that can ameliorate or prevent the associated cognitive, neurological, and psychiatric 
comorbidities, or epilepsy-related mortality. The annual direct and indirect cost attributable to epilepsy in the United States is 
$12.5 billion, and 80% of this is accounted for by patients whose seizures are not adequately controlled by antiepileptic drugs.

9.4.2  Gene Therapy Intervention Strategies for Epilepsy

More than one-third of the epilepsies are of genetic origin. One may think that these are the best candidates for gene 
therapy, but this is not the case. Very rarely a single mutant gene causes epilepsy, whereas more commonly it results from 
the inheritance of two or more susceptibility genes.64 Moreover, the pathology in these cases often affects a large part of 
the brain and, thus, would require widespread gene transfer. These features pose two big obstacles against gene therapy. 
First, there is the need to transfer multiple genes into diseased cells, when most viral vectors (with the notable exception of 
HSV) have a small genome that can host only one gene at a time. Second, widespread expression of the therapeutic gene(s) 
is needed, and currently available gene therapy methods mostly provide localized effects.

Researchers are attempting to overcome these obstacles of multiple gene transfer and widespread expression. As noted, 
HSV can host multiple transgenes in a single viral particle and this feature may be exploited for multi-predisposing genes 
caused epilepsies. Moreover, strategies are under development for the global delivery of genes to the brain by crossing the 
blood–brain barrier (BBB) after administering vectors in the peripheral blood. One such strategy is to employ a pathway 
used by circulating endogenous molecules, such as transferrin or insulin, to reach neurons and glia.65,66 These molecules 
bind to their specific receptors on the luminal side of the endothelial cell membrane, and a vesicle is then formed that con-
tains the bound receptor and ligand. This vesicle is then carried across the endothelial cell cytoplasm (from the luminal to 
the abluminal side) in a transport mechanism called transcytosis. For gene therapy, a vector can be conjugated to a ligand 
(a peptide or a single-chain antibody against the transcytosis receptor) that mimics the natural ligand (e.g., transferrin, insu-
lin). The vector–ligand conjugate remains intact and unmodified while in transit and is released intact into the interstitial 
space. Although some AAV vectors have been shown to undergo transcytosis of the rodent BBB,67,68 much work remains to 
be done to prove that this approach can be applied to the treatment of genetic epilepsies in humans.

For now, epileptic syndromes characterized by a focal lesion appear to be much better candidates for gene therapy 
because, in these cases, seizures originate in an often-restricted brain area, allowing local delivery of the vector using stereo 
taxic surgery. Epilepsy caused by focal lesions often has an identifiable cause in a damaging insult (head trauma, SE, 
stroke, brain infection) that sets a cascade of neurobiological events in motion. This eventually leads to spontaneous 
seizures and to the diagnosis of epilepsy. The development and extension of tissue capable of generating spontaneous 
seizures, resulting in (1) development of an epileptic condition and/or (2) progression of the epilepsy after it is established 
is termed “epileptogenesis”. Accordingly, antiepilepsy treatments can be symptomatic (i.e., antiseizure), and disease-mod-
ifying, which include antiepileptogenic and comorbidity-modifying therapies. Lesional epilepsies offer opportunities for 
intervention at all levels.

9.4.3  Administering Gene Therapy in Epilepsy

The vector types employed thus far in epilepsy studies have been AAV (different serotypes), lentivirus, and HSV. Typically, 
the route of delivery has been the stereotactic injection of the vector directly into the epileptogenic region (the hippocampus, 
in most instances). This approach ensures high levels of transgene expression and a limited immune response (even if the 
surgical procedure may induce some breakdown of the BBB and some penetration of lymphocytes). The extent of spread 
of the viral particles can be calibrated to ensure covering the target epileptogenic area and limit the volume injected and 
the number of injections. Two examples: the retrograde transport of HSV can allow bilateral delivery of therapeutic genes 
after injection into one hippocampus, HSV being retrogradely transported to the contralateral hippocampus by commis-
sural fibers69; different AAV serotypes have been reported to have different attitudes to spread around the site of injection.70

Researchers have tested other routes of administration to obtain specific accumulation of the transgene in the region of 
interest avoiding a direct intracerebral administration. For example, intranasal delivery has been tested using a replication-
defective HSV-2 vector to deliver the antiapoptotic gene ACP10PK,71 but the resulting transgene expression was not spe-
cific to the area of interest and level of expressions were low. A more promising approach may be to take advantage of the 
BBB breakdown that occurs following an epileptogenic insult or seizures. An AAV clone has been identified that can cross 
the seizure-compromised, and not the intact, BBB,72 suggesting that it may be feasible to create vectors that, after periph-
eral administration, selectively target the brain areas involved in seizure activity.
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9.4.4  Genetic Intervention in the Prevention of Epilepsy

In both humans and animals, epileptogenesis (that is, the transformation of a normal brain to epileptic) is associated with 
focal pathological abnormalities, like cell death (the most prominent is a loss of neurons in the hippocampus termed 
“hippocampal sclerosis”), axonal and dendritic plasticity, neurogenesis, neuroinflammation, alterations in ion channel, 
and synaptic properties. The molecular mechanisms underlying these abnormalities are still incompletely understood, but 
impairment in the levels of neurotrophic factors (NTFs) like FGF-2 and BDNF may be one factor.73 Both FGF-2 and BDNF 
protect neurons from damage and, moreover, FGF-2 is a potent proliferation factor for neural stem cells, whereas BDNF 
favors their differentiation into neurons.74

We used a replication-defective HSV-1 vector expressing FGF-2 and BDNF to test the hypothesis that local supplemen-
tation of these NTFs can attenuate seizure-induced damage and contrast epileptogenesis.69 This vector was injected into one 
hippocampus 4 days after a chemically induced SE in rats (i.e., during latency and after the establishment of damage). These 
conditions are similar to those of a person who, after the occurrence of an epileptogenic insult, is in the latency period pre-
ceding the beginning of spontaneous seizures. Expression of the transgenes was bilateral (because of retrograde transport 
of the vector to the contralateral hippocampus) and transient (approximately 2 weeks). However, short-term expression is 
an advantage in these specific settings because NTFs can trigger plastic changes that remain detectable when they are no 
longer expressed, whereas their long-term expression may be detrimental for brain function. Thus, this approach allowed 
modification of the microenvironment by generating cells capable of constitutively but transiently secreting FGF-2 and 
BDNF. The treatment slightly attenuated the ongoing cell loss, favored the proliferation of early progenitors, and led to the 
production of cells that entered the neuronal lineage of differentiation. One month after SE, all untreated animals displayed 
hippocampal sclerosis and spontaneous seizures. Treated animals, in contrast, had a highly significant reduction of cell loss 
in the hippocampus and of the frequency and severity of spontaneous seizures69,75,76 (i.e., the FGF-2 and BDNF expressing 
vector exerted a disease-modifying anti-epileptogenic effect).

In summary, these studies provide evidence that gene therapy may become an option in epilepsy prevention in at-risk patients. 
The disease-modifying effect was striking and could be interpreted as truly antiepileptogenic, an effect that is not achieved by 
the currently available therapy. Moreover, virus injection was performed under conditions compatible with the clinical settings 
of patient observation (after the epileptogenic insult), conditions that reproduce those that may allow therapeutic intervention. 
However, clinical translation is premature: data must be replicated in other models and, most importantly, invasive techniques 
are not justified because only 10% of at-risk patients develop epilepsy.77–79 Before moving to the clinics, therefore, it will be 
essential to develop biomarkers to identify patients that will actually develop epilepsy after a potentially epileptogenic insult.

9.4.5  Using Gene Therapy as an Antiseizure Treatment

A logical approach to stop seizures in drug-resistant patients is modulation of excitability (i.e., to increase the strength of inhibi-
tory signals or reduce the strength of excitatory signals). One target for such approach is the GABAA receptor, the main receptor 
subtype for the principal inhibitory neurotransmitter. This is a pentameric chloride-permeable channel. In the granule cells of the 
hippocampus of epileptic rats, the expression of GABAA alpha-1 subunits is decreased and that of alpha-4 subunits is increased,80 
generating receptors that rapidly desensitize, thus favoring the generation of seizures.81 An AAV2 vector containing the alpha-4 
subunit promoter driving alpha-1 expression was used to increase alpha-1 expression in the hippocampal granule cells after SE, 
obtaining an increase in latency duration and a decreased number of rats developing spontaneous seizures.82

A reduction in the strength of excitatory signals was obtained by downregulating a receptor for glutamate, the princi-
pal excitatory neurotransmitter. Thus, an essential subunit for the functioning of NMDA receptors (NR1) was cloned in 
antisense in two AAV vectors, one in which the transgene was under control of a promoter expressed in inhibitory inter-
neurons, the other under control of a promoter expressed in excitatory neurons.83 The two different vectors had opposite 
effects: reducing excitatory input onto inhibitory neurons favored seizures, whereas doing the same onto excitatory neurons 
reduced seizures.83 It is therefore critical to transduce a specific cell population anytime the transgene codes for a receptor 
(or a channel) that is expressed on both inhibitory and excitatory neurons. This concept has more recently found support 
from a study showing that inhibition of excitatory neurons via lentivirus vector-mediated overexpression of a potassium 
channel had a therapeutic effect in a model of neocortical epilepsy (Figure 9.2).84

To avoid the problem of targeting specific neuronal populations, one could express an inhibitory factor that is constitu-
tively secreted from the transduced cells. If the receptors for that factor are present in the injected area, seizure control may 
be achieved without the need to target specific cells. Indeed, antiseizure effects have been obtained by overexpressing the 
NTF GDNF in the hippocampus85 and increasing hippocampal levels of the endogenous anticonvulsant adenosine.86 The 
most promising results have been obtained with the inhibitory neuropeptides galanin (GAL) and neuropeptide Y (NPY).
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Increased GAL signal (obtained in GAL transgenic mice or with GAL receptor agonists) attenuates seizures, whereas its 
blockade (in GAL knockout mice or with receptor antagonists) exerts proconvulsant effects.87 To obtain constitutive secre-
tion of GAL from transduced cells in the seizure-generating area, an AAV vector was constructed in which the GAL coding 
sequence was preceded by the secretory signal sequence of fibronectin, a protein that is constitutively secreted.88 After 
injection into the hippocampus, this vector attenuated seizures and prevented seizure-induced cell death in two experimen-
tal models.88 Similar results were obtained using different GAL-expressing vectors in different acute and chronic seizure 
models.89,90 Notably, these effects were independent of the promoter driving GAL expression. Together, these studies sup-
port the notion that vector-derived GAL expression and constitutive secretion suppress epileptic seizure activity.

Activation of the NPY Y2 and Y5 receptors inhibits glutamate release in the hippocampus and attenuates seizures. 
Transgenic rats overexpressing NPY show reduced seizure susceptibility, whereas knockout mice lacking NPY or the Y2 
or Y5 receptor gene are more vulnerable to seizures. Moreover, NPY potently inhibits excitatory responses in hippocam-
pal slices from epileptic patients.91 AAV vector-mediated overexpression of NPY in the hippocampus reduced seizures 
in several acute and chronic models of seizures and epilepsy,70,92,93 and this effect was potentiated if the Y2 receptor was 
coexpressed with NPY.94 In chronic models, a remarkable decrease in the progressive increase of seizure frequency (i.e., 
a disease-modifying effect) was also observed.93 Moreover, AAV-mediated NPY supplementation did not produce signifi-
cant side effects such as impairment in learning and memory, anxiety, or alterations in locomotor activity.95,96 The overall 
evidence supports the application of NPY gene therapy for human epilepsy.

FIGURE 9.2 Consequences of transduction of a specific cell population 
when the transgene codes for a receptor that is expressed on both inhibi-
tory and excitatory neurons. (a) A typical interaction between excitatory 
and inhibitory neurons, as occurs for example in the hippocampus. Excitatory 
output neurons (right blue neuron) receive input from other excitatory neu-
rons (left blue neuron) and feedback inhibition from inhibitory interneurons 
(red) that are driven by their own collaterals. The same receptors mediate the 
excitatory input onto the output neuron and the activation of the inhibitory 
interneurons by the collaterals. These settings ensure an output discharge of 
specific frequency. (b) The effect of a gene therapy intervention that knocks 
down expression of the excitatory receptor in the interneuron. The conse-
quence is a decreased activation of the interneuron, with decreased inhibi-
tory feedback and increased output discharge (that may translate in increased 
probability of seizures). (c) The effect of a gene therapy intervention that  
knocks down expression of the excitatory receptor in the output neuron. The 
consequence is a decreased activation of the output neuron, with decreased 
output discharge (that may translate in reduced probability of seizures). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the online version of this book).
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9.4.6  Opportunities for Gene Therapy Clinical Studies in Epilepsy

No clinical trial has been conducted so far in epilepsy. However, patients with partial epilepsies selected for surgical resec-
tion of the epileptogenic area are ideal candidates for gene therapy. There are an estimated 100,000–200,000 patients in the 
United States alone that could benefit from surgery. Although surgical treatment for epilepsy is effective in about 60–70% 
of the patients, only about 3000 surgeries per year are performed in the United States. The reasons for the lack of referral to 
surgery by the neurology community may be partly explained by fear (by both patients and neurologists) of the idea of surgi-
cal removal of partially normal brain and the fact that this surgery is associated with death or major disability in 4% of the 
patients.97 Gene therapy may offer a more cost-effective and much less invasive alternative, with higher benefit-risk ratio than 
surgery. Tissue resection may be viewed as the most extreme form of cellular “silencing,” and gene therapy may provide a real-
istic alternative by ensuring the sustained release of inhibitory molecules (such as GAL or NPY) that “silence” hyperactivity.

Gene transfer of inhibitory factors into the epileptogenic area in patients who are planning to undergo surgery does not 
require ad hoc stereotaxic intervention when these patients undergo implantation of depth electrodes for diagnostic purposes 
before surgery. Also, a rescue procedure would be in place because, should gene therapy fail to produce any advantage, 
patients would simply undergo resective surgery as originally planned. Therefore, the only deviation from standard care 
will be the postponement of the surgery from the typical 2–4 months following intracranial recording to 6 months, to allow 
assessment of the gene therapy effects. In summary, we believe that the latest vector technologies (including their human 
safety) and the specific features of these patients will soon allow the start of phase 1 gene therapy studies for epilepsy.

9.5  PARKINSON’S DISEASE

9.5.1  Parkinson’s Disease and the Current Standard of Care

Parkinson’s disease (PD) is a degenerative disorder of the central nervous system characterized by progressive, debilitat-
ing motor impairments resulting from the dysfunction and loss of dopamine-secreting neurons in the substantia nigra. The 
disease affects more than four million people worldwide98 and pharmacologic treatments such as levodopa (L-dopa) and 
dopaminergic agonists provide symptomatic relief of the motor symptoms early in the disease by compensating for the loss 
of endogenous dopamine activity. Although L-dopa is remarkably effective for many years in PD patients, its therapeutic 
effects are only temporary and continued loss of dopaminergic neurons eventually leads to a point when drugs become 
ineffective. Therapies that could halt or reverse the degenerative process or replace or modulate the dopaminergic synthesis 
would therefore be a great advance in the treatment of the disease. Even though the dopaminergic neuronal loss is vari-
able from patient to patient, the loss occurs in well-defined anatomical regions making it suitable for targeted gene therapy 
approaches. In human trials, gene therapy has been applied to promote dopaminergic neuron survival and regeneration, 
restore striatal dopamine levels, or modulate the basal ganglia neurotransmission. As the underlying genetic and pathogenic 
causes of the dopaminergic degeneration are becoming better understood, the modification of the dopaminergic neurons 
themselves is also being explored in the laboratory but no clinical trial has yet been started. Both in vivo and ex vivo gene 
therapy approaches have been applied to the treatment of PD. So far, only the in vivo approaches have been applied in the 
clinic using AAV or lentivirus vectors.

9.5.2  Preclinical Data for Neuroprotection and Restoration

An ideal treatment for PD would be one that restores the function of dopaminergic neurons while also protecting them 
from further damage and loss. Accordingly, trophic protein factors have been under intensive investigation as treatments 
from their inherent roles in promoting neuronal survival, growth, and function. In particular, the GDNF family of proteins 
has been investigated as these factors are involved in survival and maturation of dopaminergic neurons under embryonic 
development and have shown both safety and efficacy when applied in several PD models and species.99 Because growth 
factors such as GDNF do not pass the BBB, direct delivery approaches such as gene therapy are needed. Experiments have 
shown that GDNF and its family member neurturin need to be applied to the dopaminergic nerve terminals in the striatum 
to have both neuroprotective and regenerative effects whereas application to the dopaminergic neuronal cell bodies in the 
substantia nigra alone only confers neuroprotection.99,100 Toxin-induced dopaminergic neuronal degeneration has been 
particularly responsive to the treatment effects of the GDNF family, but it is currently unclear if these models are predic-
tive of clinical translation. With the increased understanding of PD and the important role of misfolded α-synuclein in the 
pathogenesis, new models have been developed where the AAV-mediated overexpression of α-synuclein in dopaminergic 
neurons causes dopaminergic neurodegeneration unresponsive to striatal GDNF treatment.101 Furthermore, the overexpres-
sion of α-synuclein downregulates the dopaminergic neuronal survival factor Nurr-1, which in turn appears to decrease the 
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responsiveness to GDNF by lowering the levels of its signaling receptor Ret.102 It is therefore possible that α-synuclein-
induced, reduced GDNF responsiveness in the clinic can explain the discrepant treatment results in the toxin-induced ani-
mal models and actual PD patients. However, it should be noted that AAV overexpression of α-synuclein in dopaminergic 
neurons may not be representative of the clinical situation and data suggest that the GDNF family of neurotrophic factors 
may still be effective if applied earlier in the disease process in the right amounts. Current preclinical work aims at elucidat-
ing the interaction between α-synuclein and survival signaling and how different species of misfolded α-synuclein induce 
dopaminergic toxicity and responsiveness to growth factors.

9.5.3  Neuromodulation in PD

In patients with severe degeneration of the dopaminergic system, growth factor therapy becomes ineffective as the loss of 
dopaminergic neurons and their nerve endings becomes too severe to reverse. In these patients, the restoration of striatal 
dopamine levels may confer symptomatic therapeutic effects. Because systemic dopamine cannot enter the BBB and would 
be associated with systemic side effects, long-term localized striatal delivery is necessary, making gene therapy an opti-
mal therapeutic choice. Because dopamine is enzymatically synthesized, genetic enzyme replacement in striatal cells has 
been tried and shown to be effective in rodent and nonhuman primate models. An elegant way of making dopamine in the 
striatum has been to combine systemic L-dopa therapy with a striatal gene therapy enzyme replacement of aromatic amino 
acid decarboxylase (AADC). AADC converts L-dopa into dopamine and AAV vectors making AADC targeting striatal 
nondopaminergic neurons did indeed restore the responsiveness to L-dopa therapy in MPTP-treated nonhuman primates 
and safety and tolerability and evidence of clinical improvement was seen in a phase 1b study.44

The full replacement of the enzyme machinery converting the amino acid tyrosine into dopamine has also been 
explored. A tri-cistronic lentiviral vector based on a replication-incompetent equine infectious anemia virus lentiviral vector  
coding for the dopamine synthesizing enzymes AADC, GCH1, and TH has shown reduction in motor impairment as well as  
L-dopa-induced dyskinesias and clinical translation has been successful meeting both safety and efficacy endpoints in a phase 
1/2 clinical trial.45 A variant gene therapy enzyme replacement approach where L-dopa is synthesized locally in the striatum 
by overexpression of TH and GCH1 has also been explored and shown to improve motor deficits and, importantly, reduce sys-
temically administered L-dopa-induced dyskinesias. This approach is currently being translated toward clinical application.103

With the loss of dopaminergic signaling in the basal ganglia neuronal circuitry, the inhibitory control exerted by the 
internal segment of the globus pallidus on the subthalamic nucleus is reduced, resulting in subthalamic hyperactivity and 
Parkinsonian motor symptoms. The inhibition of the hyperactivity of the subthalamic nucleus is a target for deep brain 
stimulation, where high-frequency stimulation inhibits neuronal activity and modulates the basal ganglia circuitry toward 
more normal functioning. A similar modulatory effect can be achieved by increasing the inhibitory neurotransmitter GABA 
by overexpressing the enzyme GAD with gene therapy in the subthalamic nucleus. This approach has been shown to reduce 
motor deficits in both rodent and nonhuman primate models104 and was successfully translated into clinical trials based on 
preclinical safety and efficacy.

9.5.4  Dopaminergic Neuron Modification

With an increasing understanding of the molecular basis of dopaminergic neuronal degeneration in PD and potential early 
detection of the disease by biomarkers, early intervention, and genetic modification of the dopaminergic neurons them-
selves could stop the degeneration and disease progression. The role and understanding of α-synuclein in the pathogenesis 
of PD has become increasingly important and a reduction of misfolded α-synuclein should result in neuroprotection and 
retardation of the disease process. Several gene therapy vectors have therefore been designed to interfere with α-synuclein 
levels in dopaminergic neurons. In some experiments, α-synuclein silencing with RNA interference led to reduced levels of 
endogenous or overexpressed α-synuclein and positive effects were shown in vivo and in vitro.105 However, other experi-
ments have shown that the reduction of endogenous wild-type α-synuclein can lead to dopaminergic neuronal degenera-
tion106 and it appears that retained levels of α-synuclein are necessary for survival and normal functioning. Therefore, a 
potential gene therapy vector targeting α-synuclein may be difficult to design and translate into clinical development that 
reduces pathological levels of misfolded α-synuclein while sustaining normal α-synuclein function.

Parkin is another protein in which mutations have been linked to PD. The overexpression of normal Parkin appears to 
confer neuroprotective effects in vivo107 but few studies have explored translation toward the clinic.

With the recent data suggesting a link between α-synuclein and Nurr1 downregulation, the overexpression of Nurr1 in 
dopaminergic neurons may provide a simple manner to confer neuroprotection to dopaminergic neurons, independent of 
underlying cause.108 The exploration of this approach in animal models is currently ongoing.
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9.5.5  Clinical Trials for PD

The discovery of neurotrophic factors like GDNF and neurturin with survival and regenerative effect on dopaminergic neu-
rons in the aforementioned toxin-induced PD models brought hope that if applied to patients with PD, neuroprotection and 
restoration could be readily attained. However, the translation of GDNF and neurturin into therapeutics for PD has been a 
mixed bag of hope and failure where unfortunately several clinical trials have been unable to demonstrate efficacy.47,48,109 
However, refinements in pump and gene therapy technologies provide hope that factors like GDNF may become a thera-
peutic reality in the not-too-distant future. It appears that the trials to date have been plagued by “too little too late” in that 
the appropriate target tissue therapeutic levels of growth factor have not been achieved and that the patients selected were 
too far in their disease progression. New approaches are therefore aimed at optimizing growth factor levels in the target 
tissue in patients and applied earlier in their disease process. Currently, only GDNF is undergoing clinical trials using con-
vection enhanced striatal delivery of an AAV vector coding for human GDNF (Bankiewicz, personal communication). An 
ex vivo gene therapy approach using GDNF expressing encapsulated cells is in late preclinical development and should 
enter clinical trials in the near future. This ex vivo approach uses a slender implantable device to house the modified cells 
allowing for removal if necessary.110,111 This technology combines the safety of a retrievable device with the potency of 
gene therapy allowing for entry into patients earlier in the disease. It is envisioned that this approach will therefore stand a 
better chance to show efficacy of GDNF than was possible in earlier trials.

With respect to neuromodulation, the AAV-GAD approach was successfully translated into clinical trials and statistically 
significant efficacy was demonstrated in a phase 2 proof-of-concept trial.46 However, as DBS is targeting the same structure 
(subthalamic nucleus) and with similar or better results, the AAV-GAD approach was not competitive enough and additional 
clinical development has been stopped. The aforementioned dopamine-enhancing enzyme replacement strategies are currently 
undergoing clinical trials and both initial safety and efficacy have been demonstrated warranting additional clinical development.

As described in this section and summarized in Table 16.3, gene therapy for PD has successfully undergone clinical 
translation and even though some trials have failed from an efficacy standpoint, important safety and feasibility results have 
been established enabling refinements in methods and more rapid translation of new approaches in future trials. It is likely 
that both protective/restorative and dopamine replacement approaches will be successfully developed in the next few years.

9.6  CONCLUSIONS

The goal of this chapter was to provide some examples of promising gene therapy strategies for diseases of the nervous 
system. The successful development of gene therapy strategies for neurological diseases will require both advancements 
in vector technology and in the understanding of the mechanisms of disease. Regarding mechanisms of disease, as illus-
trated in this chapter, intervention will primarily target pathogenic mechanisms and not defective genes; therefore, a correct 
understanding of these mechanisms will be instrumental for gene therapy. Regarding vector technology, vectors should be 
further improved in terms of efficacy, safety, duration, and regulation of transgene expression. Another major issue that 
will need careful consideration is the targeting of specific neuronal populations: as described in the epilepsy section, the 
consequences of targeting one or another neuronal population may be huge. More in general, out-of-target expression of 
transgenes may cause unwanted side effects.

Peripheral nervous system diseases are the most advanced toward approval for clinical use. These include neuropathic 
pain but also deficits of vision, hearing, and smell that were not discussed here. Gene therapy for central nervous system 
diseases is far more difficult, but preclinical and early clinical data like those described here for epilepsy and PD prompt 
the optimistic view that the scientific and technical hurdles that remain on the path to standard clinical application will be 
overcome in the near future.
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LIST OF ABBREVIATIONS
2′OMeRNA 2′-O-methyl phosphorothioate oligoribonucleotides
6MWD 6 Minute walking distance
AAV Adeno-associated virus
ActRIIB Activin type II receptor
Ad Adenoviral
AONs Antisense oligonucleotides
BER Base excision repair
BIV Bovine immunodeficiency virus
BM Bone marrow
BMD Becker muscular dystrophy
CCND2 Cyclin D2
CDMRP Congressionally Directed Medical Research Programs
cDNA Complementary DNA
chODNs Chimeric oligonucleotides
CPPs Cell-penetrating peptides
DAPC Dystrophin-associated protein complex
DMD Duchenne muscular dystrophy
dmd The dystrophin gene
DNA Deoxyribonucleic acid
DoD Department of Defense
DSBs Double-strand breaks
ECM Extracellular matrix
EIA Equine infectious anemia
ES Embryonic stem
FDA Food and Drug Administration
FIV Feline immunodeficiency virus
GFP Green fluorescent protein
GRMD Golden retriever muscular dystrophy
GSK GlaxoSmithKline
H&E Hematoxylin and eosin
HDR Homology-directed repair
HIV Human immunodeficiency virus
HR Homologous recombination
HTS High-throughput screening
iPS Induced pluripotent stem
ITR Inverted terminal repeat
Lv Lentiviral
MDA Muscular Dystrophy Association
MGNs Meganucleases or homing endonucleases
MLV Moloney murine leukemia virus
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MMR Mismatch repair
mRNA Messenger RNA
MSCs Mesenchymal stem cells
NER Nucleotide excision repair
NHEJ Nonhomologous end-joining
NIH National Institutes of Health
ODNs Oligodeoxynucleotides
PA Polyadenylation
PMOs Phoshorodiamidate morpholino oligonucleotides
PNAs Peptide nucleic acids
PNA-ssODNs ssODNs made of PNA
pre-mRNA Precursor mRNA
rAAV Recombinant AAV
RT Read through
SCs Satellite cells
siRNAs Small interfering RNAs
ssODNs Single-stranded oligodeoxynucleotides
TALENs Transcription activator-like effector nucleases
ZFNs Zinc finger nucleases

10.1  INTRODUCTION

To date, more than 30 different types of muscular dystrophies have been described and each of these disorders varies 
considerably in its age of onset, clinical manifestations, and severity. Among those, Duchenne muscular dystrophy 
(DMD) is the most severe and among the most prevalent of the genetic disorders affecting childhood. The disease mani-
fests within the first 2–5 years of life and is characterized by progressive muscle wasting. The prognosis is premature 
death, by cardiac or respiratory failure, within the second to third decade of the patient’s life. The first report of DMD 
dates from 1834 and was presented at a meeting in Naples by the physician Giovanni Semmola. Another physician, 
Gaetano Conte, more clearly described the symptoms observed in two brothers and characterized the disease as present-
ing with progressive muscle wasting, muscle hypertrophy, spontaneous contractures, and cardiomyopathy. However, the 
disease is named after the French neurologist Guillaume Benjamin Amand Duchenne who described in detail a case of 
a boy with this condition in 1861.

The dystrophin (dmd) gene is one of the largest human genes known, occupying 2.2 megabases of the genome and 
encompassing 79 exons that encode for a complementary DNA (cDNA) of 14 kilobases (kb) in length. Its complexity is 
further evidenced by the presence of at least eight independent, tissue-specific promoters that control its expression in dif-
ferent tissues and by the presence of differentially-spliced dystrophin RNA transcripts that encode for a large number of 
isoforms. In skeletal muscles, the prevalent form of the protein is Dp427, which is encoded by all 79 exons and is herein 
referred to as full-length dystrophin. The full-length protein consists of over 3500 amino acid residues that, once assembled, 
reach 427 kDa in molecular weight. Due to its complexity, mutations in dmd (both sporadic and hereditary) can occur 
throughout its length and can vary from large deletions, single point mutations, frameshift mutations, insertions, duplica-
tions, and translocations. Mutations in the dmd gene can lead to either a complete absence of dystrophin expression (DMD) 
or a milder form of the disease known as Becker muscular dystrophy (BMD). In general, DMD patients carry mutations that 
cause premature termination of messenger RNA (mRNA) or protein translation (nonsense or frameshift mutations), while 
in BMD patients, dystrophin is reduced either in molecular weight (derived from in-frame deletions) or in expression level.

Dystrophin is part of the dystrophin-associated protein complex (DAPC), which bridges the inner cytoskeleton 
(F-actin) and the extracellular matrix (ECM) (Figure 10.1). While the dystrophin function has not yet been completely 
understood, its elastic and flexible characteristics along with its involvement in linking the ECM and the cytoskeleton sug-
gest that dystrophin may serve a role in protecting muscle fibers from the stresses generated during muscle contraction, 
although other functions are likely to be present. In DMD, the absence of dystrophin causes destabilization of the DAPC 
which leads to an increase in sarcolemma fragility and muscle damage in response to injury or even during normal physi-
cal activity. As a result, skeletal muscles of DMD patients are characterized by inflammation, weakness, and myofiber 
necrosis, which lead to continuous rounds of degeneration and regeneration. As it advances, the disease is accompanied by 
progressive loss of muscle tissue and muscle strength that ultimately results in wheelchair dependence by the age of 11. 
The loss of muscle mass has been attributed primarily to the loss of regenerative capacity of satellite cells (SCs), which 
are muscle stem cells that reside underneath the basal lamina that surrounds myofibers and that are thought to be the main 
source of cells responsible for the maintenance and repair of muscle. Though the diaphragm is the most affected skeletal 
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muscle in DMD, more than 90% of DMD patients show cardiomyopathy indicating that the disease also affects cardiac 
muscle. It is the involvement of the diaphragm and cardiac muscles that leads to premature death of DMD patients by 
respiratory or cardiac failure.

Current treatment options for DMD include the use of corticosteroids that have been shown to provide temporary ben-
efits. Corticosteroids slow down the loss of muscle strength and improve respiratory and muscle function compared to age-
matched patients who are off medication. However, these treatments are associated with severe side effects, limiting their 
use over prolonged periods of time. Physical therapy and assisted ventilation have proven beneficial in improving muscle 
function and on prolonging survival respectively, but are unable to slow down the progression of the disease.

Efforts made by the scientific community, family advocates, as well as private and government agencies toward the 
identification of effective therapeutic approaches for the disease have enabled the field of DMD to experience an exponen-
tial growth during the last few years in the number of applications being pursued for the treatment of this disease. Many of 
those approaches have already reached the stage of clinical trials with promising results.

Animal models for the disease have been instrumental in the quest for a cure. Among those, the mdx mouse is the most 
used primarily due to its availability through commercial sources, although other mouse models have also been employed 
and assessed in preclinical testing. They all display features typical of DMD such as increased susceptibility to myofiber 
instability and absence of dystrophin expression (Figure 10.2), but exhibit a milder phenotype and close to normal lifespan. 
The canine model (golden retriever muscular dystrophy (GRMD)) for DMD exhibits disease features similar to DMD, 
including progressive loss of muscle function, muscle membrane fragility, cardiomyopathy, and premature death. It has 
been used extensively in studies at a more advanced stage of development as an additional animal species to demonstrate 
the feasibility of pharmacological, gene, and molecular approaches to DMD. Although it appears to more accurately resem-
ble the pathophysiological changes detected in DMD patients, phenotypical differences between individual animals have 
been observed and breeding of the GRMD colony is challenging. Additional dog models for DMD have been described, as 
well as a cat model, but their use and their availability for research purposes has been limited.

Initial studies aimed at developing therapeutic approaches to DMD have focused on establishing the minimum amount 
of dystrophin expression required to achieve clinical benefits in patients. Transgenic animals expressing different levels of 
dystrophin and crossed to the mdx background have demonstrated that as little as 20% of the levels of dystrophin expres-
sion detected in wild-type mice is sufficient to ameliorate the disease.1 These values seem to correlate well with what has 
been observed in BMD patients, suggesting that even low levels of dystrophin expression achieved within each individual 
fiber may be therapeutically relevant. However, as we began to assess the potential of different therapeutic approaches, it 
became more and more evident that factors like the longitudinal distribution of dystrophin along the length of the fiber, 
the number of dystrophin positive fibers restored following intervention, and even the number of myonuclei successfully 

FIGURE 10.1 Structural organization of the four domains of the dystrophin protein and their interacting partners. The dystrophin-associated 
protein complex (DAPC) is composed of a number of different proteins that interact, directly or indirectly, with dystrophin and connect the intracellular cyto-
plasm (sarcoplasm) with the extracellular matrix (ECM) (a dense and complex structure that surrounds individual myofibers and that is composed of laminin, 
collagen, and other proteins). The N-terminal, the middle rod, the cysteine-rich, and the C-terminal domains that compose the dystrophin protein all play 
critical functions. Dystrophin binds cytoskeletal F-actin through its N-terminus and the DAPC through its C-terminus, acting as an important link between 
the internal cytoskeleton and the ECM. The central rod domain is formed by 24 triple-helical segments similar to the repeat domains of spectrin which are 
interrupted by four hinge regions. The cysteine-rich domain binds β-dystroglycan and links the sarcoplasm to the ECM while the C-terminal domain binds to 
α-dystrobrevin, syntrophins, and nNOS. Maintenance of the linkage between the ECM and the cytoskeleton is critical to skeletal muscle integrity, and muta-
tions in the genes of the DAPC alter the expression of the majority of the DAPC proteins leading to degeneration of muscle fibers.
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FIGURE 10.2 Histological features of normal and 
dystrophic muscles. Micrographs of transverse sections 
of the quadriceps muscle of wild-type and mdx mice at 12 
months of age. Hematoxylin and eosin (H&E) staining 
shows clear pathological changes in dystrophin-deficient 
mice typical of Duchenne muscular dystrophy (DMD) 
patients, which include myofibers of irregular size, accu-
mulation of fibrotic and adipose tissue, muscle necrosis, 
regeneration, and inflammation. Immunostaining analy-
sis using an antibody specific to dystrophin (labeled in 
red) demonstrates the absence of dystrophin expression 
in mdx mice with the exception of rare isolated dystro-
phin-positive fibers known as revertant fibers (indicated 
by an arrow) common to all DMD models and also 
present in patients. The origin of these so-called rever-
tant fibers is not completely understood, but is thought 
to be the result of mutations in the dystrophin gene that 
restore the coding reading frame of the messenger RNA 
(mRNA) and that therefore result in the expression of 
shorter proteins. (Scale bar: 100 μm). (For interpretation 
of the references to color in this figure legend, the reader 
is referred to the online version of this book.)

targeted within multisyncytial fibers influence the stability of the therapeutic approach and the persistence of the beneficial 
effects achieved.2,3

Since the initial identification of the dmd gene, therapeutic approaches to the disorder have focused primarily on 
restoring the expression of a functional dystrophin protein through the delivery of vectors capable of efficiently dis-
tributing a new gene throughout the muscle. These approaches are commonly referred to as gene therapies or gene 
replacement strategies. More recently, new approaches have been pursued capable of directly correcting the dystrophin 
gene defect and of restoring its expression (molecular therapies) or capable of regenerating tissue lost as the result of 
the disease (cell-mediated regenerative approaches). Of equal value, are strategies capable of compensating for the lack 
of the dystrophin protein. Each approach, although valuable, presents limitations which may one day preclude it from 
entering into the clinic. Nonetheless, the results shown to date have clearly demonstrated the possibility of treating the 
disorder or, at least, substantially improving the quality of life of DMD patients. The therapeutic approaches to DMD 
are outlined in Table 10.1.

10.2  GENE REPLACEMENT THERAPIES

One of the major challenges of any application aimed at introducing a newly functional gene in order to replace the defec-
tive one is represented by the necessity to deliver a sufficient amount of vector to achieve therapeutic levels of protein 
expression and ensure that the levels of expression obtained are sustained over prolonged periods of time. Treatments aimed 
at restoring dystrophin expression face an even bigger obstacle as the vector needs to target the vast majority of the muscles 
that compose the human body in order to be clinically relevant.

While viral-mediated gene delivery has dominated the field through the development of efficient systemic delivery 
systems capable of achieving sustained levels of expression of the therapeutic vector, the use of plasmid vectors has faced 
hurdles in terms of both delivery and sustainability of transgene expression. Nonetheless, plasmid-mediated gene therapy 
approaches still remain a valid therapeutic application due to the ease of production of vectors and their cloning capacity 
that allows the delivery of the full-length dystrophin gene.

10.2.1  Viral Gene Therapy for DMD

Gene therapy for DMD using viral vectors has employed mainly adenoviral (Ad), lentiviral (Lv) and adeno-associated 
viral (AAV) vectors as delivery systems. Viral vectors have proven to be good candidates for gene therapy approaches into 
muscle due, primarily, to their excellent transduction efficiency in both cell cultures, as well as living organisms. However, 
only a few viral vectors possess sufficient cloning capacity to carry the full-length dystrophin cDNA.4 Therefore, increas-
ing efforts have been made toward the optimization of internally-deleted mini- or micro-dystrophin constructs expressing 
regions of the dystrophin protein required to maintain its functional activity into muscle (Figure 10.3). The possibility that 
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TABLE 10.1 Therapeutic Approaches to Duchenne Muscular Dystrophy (DMD)

Approach Method of Delivery
DMD Models 
Tested Latest Clinical Trials in DMD/BMD

Gene replacement therapies

Viral gene therapy for DMD IM, IP Mouse and dog Phase 1: rAAV2.5-CMV-minidystrophin 
(d3990) in DMD (ClinicalTrials.gov Id: 
NCT00428935)

Plasmid-mediated gene therapy IM, IVa Mouse and dog Phase 1: Full-length dystrophin (trial Id 
number not available)

Correction of the dystrophin gene

Antisense-mediated therapies 
using oligonucleotides

IM, IP, SC Mouse and dog Phase 2: Efficacy, safety, and  
tolerability rollover study of eteplirsen 
(AVI-4568) in DMD (ClinicalTrials.gov 
Id: NCT01540409)

Phase 2: Open label escalating dose 
pilot study of PRO051 (GSK2402968) 
in DMD (ClinicalTrials.gov Id: 
NCT01910649)

Oligonucleotide-mediated  
gene editing of the dystrophin 
gene

IM Mouse and dog Not tested in humans

Endonuclease-mediated gene 
editing

IM Mouse Not yet tested in humans

Suppression of nonsense  
mutations mediated by stop 
codon read through compounds

IM, IP, oral Mouse Phase 1: Six-month study of  
gentamicin in DMD (ClinicalTrials. 
gov Id: NCT00451074)

Phase 3: Extension study of Ataluren 
(PTC124) in DMD (ClinicalTrials.gov  
Id: NCT02090959)

Cell-based therapies for DMD

Cell-based therapies using 
muscle progenitor or muscle 
stem cells

IM Mouse and dog Phase 1A: High-density injection 
of myogenic cells throughout large 
volumes in a 26-year-old DMD patient 
(trial Id number not available)

Phase 1: Autologous transplantation of 
muscle-derived CD113 + cells in DMD 
(trial Id number not available)

Non muscle-derived stem  
cells therapies

IM, IV Mouse and dog Phase 1: Intra-arterial delivery of  
HLA-identical allogeneic  
mesoangioblasts in DMD. (EudraCT 
number: 2011-000176-33)

Upregulation of utrophin IM, IP, oral Mouse and dog Phase 1b: Study of SMT C1100 in 
DMD subjects (ClinicalTrials.gov Id: 
NCT02056808)

Myostatin blockers IP, SC, IV Mouse and dog Phase 1: MYO-029 in BMD and other 
muscular dystrophies (ClinicalTrials.gov 
Id: NCT00104078)

Phase 2: Extension study of ACE-031 in 
subjects with DMD (ClinicalTrials.gov 
Id: NCT01239758)

IM, intramuscular; IP, intraperitoneal; SC, subcutaneous; IV, intravenous; DMD, Duchenne muscular dystrophy.
avascular delivery was restricted to isolated limbs.
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FIGURE 10.3 Proteins encoded by the vectors most commonly used for therapeutic purposes. This schematic representation shows the structure 
of the domains and their arrangement in full-length, mini- (ΔH2-R19) and micro-dystrophin (ΔR4-R23) containing the regions of the dystrophin protein 
believed to be required to restore partial function in patients. The arrangement of the domains of the protein predicted to be expressed in a BMD patient 
with a milder form of muscular dystrophy and characterized by a deletion of the coding sequence of the dystrophin gene encoded by exons 17 through 
48 (Δ17-48) is also shown for comparison. Δ indicates deletion of spectrin-like repeats: ABD, actin-binding domain; H, hinge region; R, spectrin-like 
repeat; CR, cysteine-rich domain; CTD, C-terminal domain. Molecular weights of full-length dystrophin and truncated proteins are indicated on the right.

large portions of the dystrophin central region could be deleted without significantly affecting the role of the protein in 
myofibers is based on clinical data obtained from a BMD patient characterized by a deletion of the central part of the dys-
trophin gene lacking exons 17 through 48 (Δ17-48) who was still ambulant at the age of 61. When expressed into mdx mice, 
the Δ17-48 mini-dystrophin gene was shown to effectively prevent the dystrophic pathology.5 These results have opened a 
new venue in the field of gene therapy for DMD by prompting subsequent studies aimed at better characterizing the regions 
of the dystrophin gene that are required for the proper function of the protein in skeletal muscle. Several mini- and micro-
dystrophin genes that were small enough to be incorporated into most viral vectors were generated and a few of those were 
shown to be able to prevent and partially reverse the dystrophic phenotype.6,7 Among those, constructs expressing the ΔH2-
R19 and ΔR4-R23 proteins appear the most effective in reversing the dystrophic pathology (Figure 10.3).7

10.2.1.1  Gene Therapy Based on Ad Vectors

Adenoviruses are nonenveloped icosohedral viruses containing a 36 kb double-stranded DNA genome that remains epi-
somal once into the cell nuclei. Since their initial isolation in the early 1950s, tremendous progress has been made toward 
understanding the adenovirus lifecycle, its interaction with the host immune response, and its role in diseases.

Adenoviruses are extremely stable against chemical or physical agents, they can be produced in sufficient quantities to 
satisfy clinical needs, and have been shown to infect a large number of cell types, rendering these viruses particularly attrac-
tive in gene therapy applications. The studies conducted to date have focused on optimizing the structure of the adenovirus 
genome to allow maximal transgene capacity and optimal transduction efficiency while minimizing immunogenicity of the 
proteins encoded by the virus following introduction into host organisms. First generation Ad vectors lack the E1 region 
that is responsible for allowing the expression of other viral genes and for modulating the host cell cycle, rendering the 
vector unable to replicate.8 In addition, a deletion of the E3 region that is responsible for encoding several proteins that 
modulate host antiviral and inflammatory responses9 allows introduction of the therapeutic gene.

Early reports demonstrated that a mini-dystrophin human cDNA could be successfully delivered into mdx after intra-
muscular injection of a first generation Ad vector. Up to 50% of fibers in the injected muscle showed correct localization 
of a mini-dystrophin protein at the sarcolemma of muscle fibers.10 Similar studies using the same mini-dystrophin con-
struct demonstrated that expression was stable for up to six months following delivery and was able to ameliorate some 
of the pathological features associated with the disease.11 Subsequent studies also established the beneficial effects that 
could be achieved by delivering a mini-dystrophin gene into newborn mdx muscles, as well as immunosuppressed adult 
mdx mice by demonstrating a diminished susceptibility of myofibers to damage in response to force contractions.12,13 
However, despite the deletion of the regions of the Ad vector responsible for eliciting an immune response, first genera-
tion Ad vectors have been shown to cause a significant immune response in vivo, mainly as the result of the synthesis of 
viral proteins. To overcome these limitations, a second generation of Ad vectors was developed to be devoid of additional 
genes necessary for viral DNA replication. Although second generation Ad vectors have been shown to better sustain the 
level of expression of transgenes in immunocompetent mice, their use to permanently treat disorders is hampered by the 
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strong immune response detected following a second administration and, therefore, has precluded them from entering 
testing in animal models for DMD.

In order to overcome the Ad vectors’ immunogenicity and in order to increase their packaging capacity, “gutted” (also 
known as gutless, high-capacity, or helper-dependent Ad vectors) have been developed by several groups.14,15 The gutted 
vectors lack all the viral coding sequences and therefore, Ad replication and packaging require the presence of a helper 
virus which carries all the viral proteins necessary for its production in cells. As a result, their assembly, and therefore titer 
obtained in cultures are reduced. Promising results have been obtained in neonatal, as well as juvenile mdx mice, with levels 
of dystrophin expression sustained for at least one year following in vivo administration.16–22 Despite the progress made, 
the use of third generation Ad vectors still face major hurdles, namely the humoral response which results in the generation 
of antibodies to Ad proteins and that limits multiple administrations.23 Furthermore, because infections from adenoviruses 
are fairly common in humans, most individuals are likely to have already developed an immunoresponse to proteins pres-
ent in the Ad virion. The efficiency of transduction that can be achieved in patients may therefore vary substantially among 
individuals and, in certain subjects, could lead to a failure to express the desired gene. The use of approaches that target 
muscles during the early stages of embryo development, when the immune system is not fully developed and where muscle 
stem cells are actively replicating to induce muscle growth, has been used to overcome these problems and to facilitate the 
persistence of transgene expression into muscle.24,25

10.2.1.2  Gene Therapies for DMD Using Retroviral and Lv Vectors

Retroviruses were among the first to be developed and used in gene therapy trials. Most of the clinical trials approved by 
the Food and Drug Administration (FDA) have employed the Moloney murine leukemia virus (MLV) that has one of the 
simplest genomes of all the retroviruses and is therefore easier to manipulate and engineer for therapeutic applications. 
Retroviruses are composed of two identical copies of single-stranded RNA encapsulated into a capsid that is surrounded by 
a lipid membrane from which the enveloped proteins extrude. The enveloped proteins confer virus specificity as they are 
responsible for attachment to the target cells. Once in the cell, the RNA is reverse transcribed into double-stranded cDNA 
that translocates into the nucleus and integrates into the cell genome thanks to the integrase encoded by the retrovirus. The 
ability to integrate into the genome allows sustained gene expression and this is, perhaps, the best feature of these vectors 
and the reason why they have been successfully employed in clinical trials. The basic structure of retroviruses has under-
gone genetic modification to devoid the replicative ability of the vector and to allow up to 8 kb of cloning capacity. As with 
third generation Ad vectors, production of retroviral vectors requires the use of special packaging cells to allow assembly 
of the virion and release into the media. The process is technically challenging and usually results in a lower titer than that 
usually achieved using other types of viral vectors.

The use of retroviral vectors for the treatment of DMD has been limited to testing the feasibility of restoring dystrophin 
expression in culture in vitro as a proof-of-principle of the applicability of gene replacement strategies using this type of 
viruses.26–28 Among the limitations that have precluded retroviral vectors from advancing into clinical applications for 
DMD is the rapid loss of transgene expression detected following delivery, the inability to control the integration site of 
the retrovirus into the host genome and, in the case of approaches aimed at targeting muscle progenitor cells or muscle 
stem cells, the necessity of using cells that are actively dividing due to the inability of the reverse transcribed genome to 
efficiently enter the nucleus unless the nuclear membrane is disrupted as usually occurs during mitosis.

These problems have largely been overcome by the development of Lv vectors.29 They are a class of retroviral vectors 
capable of stably integrating transgenes into the host genome of nonreplicating cells, as well as postmitotic cells at random 
positions and capable of achieving long-term expression of the transgene.30,31 The first class, and to this date the most 
widely used, was initially derived from the human immunodeficiency virus (HIV) although other classes of vectors such 
as the feline immunodeficiency virus (FIV), bovine immunodeficiency virus (BIV) and equine infectious anemia (EIA) 
have also been successfully used for therapeutic applications. During the years, Lv vectors have evolved tremendously and 
extensive studies have led to the development of safer vectors that can be grown in culture at high titers. Currently, the vec-
tors used for most of the applications into muscles have been based on third generation Lv vectors.

Kafri et al have demonstrated that a human-lentiviral (HIV)-based vector can sustain expression of green fluorescent 
protein (GFP) for more than 22 weeks in the liver and more than 8 weeks in transduced muscle without sufficient humoral 
or cellular response to preclude repeated injection, suggesting that this system may be safe to use in patients following 
repeated dosing.30 Intramuscular delivery of Lv vectors have also been shown to result in expression of a β-galactosidase 
reporter system, although the results showed poor distribution of the Lv vectors in the injected muscle with expression of 
the reporter being localized at the injection site.32 The limited effects achieved following intramuscular injection of Lv  
has precluded these vectors from gaining momentum in the field of gene therapy for muscle disorders.
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Better results have been achieved following delivery of Lv vectors into fetuses and newborn mice.33,34 MacKenzie et al 
demonstrated that delivery of Lv vectors encoding a reporter gene into the liver or hind limbs of mouse embryos at an age of 
gestation between 14 and 15 days resulted in the detection of transgene expression in cardiac and skeletal muscles for at least 
nine months following delivery. Furthermore, the study demonstrated that systemic administration of Lv vectors could achieve 
widespread distribution into muscle progenitor cells or muscle stem cells with significant beneficial effects.33 More recently, it 
has been demonstrated that a lentiviral vector expressing a fusion protein encoded by a micro-dystrophin and the GFP coding 
sequences and delivered intramuscularly in neonatal mdx4cv mice was able to successfully transduce myogenic stem cells, as 
well as myofibers, resulting in widespread and stable expression of dystrophin for at least two years.34 These results, although 
promising, have clearly demonstrated that future applications of Lv vectors in DMD patients are likely to require the use of 
immune suppressors and that further optimization may still be necessary before these vectors can be used in a clinical setting.31

10.2.1.3  AAV Vectors for the Treatment of DMD

Gene therapy using AAV vectors has gained attention in the field due to their muscle tropism, long-lasting expression and rela-
tively low, although still present, immunogenicity. The adeno-associated virus is a nonpathogenic virus that belongs to the Parvo-
virus family. Its genome consists of approximately 4.7 kb of single-stranded DNA flanked by inverted terminal repeats (ITRs) and 
is organized into two open reading frames: the rep region, which encodes for replication-related proteins and the cap region which 
encodes for three viral capsid proteins (VP1, VP2 and VP3). AAV have been found in many species such as nonhuman primates, 
humans, canines, and fowl. To date, 12 serotypes of adeno-associated viruses (AAV1–AAV12) have been identified in primates 
alone. Each serotype has capsid sequences with a unique serological profile resulting in different transduction efficiencies. AAV 
vectors can infect both dividing, as well as nondividing cells and, once in the cell, they are known to integrate into the genome. 
Since AAV vectors can transduce all muscles in the body with only a mild immunogenicity compared to other vectors, they appear 
to be good candidates for gene therapy applications in DMD.35,36 Recombinant AAV (rAAV) vectors are generated by replacing 
the wild-type viral genome with any gene or DNA sequence of interest that is up to 5 kb in length. Production of these viral vectors 
can be tedious, although a variety of methods have been developed to facilitate the process.37

Vectors packaged with AAV1, AAV6, AAV8, and AAV9 capsids have been shown to induce levels of transgene expression 
that are significantly higher than those obtained with rAAV2 vectors.38 Successful delivery of a functional micro-dystrophin 
has been achieved in both cardiac and skeletal muscles of mdx mice by single low pressure intravenous administration 
of rAAV pseudotyped 6 (rAAV6) vectors.38,39 Among the serotypes tested for their ability to transduce muscles, rAAV1, 
rAAV8, and rAAV9 appear to be the most promising as they can transduce heart and skeletal muscles in both neonatal and 
adult mice, although at different efficiencies.40–42

Among the drawbacks of rAAV technologies is the limited packaging capacity. This issue has been addressed through the 
development of transplicing or recombining AAV vectors.43,44 The basic principle of these strategies is to split the dystrophin 
gene into two or more rAAV vectors that, once into the cell, can recombine to reconstitute the dystrophin coding sequence 
(Figure 10.4).

Discordant results have been observed with rAAV vectors in terms of immune response. Cellular immune responses 
against the capsid proteins have been rarely observed in rodents after systemic delivery of rAAV1, rAAV6, rAAV8, and 
rAAV9,35,39 whereas intramuscular injection of rAAV2 and rAAV6 in dogs has been shown to elicit a cell-mediated immune 
response45,46 which could be prevented by immunosuppression.47 Clinical trials using rAAV1 and rAAV2 vectors con-
firmed the presence of an immune response against the capsid proteins, as well as the transgene expression in humans, 
raising issues of safety and efficacy of rAAV-mediated technologies48,49 and suggesting that further optimization of rAAV 
vectors may be necessary to guarantee their success in the clinic.

10.2.2  Plasmid-Mediated Gene Therapy

Plasmids have the advantage of being able to accommodate large genes and therefore can be used to express full-length 
dystrophin. However, their use in the clinical setting has been limited by low transduction efficiency achieved in muscle 
following administration and low persistence of transgene expression following delivery. Injection of plasmids expressing 
reporter genes into mouse skeletal muscle in vivo was reported for the first time in 1990. Delivery of a plasmid express-
ing luciferase resulted in enzyme activity in skeletal muscles of mice for at least 2 months,50 but similar experiments using 
a β-galactosidase cDNA in the GRMD dog muscles resulted in low transfection efficiency.51 Results were confirmed in 
a clinical trial in Duchenne and Becker patients injected with a full-length human dystrophin plasmid into the radialis  
muscle.52 Although delivery of the plasmid vector was reported to be well tolerated in patients, only low levels of dystro-
phin expression were found in some, but not all, of the subjects that received the vector.52
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The use of cationic lipids, polyplexes, or similar systems that can be coupled to DNA to enhance their ability to cross the 
ECM together with the use of intravascular injection under elevated pressure has been shown to significantly increase the 
delivery of plasmid DNA into myofibers.53–55 One of the major limitations of using plasmid vectors as carriers to introduce 
a new dystrophin gene into muscles is the progressive loss of transgene expression detected following delivery, which has 
been attributed primarily to silencing of highly methylated sequences that are particularly enriched in plasmids and rapid 
degradation of episomal DNA characteristic of nonintegrating vectors. Silencing effects can be in part limited by the use of 

FIGURE 10.4 Strategy used to increase packaging capacity of adeno-associated virus (AAV) vectors. (a) Schematic outline of the strategy used to 
induce trans-splicing of dystrophin messenger RNA (mRNA) transcripts expressed by two independent AAV vectors. The AAV donor vector carries the 
promoter, the 5′ sequence of the transgene, and the splicing donor signal. The AAV acceptor vector carries the splicing acceptor signal, the 3′ region of the 
transgene, and the polyadenylation (PA) sequence. Infection of AAV virions leads to the expression of two mRNA containing the splicing signals neces-
sary to remove the noncoding components of the mRNA to produce a functional mini-dystrophin gene. (b) Schematic illustration of the homologous-based 
approach that could be used to reconstitute the expression of functional mini-dystrophin protein. Like the trans-splicing system, this approach requires 
the coinfection of two AAV vectors, one vector containing the promoter, the 5′ sequence of the transgene, and a sequence of DNA where the homologous 
recombination should occur. The second AAV vector carries a copy of the homologous region, the 3′ sequence of the mini-dystrophin gene, and the PA 
site. Pairing of the homologous sequences and recombination events result in the reconstitution of a functional expression cassette. Both approaches are 
capable of expressing a gene of approximately 8 kb in length.
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vectors devoid of methylated sequences,56 while the loss of episomal plasmid has been addressed by designing plasmid vectors 
capable of integrating at specific sites of the genome.57,58 Generally, the use of systems capable of integrating a cDNA into the 
genome require the coadministration of two distinct sequences, a cDNA expression construct of the therapeutic gene flanked 
by specific sequences that can recombine and integrate, and a plasmid containing the enzyme required to activate integration 
of the gene into the mammalian genome. In muscle, the applicability of these approaches has been limited to proof-of-concept 
studies in mdx mice using the φC31 integrase system.2 While the results have demonstrated that plasmid integration is capable 
of achieving higher levels of dystrophin expression compared to those obtained using nonintegrating plasmid vectors, they 
have also evidenced a loss of transgene expression over prolonged periods of time, although at a lower rate than that observed 
in muscles that expressed constructs unable to integrate.2 These studies have clearly evidenced limitations in the applicability 
of plasmid-mediated gene replacement strategies for DMD and have demonstrated the need to further optimize the structure 
of the vectors used to deliver dystrophin or other therapeutic genes in muscle. Although the possibility of having neutralizing 
antibodies toward plasmid vectors is low, the effects of repeated administration of plasmids, which would be required to guar-
antee sustained level of gene expression in patients, are unknown and, at the present time, it is difficult to determine whether 
plasmid-mediated technologies for muscle disorders will enter clinical studies in the near future.

10.3  STRATEGIES AIMED AT CORRECTING THE DEFECTIVE DYSTROPHIN GENE

Among the therapeutic approaches currently being pursued for the treatment of DMD, the use of oligonucleotides or 
small molecules to correct the dystrophin gene defect is gaining attention due to the possibility of restoring expression 
of functional dystrophin without introducing a new gene in muscle. There are several advantages that render molecular 
therapies appealing for the treatment of genetic diseases and DMD in particular. First, they allow the gene to remain under 
its own regulatory mechanisms. Second, oligonucleotides or small molecules are relatively easy to produce at costs that 
are generally lower than those associated with the production of viral vectors. Third, production can be scaled up to satisfy 
the needs associated with treatments in humans. Issues of immune responses toward oligonucleotides or small molecules 
are rarely seen, easing a few of the issues associated with certain types of vectors used in gene therapy. Current applica-
tions to DMD using molecular therapies use antisense oligonucleotides (AONs) to restore the open-reading frame of the  
dystrophin mRNA by inducing skipping of mutated exons. Similarly, chimeric oligonucleotides (chODNs) or single stranded  
oligodeoxynucleotides (ssODNs) have been shown to be able to correct single base mutations and to restore dystrophin 
expression in vitro, as well as in vivo in DMD animal models. Furthermore, the use of small compounds like gentami-
cin, or more recently, PTC124, capable of promoting read through (RT) of a premature stop codon, has shown promise.  
Altogether, the encouraging results obtained thus far have allowed molecular therapeutic approaches for this disease to 
grow considerably in the last few years.

10.3.1  Antisense-Mediated Therapies Using Oligonucleotides

The use of antisense technology has proven to be one of the most promising approaches to the treatment of DMD caused by 
large deletions. Although the original reports of the feasibility of this approach for the treatment of DMD came from stud-
ies conducted by the groups of Matsuo and Dickson, respectively,59,60 it is the pioneer work of Wilton and colleagues61,62 
along with the results achieved by van Deutekom et al63,64 that has allowed this technology to reach the stage of conducting 
clinical trials in humans. The technology employs small, chemically-modified RNA or DNA sequences complementary to 
a specific region of the dystrophin pre-mRNA and capable of interfering with the splicing machinery to induce skipping of 
one or more exons (Figure 10.5). The result is restoration of the open reading frame and expression of a dystrophin protein 
that, although smaller than full-length dystrophin, conserves some of the key domains of the protein necessary for its inter-
action with members of the DAPC and therefore believed to be functional.

The initial testing was conducted in muscle cells isolated from the mdx mouse and transfected with 2′-O-methyl phos-
phorothioate oligoribonucleotides (2′OMeRNA) which are known to be more resistant to endonucleases and have a higher 
binding affinity than oligoribonucleotides made of regular bases (Figure 10.6).60 AONs complementary to the 3′ splice 
site of murine dystrophin intron 22 induced splicing of exon 22 to exon 30 and restored dystrophin expression in mdx 
myotubes.60 These results were confirmed by another study in mdx cultures which also demonstrated the feasibility of 
precisely skipping only the mutated exon when 2′OMeRNA-AONs were designed to target the donor site of exon 23.61 
Shortly thereafter it was shown that 2′OMeRNA could restore dystrophin expression in DMD patient-derived muscle cells, 
carrying a deletion of exon 45 by inducing skipping of exon 46.63 When tested in vivo, 2′OMeRNA were able to efficiently 
restore dystrophin expression in mdx mice following intramuscular injection,65 as well as after systemic administration.62 
These results have established the therapeutic relevance of the approach and have served as foundations for all subsequent 
studies aimed at testing and optimizing AONs’ structure in animal models and in human cells isolated from DMD patients.
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Since then, the field of AON-mediated molecular therapies for DMD has focused primarily on identifying and testing 
new chemistries that could be used to enhance the efficacy of the AONs in redirecting splicing of the dystrophin gene. Phos-
phorodiamidate morpholino oligonucleotides (PMOs) in which the phosphodiester bond is replaced by phosphoroamidate 
linkage and the ribose replaced by a morpholino moiety (Figure 10.6), have proven to be a valid alternative to 2′OMeRNA, 
due primarily to their higher affinity for their target nucleic acid sequences and greater resistance to degradation than 
conventional nucleic acids. Weekly intravenous injections of a PMO targeting the donor site of exon 23 in mdx mice 
administered for up to seven weeks was shown to restore levels of dystrophin expression to up to 50% of those detected in 
wild-type mice in gastrocnemii and quadriceps throughout the majority of the muscle cross sectional area analyzed, sug-
gesting that PMO may be more efficient than 2′OMeRNA in correcting the dystrophin gene defect.66 More recently, it has 
been demonstrated that AONs made of peptide nucleic acids (PNAs), which are artificially-generated homologs of nucleic 
acids in which the phosphate–sugar backbone is replaced by a pseudo-peptide polymer (Figure 10.6), were more efficient 
than 2′OMeRNA or PMOs in inducing skipping of the dystrophin exon 23 in mdx mice.67

Clinical trials are currently under way for the treatment of DMD characterized by deletions of the dystrophin gene that could 
be treatable by skipping of exon 51 using 2′OMeRNA-based AONs (drisapersen, also known as PR0051) developed by Prosensa 
in collaboration with GlaxoSmithKline (GSK), as well as PMO-based AONs (eteplirsen, also known as AVI-4568) developed by 
Sarepta Therapeutics. While the initial results of the phase I and II studies of drisapersen showed great promise,64 recent results of 
GSK’s Phase III clinical study were somewhat disappointing as they failed to show a statistically significant improvement in the 
6 minute walking distance (6MWD) test in subjects that received AONs compared to the placebo-treated group.

Better outcomes have been achieved using the PMO-AON developed and optimized by Sarepta Therapeutics.68 The 
Phase IIb clinical study of eteplirsen was conducted on 12 DMD boys between the ages of seven and 10 years with deletions 
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FIGURE 10.6 Chemical modifications used in RNA and DNA based approaches to Duchenne muscular dystrophy (DMD). The modifications 
introduced in the oligonucleotides usually consist of changes in the oligonucleotide backbone chemistry to enhance nuclease resistance by inhibiting 
RNase activity and by conferring tighter binding affinity to their DNA or RNA target.

FIGURE 10.5 Antisense-mediated exon skipping strategies used to correct Duchenne muscular dystrophy (DMD) defects due to large deletions. 
Schematic illustration of the approach used by antisense oligonucleotide (AON)-mediated strategies to restore the reading frame of a dystrophin gene 
containing a deletion of exon 48 through 50. AONs can be designed to target regulatory regions of one or more exons responsible for the assembly of 
mature RNA transcripts to induce skipping of the target exon. The result is the production of a messenger RNA (mRNA) that, although shorter, is still in 
frame, thus allowing the expression of a functional dystrophin protein.
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of the dystrophin gene correctable by skipping of dystrophin exon 51. All patients received eteplirsen for a maximum of 
48 weeks, although treatment with the active drug was initiated at different times following enrollment. A statistically sig-
nificant increase in dystrophin expression compared to the baseline was detected in all patients, demonstrating the efficacy 
of the AON in redirecting splicing for the dystrophin mRNA The results of the extension study released in June 2012 on 
subjects that were enrolled in the Phase IIb clinical trial and that continued to receive eteplirsen for 84 weeks, although did 
not show an improvement in the 6MWD, demonstrated a stabilization of walking ability in patients treated with the drug.

It is unclear at this point why two AONs designed to work on the same mutation can result in such different outcomes, 
but it is possible that the different chemistries, as well as the different dosages utilized may have played a role. If approved, 
eteplirsen may become one of the first antisense drugs on the market.

One of the limitations faced by antisense-mediated exon-skipping therapies for DMD is the inability of AONs to induce 
skipping of the dystrophin mRNA in cardiac tissue following systemic delivery. This issue has been recently addressed by 
studies that have demonstrated that PMOs, as well as PNAs conjugated with short peptides that facilitate cellular uptake 
such as cell-penetrating peptides (CPPs), are able to facilitate uptake of AONs into muscle including the heart with func-
tional effects.69–71 However, the use of these new molecules may require further optimization before testing in the clinic.

10.3.2  Oligonucleotide-Mediated Gene Editing of the Dystrophin Gene

In the last decade, gene editing strategies mediated by oligodeoxynucleotides (ODNs) have achieved notable accomplish-
ments in the field of molecular therapeutics for DMD. The approach is particularly appealing because it acts at the genomic 
level and therefore has the potential to permanently correct the genetic defect allowing for stable expression of the gene 
being targeted for repair. This strategy takes advantage of innate repair mechanisms present in cells that are capable of 
recognizing mismatches between the ODNs and the region of the genome targeted for repair to induce single base pair 
changes in virtually any genomic DNA sequence.72–74 The repair mechanism being recruited can vary widely depending 
on the type of cells being used, the specific mismatch inserted in the ODN, and even the state of replication of cells being 
targeted for repair.75

During the past few years, the structure of the ODN used to induce single genomic alterations has evolved considerably 
(Figure 10.7). First generation ODNs were chODNs, also called chimeraplasts, capable of forming hairpin structures and 
interacting with both strands of the genomic DNA targeted for repair (Figure 10.7(a)). Once introduced into the cell, the 
chODN is thought to introduce helical distortion by intercalating within the double-stranded DNA. The mismatch, which is 
present in both strands of the ODN, is then responsible for the activation of the repair mechanism, which results in the con-
version of the targeted base at the genomic level using the information provided by the chODN. Since their first application, 

FIGURE 10.7 Gene editing mediated by oligodeoxynucleotides (ODNs). (a) The basic structure of targeting ODNs consists of a stretch of DNA 
perfectly homologous to the region of the gene that is targeted for correction with the exception of a single base mismatch. A chODN contains a comple-
mentary region composed of 2′-O-methyl RNA interrupted by a pentameric block of DNA bases (chODN). Newer generation of ODNs known as ssODNs 
consist of unmodified DNA bases that can be complementary to the coding strand (ssODNC) or complementary to the noncoding strand (ssODNNC) of the 
gene targeted for repair. Phosphorothioate bases are added to each end of the oligonucleotides to increase their stability to endonucleases. (b) Correction 
is mediated by the pairing of ODN with the genomic sequence targeted for repair. Recognition of the mismatch present on the ODNs activates innate 
repair mechanisms naturally present in the cell nuclei and capable of directing the correction based on the information provided by the ODN template.
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chODNs have been investigated for their ability to target and induce genomic modifications in a number of different cell 
types and have been successfully applied in both eukaryotic and prokaryotic cells.75

The process of gene repair, although still not completely understood, appears to involve multiple steps (Figure 10.7(b)). 
Different repair mechanisms have been implicated in the process that leads to the correction of the genetic defect. Among 
those, the mismatch repair (MMR), homologous recombination (HR), homology-directed repair (HDR), nonhomologous 
end-joining (NHEJ), nucleotide excision repair (NER) pathway, and the base excision repair (BER) mechanism have all 
been shown to play a role throughout the different stages that lead to the replacement of the mismatched base in the 
genomic DNA.75

In muscle, chODNs have been successfully used to correct the dystrophin gene defect in mdx mice and the GRMD 
dog model.76–78 Furthermore, chODNs have been shown to induce single point mutations at the intron/exon boundar-
ies of the dystrophin gene defect to disrupt consensus sequences of the dystrophin gene and induce skipping of the 
mutation responsible for the lack of dystrophin in mdx mice, demonstrating the broad applicability of this approach 
for the treatment of DMD.75,79 Second generation ODNs were developed based on studies aimed at better character-
izing the function of the RNA and moieties of each of the strands of the chODN during the repair process. The results 
indicated that correction was mediated primarily by the DNA strand of the chODN. When ssODNs made of unmodi-
fied bases were tested in cells in culture or in prokaryotic systems, they were shown to be as efficient in correcting the 
genetic defect as chODNs. Furthermore, a strand bias was observed in the correction abilities of linear DNA ODNs 
depending on whether the ssODNs were targeting the coding or the noncoding strand of the gene (Figure 10.7(a)), 
suggesting the implication of transcription in the processes that take place in gene repair mediated by ssODNs.75 
A similar strand bias was also observed when ssODNs complementary or homologous to the dystrophin gene were 
tested in an mdx5cv mouse, a model for DMD that has proven to be a valuable system to test and quantitate the level 
of gene repair achieved in muscles.80 The use of ssODN has substantially advanced the field of gene editing for the 
treatment of diseases like DMD due to the feasibility of synthesizing large amounts of ODNs that would be required 
to administer in patients in prospective clinical trials.

Better results have been achieved using ssODNs made of PNA (PNA-ssODNs) and designed to target the mdx5cv 
mutation. Kayali et al. showed that PNA-ssODNs can improve correction frequencies up to ten-fold compared to those 
achieved by older generation ssODNs.3 The increase in efficacy has been attributed primarily to the improved stability 
of the ODNs toward endonucleases allowing the PNA-ssODN to reach its target more efficiently than ssODNs made of 
unmodified bases. More importantly, the study evidenced the presence of important factors that contributed to the stabil-
ity of the repair process in muscle following intramuscular delivery of ODNs. The progressive decrease in dystrophin 
expression detected following intramuscular administration of ssODNs demonstrated that correction of mature myofi-
bers alone is not sufficient to guarantee long-lasting effects.3 The issue of the stability of the repair process has recently 
been tackled through transplantation studies aimed at testing the feasibility of using PNA-ssODNs to target and correct 
the mdx5cv mutation in SCs (See Section 10.4.1). Nik-Ahd et al demonstrated that SCs explanted ex vivo from mdx5cv  
muscles and transfected with PNA-ssODNs targeting the mdx5cv mutation were amenable to gene repair mediated by oligo-
nucleotides. When transplanted into skeletal muscles of dystrophin-deficient mice, cells that had undergone correction 
were able to restore dystrophin expression. Importantly, dystrophin was shown to increase over time suggesting that SCs 
that homed into engrafted muscles were able to activate in response to myofiber degeneration or normal muscle turnover 
and regenerated new myofibers expressing normal, full-length dystrophin.81 These studies have opened new possibilities 
for the treatment of DMD and have demonstrated that the correction of SCs is a key to the success of oligonucleotide-
mediated gene approaches to DMD.

Despite the encouraging results obtained, the field of gene editing using ODNs is still far from entering a clinical scenario. 
Among the major hurdles that ODN-mediated therapies for the treatment of DMD face is the possible immune response 
towards either the ODNs themselves or the modifications which have been generated to improve the stability and efficiency 
of ODNs. Issues of delivery, as for any other approach currently being developed for the treatment of this disease, is also a 
concern, although it is believed that the use of coupling cargo, like CPP or similar structures, may overcome this limitation.

10.3.3  Endonuclease-Mediated Gene Editing

Genome editing using engineered nucleases has emerged as a powerful tool for correcting genetic mutations and eventually 
treating a variety of genetic disorders. This approach uses artificial proteins capable of recognizing specific sequences in the 
genomic DNA. Each nuclease consists of a DNA-binding domain that is customized to recognize a specific DNA sequence 
fused to an enzyme capable of cutting the DNA in a nonsequence-specific manner. To date, four major classes of engineered 
endonucleases have been described in the literature (reviewed in more detail in accompanying chapters). However, testing 
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of the therapeutic applicability of nucleases for the treatment of DMD has been restricted to proof-of-concept studies which 
have been limited to the use of meganucleases (MGNs), also called homing endonucleases, zinc finger nucleases (ZFNs), 
and transcription activator-like effector nucleases (TALENs) (Figure 10.8).

MGNs are found in a large number of organisms such as bacteria, yeast, fungi, algae, and some plants. They are capable 
of recognizing unique DNA target sites of variable sizes, but usually greater than 12 base pairs (bp) in length. Tailor-made 
MGNs have been created either by modifying their specificity82 or by fusing protein domains from different enzymes.83 
The major drawback of MGNs is represented by the limited number of sequences that can be targeted to date and by the 
difficulties encountered in ensuring proper recombination of heterodimers that form chimeric MGNs on the target DNA and 
which are necessary to induce activity.83

Unlike MGNs, ZFNs are easier to produce, but require the expression of two distinct nucleases each binding comple-
mentary regions of the genomic DNA (Figure 10.8(b)). They are generated through the fusion of the FokI domain with 
a DNA-binding domain that consists of anywhere between three to six zinc finger repeats. Each repeat recognizes a 3 bp 
DNA sequence allowing for the ZFNs to bind sequences comprised between 9 and 18 bp, a length that is sufficient to dis-
criminate and identify unique sequences within the genomic DNA (Figure 10.8(b)). The activity of the nuclease requires 
the formation of dimers between two FokI domains and each domain needs to be separated by a sequence of 5–7 bp to 
allow proper formation of the FokI dimer. Similarly, TALENs are generated by fusing the transcription activator-like effec-
tors (TALEs) DNA-binding domain with the FokI nuclease domain. The DNA-binding domains can recognize single DNA 
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FIGURE 10.8 Major classes of engineered nucleases. (a) Schematic representation of a LAGLIDADG homing endonuclease (LHE) bound to a DNA 
target through its catalytic motif. Sequence specificity toward its DNA target is mediated through the association or fusion of protein domains from differ-
ent enzymes to generate chimeric MGN. MGNs have the unique property of recognizing long DNA target sequences (>12 bp), making them very specific. 
(b) A representation of a zinc finger nuclease (ZFN) dimer bound to its target. Each ZFN contains the cleavage domain of FokI linked to zinc fingers 
designed to recognize specific trinucleotide sequences (colored boxes) flanking the cleavage site. A spacer of 5 or 7 bp is introduced between the FokI 
enzyme and the zinc finger to confer flexibility to the molecule and to allow the dimerization of the ZFNs. (c) Schematic representation of a transcription 
activator-like effector nucleases (TALEN) dimer. Like ZFNs each TALEN contains the catalytic domain of the FokI endonuclease flanked by modules that 
specifically recognize the sequence targeted for repair. Unlike ZFNs, however, each modular repeat binds to a specific base pair. Each color represents a 
module for each of the four nucleotide bases.
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FIGURE 10.9 Endonuclease-mediated genome editing. The correction process is initiated by the association of the endonuclease with the region of the 
genomic DNA targeted for repair and the generation of a double strand break which triggers the activation of specific repair mechanisms. This usually results in 
deletions of one or more bases (indels). Correction of the genetic defects that leads to the restoration of normal, wild-type sequences occurs in the presence of a 
donor DNA template through the HR pathway (targeted correction). In this case, correction is achieved through the exchange of DNA sequences from the donor 
DNA to the genomic DNA targeted for repair. In the absence of donor DNA sequences, the break is repaired by the non-homologous end-joining (NHEJ) repair 
pathway by cleaving noncompatible overhang sequences and by joining the 3′ ends of the cleaved sequences (targeted deletion).

bases in a target site (Figure 10.8(c)), rendering TALENs more appealing as gene editing tools since assembly of the nucle-
ase requires the simple combination of the four possible DNA-binding domains in the order specified by the sequence of the 
genomic DNA targeted for repair. Like ZFNs, a recognition sequence of 9–18 bp is sufficient to confer specificity toward 
their target, while a separation of 12–19 bp between FokI domains appears to be ideal to guarantee efficient dimerization of 
the catalytic domain of the nuclease.

The mechanisms of action of gene editing mediated by endonucleases are common to all nucleases and rely on the ability 
of MGNs, ZFNs, and TALENs to induce double-strand breaks (DSBs) at the DNA site targeted for repair (Figure 10.9). Once 
cleaved, the DNA can either be repaired through the activation of the NHEJ pathway or, in the presence of a donor DNA homolo-
gous to the region of the gene targeted for repair, through the activation of the HDR pathway. Activation of the NHEJ mechanism 
leads to the introduction of random micro-deletions (indels) at the site of the break. The efficiency of the repair process can vary 
widely, depending on the mechanism being recruited, the specific gene being targeted, and even the sequence within the same 
mutation targeted by the endonucleases, but it can reach frequencies of gene editing up to 20–30% in cells in culture.

Applications of nuclease-mediated gene editing for the treatment of DMD have, so far, been limited in scope 
and number and have focused primarily on demonstrating the feasibility of this approach to target muscle cells in 
culture.84–87 MGNs and ZFNs have been used to introduce indels to restore the normal reading frame of a dog micro-
dystrophin gene containing a frameshift mutation.84,85 More recently, nuclease-mediated editing of dystrophin gene 
defects has been demonstrated in primary dermal fibroblasts isolated from a DMD patient harboring a deletion of 
exons 46 through 50 (Δ46-50) and has been used to induce targeted deletions of exon 51 to restore the coding read-
ing frame of the dystrophin gene.87 The feasibility of using TALENs to edit the genome was further confirmed in 
immortalized myoblast cell lines isolated from two DMD patients with a deletion of exons 48 through 50 (Δ48-50), 
treated by the same pair of TALENs used to correct the Δ46-50 fibroblasts.87 Although it is still too early to deter-
mine the full applicability of the approach, these results are particularly promising because, like previously shown 
using chODNs,79 they confirm the feasibility of using gene editing to permanently alter the intron/exon boundary of 
the dystrophin gene to restore its coding reading frame. As such, this approach could become a valid alternative to 
antisense-mediated exon-skipping strategies in the near future.

10.3.4  Suppression of Nonsense Mutations Mediated by RT Compounds

Among the approaches that have been pursued for the treatment of DMD, RT of premature stop codons is particularly appeal-
ing due to the potential of restoring full-length or near full-length dystrophin protein. These so-called nonsense mutations 
are usually single bp substitutions that generate a premature stop codon and that results in the absence of dystrophin expres-
sion or in a truncated, nonfunctional protein that is rapidly degraded.88,89 Several studies have demonstrated the ability of 
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aminoglycoside compounds to allow the translation machinery to RT stop codons, resulting in the expression of full-length 
protein.89–95 Among aminoglycoside antibiotics, gentamicin appears to be the most efficient. Several elegant studies aimed at 
better characterizing the mechanism of action of RT compounds have demonstrated that gentamicin can substitute a different 
amino acid for the premature stop codon by altering the ribosomal proofreading process.96,97 After the encouraging results 
obtained in animal models, gentamicin was tested in clinical trials for DMD94,98 and cystic fibrosis,99 but the results showed 
only limited effects. Furthermore, the ototoxicity and nephrotoxicity associated with prolonged administration of gentamicin 
hinders its long-term use, limiting its applicability to the treatment of DMD caused by nonsense mutations.

More recently, PTC Therapeutics has identified a nonaminoglycoside compound named ataluren (also known as 
translarna or PTC124) that can promote RT of stop codons in DMD cell lines and the mdx mouse.100 Despite the appar-
ent lack of specificity of the high-throughput screen (HTS) system used to identify the small molecule,101,102 several 
subsequent studies have demonstrated the efficacy of the compound in inducing RT of premature stop codons at levels 
that are superior to those achieved using aminoglycosides.89,103–105 A Phase IIb clinical trial of ataluren has shown that 
the drug is generally well tolerated,106 but the clinical trial failed to meet its endpoint as administration of the drug 
for up to 54 weeks in DMD boys only showed limited improvement in the 6MWD test.107 Although discouraging, a 
more detailed analysis of the results obtained from each of the subjects enrolled in the study and its correlation with 
the overall ambulatory state of the patient at the time of enrollment in the study, has evidenced some important factors 
that could have contributed to the overall limited effects observed at the end of the Phase IIb ataluren trial. A Phase 
III, multicenter, randomized, double-blind, placebo-controlled study is currently enrolling up to 220 DMD patients 
that will receive ataluren for up to 48 weeks of blinded treatment prior to the final analysis. Although the dosage used 
in the study is identical to the one used in the Phase II trial that showed the most improvement in motor function com-
pared to placebo-treated controls, the criteria for subject eligibility are now more restrictive (http://clinicaltrials.gov).

More recently, two compounds, named RTC13 and RTC14, were identified by HTS and were found to have RT activity in 
human cells isolated from patients affected with ataxia telangiectasia and in mdx mice, both in vitro and in vivo.89,95 Current 
studies are focused on further developing these compounds for the treatment of DMD and on further identifying and optimiz-
ing new small molecules that could potentially treat these disorders. Ultimately, only clinical trials will be able to determine 
the efficacy of these new compounds for the treatment of DMD and other genetic disorders caused by premature stop codons.

10.4  CELL-BASED THERAPIES FOR DMD

Cell transplantation for the treatment of DMD has gained attention during the past years due to the identification and better 
characterization of different cell types with stem cell-like properties capable of self-renewing and promoting muscle regenera-
tion. The use of these cells is particularly appealing for diseases like DMD characterized by progressive loss of muscle mass 
since they could potentially be used in patients who have already progressed into late stages of the disease where the amount 
of muscle tissue left is not sufficient for the patient to benefit from gene augmentation or gene-correction strategies. Cell-based 
approaches generally employ cells expressing a functional dystrophin gene that are transplanted into muscle. Transplantation 
can use either autologous or allogeneic cells. Autologous transfer approaches utilize cells isolated from a patient ex vivo, 
corrected using gene replacement or gene editing strategies and reimplanted back into the patient, whereas allogeneic trans-
fer uses cells obtained from an unaffected donor. Several cells of different origins have been tested for cell-based therapies 
with varying degrees of success (Figure 10.10) and clinical trials have been performed or are currently being tested in DMD 
patients. Nonetheless, cell-based therapies still remain in the early stages of development and several hurdles will have to be 
overcome before these approaches can be successfully implemented into clinical practice. Among those, is the need to demon-
strate efficient distribution and homing of cells throughout the transplanted muscle following administration.

10.4.1  Cell-Based Therapies Using Muscle Progenitor or Muscle Stem Cells

First attempts using cells as potential therapy to restore myofibers in muscles were performed in the late 1980s and employed 
myoblasts, progenitor cells that are generated from the activation and differentiation of SCs. Their use was thought to be 
particularly advantageous due to the possibility of growing and expanding these cells in culture in large amounts, sufficient 
to satisfy clinical needs. The first evidence that myoblasts isolated from a healthy donor could restore dystrophin expres-
sion in muscle following transplantation came by studies conducted by Partridge et al in mdx mice that demonstrated that 
engrafted cells were able to fuse with preexisting or regenerating fibers.108 Despite the encouraging findings obtained in 
animal models, clinical trials in DMD boys showed limited efficacy due primarily to poor survival of injected myoblasts 
and their low migratory ability beyond the injection site.109–111

Clinical trials using allogeneic myoblasts have been pivotal in understanding the potential of transplantation for the treat-
ment of DMD and have prompted further studies aimed at determining the feasibility of restoring muscle function using 

http://clinicaltrials.gov/
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less differentiated cells capable of self-renewing following engraftment. The main advantage of this approach is the possi-
bility of providing muscle with a continuous source of cells and is based on the hypothesis that muscle stem cells capable 
of surviving the transplantation procedure and homing into muscle could activate upon demand in response to degeneration 
or as a result of normal muscle turnover, thus limiting periodic administration of cells over prolonged periods of time. Sin-
gle intact myofibers containing seven or fewer SCs were able to generate over 100 new myofibers after engraftment into 
muscles of mdx mice,112 suggesting that SCs have regenerative capacities. Fluorescent activated cell sorting (FACS) has 
been used to purify SCs or subpopulations of SCs capable of efficiently contributing to fiber repair without affect-
ing their ability to return to quiescence following activation. Recent studies have demonstrated the possibility of isolating  
specific subpopulations of SCs capable of restoring dystrophin expression, improving contractile function, and self-renewing  
following transplantation and engraftment, demonstrating that SCs are heterogeneous and that different SC populations have 
different regenerative capacities.113–116

A specific population of muscle-derived stem cells expressing the CD133 antigen has shown promise in clinical trials. 
CD133 + stem cells are a subpopulation of circulating cells expressing the glycoprotein CD133. It has been shown that 
these cells can be isolated from the blood, as well as muscles of DMD patients and can be genetically modified ex vivo 
to express a functional dystrophin gene. Once injected in the circulatory system of mdx mice, transplanted cells restored 
dystrophin expression and improved function.117 Phase I clinical trials using autologous transplantation of muscle-derived 
CD113 + cells in eight boys with DMD gave promising results and no local or systemic side effects were observed in any 
of the treated patients, suggesting that cells may be safe to use in patients.118 However, no additional studies have been 
conducted to further investigate the clinical applicability of this approach for the treatment of DMD.

10.4.2  Non Muscle-Derived Stem Cell Therapies

Over the past 10 years or so, several pivotal studies have demonstrated the existence of other cells with stem-like properties 
capable of homing into skeletal muscles and regenerating myofibers. Among those, stem cells derived from bone marrow (BM), 
mesenchymal stem cells (MSCs), induced pluripotent stem (iPS) cells, and mesoangioblasts are probably the most studied.

FIGURE 10.10 Cell-based therapies for Duchenne muscular dystrophy (DMD). Different populations tested to date as sources of transplantation 
for the treatment of DMD. These cells can be derived from muscles or obtained from tissues of different origins and then induced to commit to becoming 
muscle cells. Transplantation of myoblasts, single fibers, and satellite cells (SCs) have all shown to restore dystrophin expression following transplanta-
tion, although the rate of success differs depending on the type of cells used for the engraftment. Non muscle-derived stem cells include bone marrow 
(BM)-derived cells, embryonic stem (ES) cells that are derived from the inner cell mass of a blastocyst, induced pluripotent stem (iPS cells) derived from 
fibroblasts, and vessel-associated muscle-derived stem cells, such as mesoangioblasts or pericytes.
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BM-derived stem cells systemically delivered into immunodeficient mice have been shown to migrate into muscle, dif-
ferentiate into myogenic progenitors, and finally regenerate myofibers.119 The results were followed by further observations 
that demonstrated that a side population of BM-derived stem cells, intravenously delivered into mdx mice, can partially restore 
dystrophin expression in the affected muscle.120 Similar results have been obtained using BM-derived MSCs (also known as 
stromal cells) that have been reprogrammed in vitro to acquire the skeletal muscle lineage.121,122 When transplanted into the 
muscles of rat and mdx mice, the cells were able to restore 20–30% of dystrophin-positive fibers. Interestingly, reprogrammed 
MSCs also contained SCs that contributed to muscle regeneration without additional transplantation of cells.122

Promising results have been achieved using embryonic stem (ES) cells, pluripotent stem cells derived from the inner 
cell mass of a blastocyst, or iPS cells (Figure 10.10). These cells can differentiate into all of the three primary germ layers 
(ectoderm, endoderm, and mesoderm). ES cells have been shown to replicate indefinitely, rendering these types of cells 
particularly valuable for therapeutic applications. However, differentiation of ES cells into skeletal muscle has proven to 
be challenging. Early studies involving transplantation of mouse and human differentiating ES cells were disappointing 
due to their low myogenic potential.123,124 Unlike ES cells, iPS cells are pluripotent stem cells artificially derived from a 
nonpluripotent cell, similar to an adult somatic cell, by the induction of specific genes. The use of patient-derived iPS cells 
is appealing due to the possibility of obtaining and storing large quantities of cells to be used for autologous and allogeneic 
transplantation purposes. However, efficient conversion of iPS cells into myogenic precursors still appears to be out of 
reach, limiting the rapid advancement of this approach into clinical applications. Some success has been obtained in ES and 
iPS cells by conditionally expressing Pax7, a transcription factor that is expressed in SCs in the early stages of postnatal 
myogenesis and during adulthood. Darabi et al showed that human ES, as well as iPS-derived myogenic progenitors, can 
restore dystrophin-positive fibers and improve muscle strength upon transplantation in dystrophic muscle.125

Among the stem cell populations that have been investigated for their ability to reconstitute muscle and treat DMD, 
mesoangioblasts and pericytes have shown great promise. Mesoangioblasts are mesenchymal-like stem cells which 
are associated with the walls of large blood vessels (Figure 10.10). They can be isolated from the dorsal aorta of 
mouse embryos and can grow extensively in culture, generating virtually an unlimited source of cells for transplanta-
tion purposes.126 Intra-arterial delivery of wild-type canine mesoangioblasts in a dog model of DMD resulted in up to 
70% of dystrophin-positive fibers and consequently restored normal muscle function and muscle morphology.127 Active 
studies conducted using human samples demonstrated the possibility of isolating cells expressing markers typical of 
mesoangioblasts from adult vessels, expanding the potential of cell-based therapies to autologous approaches.128 These 
cells, termed pericytes, were reported to efficiently regenerate muscle after systemic delivery into immunodeficient mdx 
mice.129 These results are particularly promising because they represent the first evidence that cell-based therapies can 
be used to target a large number of muscles following systemic delivery. The use of pericytes has now moved into phase 
I/II of clinical trials in DMD patients using allogeneic cells. 

Altogether, these results clearly evidence the rapid progress made in the field of regenerative medicine and gene 
therapy. It is likely that the next few years will be characterized by an exponential growth in the number of approaches 
being pursued for DMD and other muscle disorders using cell-mediated regenerative approaches.

10.5  ALTERNATIVE STRATEGIES TO RESTORATION OF DYSTROPHIN EXPRESSION  
INTO MUSCLE

Concerns have been raised on the possibility that restoration of dystrophin expression alone may not be sufficient to guar-
antee clinical and/or long-lasting effects due to the possibility of immune responses toward dystrophin or the inability of 
the levels of protein being restored in muscle to be sufficient to confer functionality to myofibers. These concerns have 
prompted the search for therapeutic strategies that could be used in conjunction with or as an alternative to restoration of 
dystrophin expression in skeletal muscle of DMD patients. Upregulation of utrophin, a homolog of dystrophin, as well as 
downregulation of myostatin, a member of the TGFβ family of transcription factors known to regulate muscle growth, are 
among the therapies that are thought to have clinical value to treat the disease. Clinical trials for both strategies have been 
completed or are currently on their way and the results, although still preliminary, suggest that these strategies may have 
great therapeutic value for the treatment of the disease.

10.5.1  Increasing Levels of Utrophin as a Therapeutic Strategy for DMD

Utrophin is a component of the cytoskeleton that contains a C-terminus that interacts with dystroglycan, a central rod 
region consisting of a triple coiled-coil repeat and an actin-binding N-terminus domain. In normal adult muscle, utrophin 
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is located at the neuromuscular and myotendinous junctions where it is important for normal membrane maintenance. 
However, in the fetus, utrophin expression localizes at the sarcolemma where dystrophin is absent and it disappears when 
dystrophin expression is activated, suggesting that utrophin substitutes for dystrophin in fetal and developing muscle 
fibers. Interestingly, utrophin is also upregulated at the sarcolemma of DMD patients and animal models of the disease, 
albeit at very low levels. This evidence suggests that utrophin might function as a surrogate for dystrophin in DMD 
muscles and that upregulating its expression into skeletal myofibers may obviate for the lack of the dystrophin protein. 
This hypothesis was supported by a study that demonstrated that transgenic mice overexpressing a truncated utrophin 
gene and crossed with mdx mice displayed a much milder phenotype than control mdx mice.130 Similar results have been 
obtained following delivery into mdx and GRMD muscle of an Ad vector expressing a shortened version of utrophin 
capable of expressing critical components of the protein necessary to confer function once expressed in myofibers.131,132

In recent years, most of the efforts aimed at testing the feasibility of upregulating utrophin expression for the treatment 
of DMD have focused on identifying pharmacological approaches that could be used to increase the expression of endo-
genous utrophin, thus avoiding the need to deliver a new transgene into the skeletal muscle of patients. An HTS has led 
to the identification of a drug developed by Summit Corporation Plc named SMT-C1100 capable of increasing utrophin 
mRNA and protein expression up to two-fold in mdx mice.133 SMT-C1100 entered Phase Ia trial in 2012 and the results 
of the study showed that the potential drug was well tolerated. Phase Ib trials are currently being conducted to determine 
the safety and tolerability of single and multiple oral doses of SMT-C1100 in DMD patients. Ultimately, the advancement 
of SMT-C1100 into the clinic will rely on the successful completion of efficacy studies in patients and on confirming the 
presence of utrophin upregulation in patients in response to active treatment.

10.5.2  Myostatin Blockers

Myostatin is a growth differentiation factor secreted by skeletal muscle that acts on muscle tissue by interacting with the activin 
type II receptor (ActRIIB). It is known that, during regeneration, myostatin controls muscle growth by inhibiting the activa-
tion of SCs and their differentiation. Downregulation of myostatin, achieved through genetic deletion or inhibition, results in a 
dramatic increase in muscle mass and in muscle regeneration. Therefore, blocking the activity of myostatin has been exploited 
as a therapeutic tool in treating muscle wasting diseases such as DMD. Several studies in animal models of DMD showed that 
myostatin inhibitors increase muscle mass but generally have variable effects on muscle function and histopathology.134–137 
Hypertrophy was observed in mdx mice after transgenic expression of the myostatin binding protein follistatin137,138 and also 
after administration of neutralizing antibodies directed against myostatin.139 Recently, it has been demonstrated that blocking 
binding of the myostatin ligand using a soluble form of ActRIIB increases muscle mass and muscle function in mdx mice140 
providing rationale for the use of this strategy to counteract muscle wasting in DMD.

So far, there are no myostatin-inhibiting drugs available on the market. Wyeth Pharmaceuticals developed a recombinant 
human antibody named Stamulumab (MYO-029), which was designed to bind and inhibit myostatin. Stamulumab underwent 
Phase I and II clinical trials in 2005 and 2006, respectively. However, the results of the trial were disappointing as administration 
of MYO-029 failed to show improvements in muscle strength or function in patients with BMD, limb-girdle, and fascioscapulo-
humeral muscular dystrophy.141 Another myostatin blocker, called PF-06252616, is currently in Phase I clinical trials in healthy 
volunteers. Recently, a Phase II clinical trial of ACE-031, a soluble activin receptor Type IIB, showed an improvement in DMD 
boys, however, the trial was suspended, based on preliminary safety data that showed adverse effects such as reversible nosebleeds 
and telangiectasias, suggesting that further optimization may be required before this myostatin inhibitor can reach the clinic.

Although promising, limitations in the applicability of downregulating myostatin for the treatment of DMD do 
exist, as increasing muscle mass alone may not be sufficient to compensate for the loss of dystrophin. Approaches that 
can enhance regeneration while restoring the defective protein are likely to have important clinical application for the 
treatment of this disease. Some success has been achieved using transplantation of normal myoblasts downregulating 
myostatin expression, which was shown to increase the ability of transplanted cells to fuse into preexisting or nascent 
myofibers in mdx mice.142 Along the same line, efforts have been undertaken to identify new genetic targets that could 
be used to increase regeneration of skeletal muscles after transplantation. Recently, an HTS of 16,000 individual small-
interfering RNAs (siRNAs) identified cyclin D2 (CCND2) as a potential regulator of myoblast fusion. Inhibition of 
CCND2 expression in myoblasts prior to transplantation was shown to promote muscle regeneration and muscle repair 
in vivo.143 Future studies are likely to be required before inhibition of CCND2 can be used as a therapeutic approach, 
but the results obtained are encouraging as they evidence the presence of a large number of genes that take an active 
role during the formation of muscle cells in culture and that, like myostatin, could be targeted through pharmacological 
or genetic approaches to counteract muscle regeneration into patients or to promote the ability of transplanted cells to 
engraft more efficiently.
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10.6  CONCLUSION

The progress made during the past 10 years is a clear testimony of how the knowledge gained through basic science is 
finally bringing its fruits. The numerous clinical trials that have been performed and those that are currently being con-
ducted demonstrate how the field of gene and molecular therapies for DMD is rapidly evolving toward the identification 
of effective treatments for the disease. This optimism should not be hampered by the apparent lack of success for some 
of the clinical testing. In fact, every attempt that is made and every trial that is conducted, even the one that does not 
meet the expected endpoint, represents a critical milestone in the development of a cure. The results obtained deepen our 
knowledge and our understanding of the parameters needed to bring a therapy from the bench to the bedside. Without 
question, these are exciting times for the field. The discoveries that have already been made and those that will come 
within the next few years are likely to make an impact on the lives of many patients affected by this disorder. The prog-
ress made could not have been achieved without the help of private agencies, government funds, and foundations that 
are working tirelessly toward one common goal. As we approach the critical stages of therapeutic development, it is 
becoming ever so clear that collaboration among different institutions is a key parameter to guarantee the success of each 
clinical approach currently being optimized. Ultimately, the identification of a cure for DMD and other muscle disorders 
may rely on the use of combinatory approaches which may be necessary to guarantee long-lasting effects in patients.

GLOSSARY
6MWD A method used to assess ambulatory capacity in patients and used as a primary endpoint in therapeutic trials. It measures the walking dis-

tance covered by a patient during the course of 6 min.
ActRIIB A receptor known to modulate TGFβ signaling by activating specific proteins that regulate transcription.
Base pairs (bp) Two nucleotide bases in complementary strands of DNA or DNA and RNA double-stranded molecules and consisting of a purine 

linked to a pyrimidine by hydrogen bonds.
cap The region within the genome of a virus responsible for encoding the VP1, VP2, and VP3 proteins.
cDNA DNA synthesized from an mRNA template often used to insert the gene coding sequence into vectors to induce its expression. The term is also 

used to refer to an mRNA sequence, expressed as DNA bases (guanine, cytosine, adenine and thymine) rather than RNA bases (guanine, cytosine, 
adenine and uracil).

Coding sequence The region of the gene that is retained in the mRNA.
Compound A substance containing two or more elements.
DNA A molecule made of twisted helical polymer chains that encodes the genetic instructions used by cells and organisms to function.
FDA Food and Drug Administration.
FokI The restriction enzyme found in a strain of bacteria capable of binding and cleaving DNA.
Frameshift mutation A mutation in a DNA sequence caused by insertions or deletions that alter the coding reading frame of the mRNA.
GRMD A dog model for DMD used for preclinical and clinical studies for the disease.
HTS A method used by researchers to screen thousands of biologically-active molecules simultaneously using miniaturized assays that mimic 

specific biological processes.
Indels A term used in biology to indicate the insertion or the deletion of bases in the DNA.
In-frame deletion A deletion in the coding region of a gene that does not alter the coding reading frame of the mRNA.
ITR Sequences of certain viruses capable of forming hairpins and required for certain critical functions of the virus such as replication, assembly 

of viral particles, and integration of the genetic material carried by the virus into the host genome.
Kilobases (kb) Unit of length equal to 1000 base pairs of DNA or RNA molecules.
LAGLIDADG A sequence of amino acids involved in the digestion of nucleic acid in the homing endonuclease. Each letter is a code that identifies 

a specific residue.
Luciferase An enzyme capable of catalyzing the release of photons of light from its substrate. The amount of light released can be accurately quan-

titated using standard enzymatic or luminescence techniques.
mdx mice A mouse model for DMD characterized by a nonsense mutation in exon 23 that creates a premature stop codon and results in the lack of 

dystrophin expression.
mRNA Molecules that specify the amino acid sequence of the protein products. They originated from the splicing of the pre-mRNA and convey 

genetic information from the nucleus to the cytoplasm.
Nonsense mutation A point mutation in a DNA sequence that results in a premature stop codon (UAA, UGA, UAG).
Nucleus The organelle of the cells that contains and stores all genetic information.
Oligoribonucleotides An oligonucleotide made of RNA bases.
PA site A sequence made of adenine bases that is added to the mRNA. It is believed to be critical for the export of the mRNA from the nucleus into 

the cytoplasm, its translation, and its stability.
Pre-mRNA mRNA synthesized from a DNA template in the nucleus containing sequences that are not translated into proteins. The removal of those 

sequences through splicing and processing results in the production of mRNA.
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rep The region in the sequence of the viral genome encoding for the proteins necessary for replication.
siRNA Double-stranded RNA molecules capable of binding complementary sequences in the mRNA that transcribe a gene and of mediating their 

degradation thus preventing expression of the protein.
Stop codon A nucleotide triplet within the mRNA responsible for terminating its translation into a protein.
Virion Virus particles.
VP1, VP2, and VP3 Proteins encoded by certain viruses that are localized at the capsid, the structure that surrounds and protects the genetic  

material enclosed in the virus.
β-galactosidase Enzyme that catalyzes the hydrolysis of β-galactosides into simple sugars called monosaccharides, often used in molecular biology 

as a reporter marker to monitor gene expression.
Δ17-48 A cDNA lacking the region comprised between exon 17 and 48 of the dystrophin gene.
Δ46-50 A cDNA sequence of the dystrophin gene lacking exons 46 through 50.
Δ48-50 A cDNA sequence of the dystrophin gene lacking exons 48 through 50.
ΔH2-R19 A dystrophin protein lacking the amino acid sequence comprised between the hinge region 2 and the spectrin-like repeats 4 through 19.

ΔR4-R23 A dystrophin protein lacking the amino acid sequence comprised between the spectrin-like repeat 4 through 23.
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LIST OF ABBREVIATIONS
661W Murine photoreceptor-derived retinal cell line
AAV Adeno-associated virus
ABCA4 ATP-binding cassette, subfamily A, member 4
AIPL1 Aryl hydrocarbon receptor interacting protein like-1
ARPE19 Retinal pigment epithelia cell line
Cabp5 Calcium binding protein 5
CAG Cytomegalovirus early enhancer–promoter element fused with the chicken β-actin promoter and rabbit globin intron–exon fragment
CAR Cone arrestin
CBA Chicken β-actin
CD8+ T cells Cytotoxic T cells with CD8 surface protein
Chx10 Homeobox-containing transcription factor
CMV Cytomegalovirus
CNGB3 Cone photoreceptor cGMP-gated cation channel and the CBA Grm6 glutamate receptor, metabotropic 6
CNTF Ciliary neurotrophic factor
enhancer––S Short-wave (cone opsin)
ERG Electroretinography
F Phenylalanine residue
FGF-2 Fibroblast growth factor 2
FLT1/VEGF Fms-related tyrosine kinase 1/vascular endothelial growth factor
GCL Ganglion cell layer
GDNF Glial cell derived neurotrophic factor
GFP Green fluorescent protein
HEK293 Human embryonic kidney 293 cell line
hGRK1 Human rhodopsin kinase
INL Inner nuclear layer
IRDs Inherited retinal diseases
ITR Inverted terminal repeat
K296E Lysin 296 glutamic acid substitution
L Long-wave (cone opsin)
LCA Leber’s congenital amaurosis
LV Lentiviral
M Medium-wave (cone opsin)
Mdx Mouse model for muscular dystrophy
Mertk c-mer proto-oncogene tyrosine kinase
MYO7A Myosin VIIA
OCT Optical coherence tomography
ONL Outer nuclear layer
P23H Proline 23 histidine substitution
PR2.1 L/M cone opsin promoter element, 2.1 kb
Prph2/rds Peripherin 2/retinal degeneration slow
rAAV Recombinant AAV
RCS Royal College of Surgeons
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Rd Retinal degeneration (mouse model)
REP1 Rab escort protein 1
RHO Rhodopsin
RP Retinitis pigmentosa
RPE Retinal pigment epithelium
RPE65 Retinal pigment epithelium-specific 65 kDa protein
ScAAV Self-complementary AAV
ssDNA Single-stranded DNA
UTR Untranslated region
VMD2 Bestrophin 1 (vitelliform macular dystrophy)
WT Wild-type
XIAP X-linked inhibitor of apoptosis
Y Tyrosine residue

11.1  INTRODUCTION TO THE RETINA AND INHERITED RETINAL DISEASES

The retina is a multilayered structure composed of various cell types (Figure 11.1). As light enters the eye it must pass 
through the various layers of neuronal cells (primarily ganglion cells and bipolar cells) before reaching the light-sensitive 
rod and cone photoreceptors at the back of the retina. The rod and cone photoreceptors comprise an outer segment, an inner 
segment, and a synaptic terminal (Figure 11.1). The outer segment contains discs, within the membranes of which the pig-
ment that absorbs light is found and, via a G-protein cascade, the photopigment converts light into electrochemical signals 
that are transferred via the synaptic terminal through the bipolar cells, ganglion cells, and along the optic nerve to the brain. 
There are three types of cone photoreceptors, defined by the opsin type they express. Opsins bind with chromophore to form 

FIGURE 11.1 Basic vertebrate retinal structure and photoreceptor cell form. The retinal pigment epithelium (RPE) supports survival of the photo-
receptors at the back of the retina. Photoreceptor cells form the outer retina and respond directly to light signals. Bipolar cells within the inner nuclear 
layer (INL) pass signals from the photoreceptor cells to the ganglion cells, which then travel through the optic nerve to the brain. Horizontal cells are 
interneurons in the INL that provide feedback to rod and cone photoreceptor cells. Amacrine cells perform a similar function by assessing bipolar cell 
signals to control ganglion cell responses. GCL, ganglion cell layer; ONL, outer nuclear layer.
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the photopigments that sense different wavelengths of light—short (S, blue), medium (M, green), or long (L, red)—and 
each cone photoreceptor cell will express only one of these three opsin variants. Rod photoreceptors have a single photopig-
ment type, rhodopsin, and are sensitive to low levels of light. This results in S, M, and L cone photoreceptors providing us 
with color vision and visual acuity in daylight (photopic vision), whereas rod photoreceptors allow for vision under dim 
light conditions (scotopic vision). Supporting the photoreceptors at the back of the retina is the retinal pigment epithelium 
(RPE), a single layer of cells essential for photoreceptor survival. Beyond the RPE is the vascular layer, the choroid.

The genetic cause of a particular inherited retinal disease (IRD) may result in the death of one cell type within the retina, such 
as with the cone dystrophies. Alternatively, more than one cell type may be lost; for example, retinitis pigmentosa (RP) begins 
with a primary loss of rod photoreceptor cells, but over time the cone photoreceptors also degenerate as their survival is dependent 
on rod survival. Mutations in genes specifically expressed in the RPE cells can lead to photoreceptor death prior to RPE degenera-
tion because of the importance of RPE function in photoreceptor survival. The inner retinal layer does not tend to be the primary 
region of loss, and the majority of IRD cases result from mutations in genes specifically expressed in the photoreceptor or RPE 
cells. Over 200 genes have been linked to IRDs (http://www.sph.uth.tmc.edu/RetNet/) with a range of inheritance patterns exhib-
ited. At least 30 genes alone have been associated with RP, the most common form of IRD. The cone and cone–rod dystrophies 
that primarily affect the cone photoreceptor cells are more rare, as are the macular disorders (dystrophies) in which degeneration 
is confined to the central retina (see Figure 11.2), often because the disease targets Bruch’s membrane (part of the choroid).

As a target for gene therapy, the retina has many features that facilitate therapeutic intervention. Surgical access is rela-
tively easy but complications may occur, particularly in patients with more advanced retinal degeneration (Rd). The success 
of the surgical procedure will have a major impact on the success of the gene therapy treatment itself. The route of admin-
istration can be adapted depending on the layer of the retina to be targeted: intravitreal injection is used to treat the inner 
retina, and subretinal injection into the subretinal space is used for targeting the outer retina and RPE. The blood–retina 
barrier separates the subretinal space from the blood supply and enhances the prospects of effective retinal gene therapy by 
protecting the retina from immune-mediated damage. After treatment, therapeutic outcomes can be safely evaluated using 
noninvasive methods such as electroretinography (ERG) and optical coherence tomography (OCT).

Preclinical studies in animal models of disease also benefit from the above features. Administration of gene therapy 
treatment is relatively uncomplicated, and many similar methods of assessing the therapeutic effect can be conducted in 

FIGURE 11.2 Basic representation of mouse and human retina as if taken by ophthalmoscopy, demonstrating general differences in photore-
ceptor cell distribution. ERG, electroretinography; IRD, inherited retinal disease; OCT, optical coherence tomography.

http://www.sph.uth.tmc.edu/RetNet/
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a similar way as for humans. There are numerous mouse models of the common forms of IRD available, both naturally 
occurring1 and transgenic,2 for studying the pathophysiology of IRDs and potential treatments. Gene therapy for retinal 
disease may not necessarily mean delivery of the correct copy of a gene; in some cases, it may be appropriate to deliver 
genes for the expression of antiapoptotic factors that restrict further cell loss. The timing of therapeutic intervention must 
also be considered. Gene replacement therapy may be attempted at an early stage of disease before there is complete loss 
of photoreceptors. Alternatively, at the terminal stages of disease when only the inner neuronal layers of the retina remain, 
an optogenetic approach may be considered. This strategy aims to encourage cells that are not inherently photosensitive to 
respond to light by delivery of a gene for a light-inducible pigment, such as channelrhodopsin-2.3

The physiology and progression of any given IRD must be considered when selecting a gene therapy treatment. It is 
also important to consider that, as the retina degenerates, transduction of the remaining retina may be less effective because 
of the structural changes that occur. In a mouse model of moderate RP, Rpe65R91W/R91W, the loss of rod photoreceptors 
followed by cone photoreceptors is not as rapid as in other models (for example, the rd10 mouse model) and allows for 
investigation into how late into disease progression cone rescue can still be accomplished.4 Given that cone photoreceptors 
are responsible for visual acuity and daylight vision, the ability to rescue and prevent their loss could have a critical impact 
on a patient’s life. Knowing what form of gene therapy would be most appropriate, which cell types to target, and when to 
provide therapy intervention will increase the safety and efficacy of the gene therapy treatment.

11.2  CELL-SPECIFIC TARGETING WITHIN THE RETINA

Given that the majority of IRDs result from mutations in genes specifically expressed in the photoreceptor or RPE cells, 
the ideal gene replacement strategies would provide efficient transduction and restricted transgene expression to these cell 
types. Adeno-associated virus (AAV) is the current favored vector for retinal gene therapy, though lentiviral (LV) vectors 
are also being pursued. LV vectors are thought to be a less appropriate vessel for gene delivery to the various cell types of 
the retina because, as suggested by initial studies, their large size prevents diffusion from the subretinal space.5,6 Although 
pseudotyped LV vector variants have had variable success at transducing photoreceptors ex vivo, doubts remain regarding 
the feasibility of LV vector use in vivo.7 In contrast to this, recombinant AAV (rAAV) vectors have shown consistent success 
in being able to transduce all layers of the retina, particularly the RPE and photoreceptors (Table 11.1).8 Intravitreal injec-
tions allow for targeting of ganglion cells, whereas subretinal injections of rAAV transduce the RPE, photoreceptors, and 
inner neuronal layers, depending on the serotype. Over 100 AAV serotypes have been identified, and pseudotyping of the 
variants has been a useful method for manipulating viral vector target specificity and transduction efficiency of cell types 
within the retina. The genome of AAV2 is commonly used to package transgenes in the capsid of a different variant, and 
intravitreal injections of rAAV2/2 and rAAV2/8 in C57BL/6 mice led to transduction of retinal ganglion cells.9 Subretinal 
injections of rAAV2/1 and rAAV2/6 were shown to transduce only RPE cells,10 whereas rAAV2/2, rAAV2/5, rAAV2/7, 
rAAV2/8, and rAAV2/9 were all shown to transduce RPE and photoreceptors in mice.11 It was noted that rAAV2/8 and 
rAAV2/9 were particularly successful in transducing cone photoreceptors (75% compared to 35% by rAAV2/5). Although 
these studies are helpful as an indication of AAV serotype choice for in vivo testing of mouse models, it is important to 
remember that serotype tropism may differ between species. In nonhuman primates, rAAV2/2 has shown good transduc-
tion of rod photoreceptors and RPE,12 with rAAV2/5 efficient in transducing rod photoreceptors but not cones.13 However, 
rAAV2/5 was later shown to successfully target primate cones when used in combination with a cone-specific enhancer 
and promoter.14

The development of tyrosine-mutant serotypes has greatly enhanced transduction efficiencies of the rAAV vectors. 
Entry of AAV into a host cell triggers ubiquitin-mediated degradation by the proteasome, a process which affects the 
transduction efficiency of rAAV vectors.15 The conversion of tyrosine residues to phenylalanine on the AAV capsid is 
thought to prevent ubiquitination of the virus within the host cell and subsequent degradation, thus enhancing transduction 
efficiency.16 Targeting of the inner retinal layer, such as bipolar cells, has previously proven to be particularly difficult, but 
the tyrosine-mutant rAAV2/8 Y733F vector revealed reporter gene expression in bipolar cells of rd10 mice.17 Other studies 
using tyrosine-mutant capsid forms have revealed significant improvement in transduction of all retinal layers, with intra-
vitreal injections of rAAV2/2 Y444F showing transduction of the photoreceptor layer.18 This suggests that AAV vectors can 
diffuse through all the layers of the retina, but require particular conditions in order to survive and transduce the various 
cell types. The single tyrosine mutants so far created do not appear to affect the cellular tropism of the serotype within the 
retina, but instead enhance their transduction potential. However, when multiple mutations were created in a single capsid, 
vectors exhibited different in vivo transduction properties. The sextuple mutant rAAV2/2 (Y252, 272, 444, 500, 704, 730F) 
exhibited transduction of all the retinal layers, including the ganglion cells, following subretinal injection.19 Clearly, these 
tyrosine-mutant capsid variants have the potential to greatly enhance retinal gene therapy (assuming that they do not result 
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TABLE 11.1 Lentiviral (LV) and Adeno-Associated Virus (AAV) Vector Advantages and Disadvantages in the 
Development of Gene Therapy Treatments for Inherited Retinal Diseases

Vector

Primary Cell Targets 
Following Subretinal 
Injection Advantages Disadvantages Promoter Options

Lentivirus 
(LV)

RPE Large packaging capacity Large size prevents dif-
fusion through layers of 
the retina.
Transduction limited 
to RPE.
Greater potential for 
immune response.

CMV, CBA, CAG, 
RPE65, VMD2

Uncomplicated in vitro testing of 
vectors (except for AAV2/5).
Good evidence of transduction of 
all cell types within the retina of 
several animal models.

Adeno-
associated 
virus (AAV)

Photoreceptors and 
RPE

Evidence of therapeutic expression 
levels from the delivered transgene.
Little apparent toxicity in mouse 
models except at high concentra-
tions (>E + 10 genome particles per 
retina).
Use in human clinical trials reveals 
generation of minimal immune 
response.
Human clinical trials show positive 
signs of effective treatment follow-
ing AAV delivery.

Limited packaging 
capacity.
Unknown long-term 
effectiveness

AAV2/2 Ganglion cells, Müller 
cells, photoreceptors, 
and RPE

Used in various human clinical 
 trials for the treatment of retinal  
disease with minimal signs of toxi-
city or immune-mediated response.
Encouraging signs of treatment 
effects.

Generally limited to 
targeting photorecep-
tors and RPE

CMV, CBA, CAG, RHO, 
GRK1, VMD2

AAV2/5 RPE and photorecep-
tors

Difficult to test vectors 
in vitro

RPE65, GRK1

AAV2/8 Photoreceptors and 
RPE

Particularly good photorecep-
tor tropism in mouse models and 
nonhuman primates.
Used in human clinical trial for the 
treatment of hemophilia B.

Generally limited to 
targeting photorecep-
tors and RPE

CMV, CBA, CAG, RHO, 
GRK1, CAR

AAV2/2 
Y444F

Inner and outer retina, 
RPE

Enhanced transduction of retinal 
cell layers compared to wild-type 
variant.
Bipolar cell targeting enables opto-
genetic approaches.

Unknown downstream 
biological effects of the 
mutant capsid

CMV, CBA, CAG, 
CHX10, mGLUR6

AAV2/8 
Y733F

Photoreceptors and 
RPE

Enhanced transduction of photo-
receptors and RPE compared to 
wild-type variant in animal models.

Unknown downstream 
biological effects of the 
mutant capsid

CBA, GRK1, CAR, 
VMD2

CAG, cytomegalovirus early enhancer–promoter element fused with the chicken β-actin promoter and rabbit globin intron–exon fragment; CAR, cone 
arrestin; CBA, chicken β-actin; CHX10, homeobox-containing transcription factor; CMV, cytomegalovirus; GRK1, rhodopsin kinase; mGLUR6, metabotropic 
glutamate receptor 6; RHO, rhodopsin; RPE, retinal pigment epithelium; RPE65, retinal pigment epithelium-specific 65 kDa protein; VMD2, bestrophin 1 
(vitelliform macular dystrophy).
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in immune responses), and studies of their success in animal models of IRD will be discussed in another section of this 
chapter.

11.3  PROMOTER CHOICE FOR EXPRESSION IN SPECIFIC RETINAL CELL TARGETS

Use of ubiquitous promoters has enabled identification of the transduction patterns of various AAV vectors in the retina 
(as described above), but as human gene therapy trials are becoming more frequent, the development of vectors that 
specifically target the cell of interest will increase the safety and efficacy of the treatment. In retinal gene therapy ani-
mal studies, the commonly used ubiquitous promoters have been immediate-early cytomegalovirus (CMV) enhancer– 
promoter20 and the CAG promoter, which combines the CMV enhancer with the chicken β-actin (CBA) promoter and 
rabbit globin intron–exon fragment.21–23 Despite high expression levels generated from these promoters, the ideal sce-
nario in a clinical application of retinal gene therapy will be to deliver therapeutic gene expression using a promoter 
specific to the targeted cell type. For RPE-specific expression, promoters from two genes involved in retinal disease have 
so far been tested. RPE65 mutations cause both RP and Leber’s congenital amaurosis (LCA). A fragment of the human 
RPE65 promoter (−1556 to +23 bp) was used to induce RPE-specific expression of RPE65 in the RPE cells of RPE65-
deficient Briard dogs. This promoter was found to be only 10% as strong as the CMV promoter and ineffective in older 
animals.24 This highlights a potential problem in the use of cell-specific promoters; that is, as the target cells are already 
in a state of disease, expression from the promoter may be downregulated, particularly in the later stages of disease. 
Despite this, a similar fragment of the human RPE65 promoter was used to drive RPE65 expression in a human LCA 
clinical trial25 (discussed later in this chapter). A second potential RPE-specific promoter is that of VMD2, a gene that 
encodes bestrophin, mutations in which cause the macular dystrophy known as Best disease. This promoter appeared to 
drive only weak expression compared to CBA, cone arrestin (CAR), and mouse opsin promoters in in vitro transductions 
of retinal pigment epithelia cell line (ARPE19) and murine photoreceptor-derived retinal cell line (661W).26 Concise 
reports of activity following rAAV administration to the retina are unavailable, but a 2005 review27 reported that use of a 
−585 to +38 bp VMD2-promoter fragment in rAAV1 was able to limit green fluorescent protein (GFP) expression to the 
RPE but for a few GFP-positive photoreceptor cells.

In contrast, photoreceptor targeting in the murine retina has been successfully achieved using the rhodopsin and 
rhodopsin kinase promoters.11 The combination of serotype and cell-specific promoter led to significantly higher photo-
receptor cell expression in subretinally injected mice, though the onset of expression was reduced compared to the ubiq-
uitous CMV and CBA promoters (3–4 weeks compared to 5–12 days). The human rhodopsin kinase (hGRK1) promoter 
is ideal for rAAV photoreceptor targeting because of its small size (292 bp) and effective targeting and activity in mice28 
(Figure 11.3) and nonhuman primate retina.29 Numerous gene therapy studies using mouse models have been reported 
in which photoreceptor-specific expression was achieved using the hGRK1 promoter with effective rescue of pheno-
type.28,30–34 For some IRDs, such as the cone and cone–rod dystrophies, cone-specific photoreceptor expression may 
be desired. The human L and M cone opsin genes are located on the X chromosome and controlled by the same locus 
control region (LCR) but separate promoters. Various combinations of this LCR with L/M promoter sequence have been 
tested using rAAV2/5 in a canine model; the largest version at 2.1 kb (named PR2.1) was effective in generating L/M 
cone photoreceptor-specific gene expression.35 However, not only is PR2.1 a very large promoter, and therefore limits 
the remaining space within the transgene, it also excludes expression in S cones. For these reasons, the CAR promoter 
may be a better option for cone-specific expression, as used in CNGB3 (cone photoreceptor cGMP-gated cation channel 
β-subunit) treatment of the Cngb3 knockout mouse model of achromatopsia.36

If significant degeneration of photoreceptors occurs before gene therapy intervention can be applied, then targeting of 
bipolar or ganglion cells for optogenetic approaches may be the desired treatment option. For bipolar cell targeting, a 200 bp 
fragment of the murine Grm6 enhancer, 445 bp Capb5 promoter, and 164 bp homeobox-containing transcription factor 
(Chx10) enhancer have been identified as potential elements to drive bipolar-specific gene expression.37 For ganglion cell 
layer (GCL) targeting, only a fragment of the human connexin 36 promoter (2.8 kb) has revealed selective expression in 
foveal bipolar ganglion cells after intravitreal delivery rAAV2/2 to macaque eyes.38

Although use of a cell-specific promoter is desirable, often size can restrict the vector capacity and limit the therapeutic 
genes that can be delivered, as in the case of PR2.1. Expression levels may also vary between species, and so positive results 
achieved in animal models may not reflect what would be achieved in humans. Improvements in ex vivo retina survival39 will 
enable further tropism testing of various serotypes and promoter combinations in human tissue using explants from routine 
retinectomy procedures (Figure 11.4); however, this procedure may alter the expression patterns within the cell types. The 
issue of promoter activity in the degenerating retina also needs to be considered as expression patterns in the targeted cell types 
may change during the pathophysiology of disease. This may explain, for instance, the poor results in older Briard dogs24 and 
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in the LCA clinical trial using the hRPE65 promoter,25 as discussed later in this chapter. Clearly, the combination of tyrosine 
mutants, capsid serotype, and promoter has the potential to increase the safety and efficacy of retinal gene therapy treatments.

11.4  AAV TREATMENT OF AUTOSOMAL RECESSIVE MODELS OF RETINAL DISEASE

The majority of animal models of IRD exhibit null mutations, relevant to the study of autosomal recessive IRDs. Many stud-
ies have shown the feasibility of gene replacement therapy in such animal models. Peripherin 2 is a rod photoreceptor-specific 
structural protein, mutations in which lead to autosomal recessive RP or macular dystrophy. The retinal degeneration slow 
(rds) mouse is homozygous for a null mutation in the rds/peripherin-2 gene, completely lacking functional peripherin 2. Gene 
replacement therapy was attempted with rAAV2/2 carrying Prph2 driven by a rhodopsin promoter sequence.40 Peripherin 2 
was detected in rod cells and appeared to initiate morphological changes that led to an improvement in retinal function for up to 
14 weeks posttreatment, beyond which improvements were not sustained. When treatment was given to younger animals there 
was a greater initial restoration of structure, but again the effect dropped over time.41 Other models of autosomal recessive RP 
have shown more long-term success in gene replacement animal studies. Rd10 mice show rapid degeneration of rod photorecep-
tors because of a lack of rod cells and appeared to initiate morphological changes that led to an improvement in retinal function 
for up to 14 weeks posttreatment. hPDE6sh restored retinal function and preserved the retinal structure for up to 6 months.42

Rd in the Royal College of Surgeons (RCS) rat occurs because of the absence of c-mer proto-oncogene tyrosine kinase 
(Mertk), an RPE receptor tyrosine kinase required for phagocytosing shed photoreceptor outer segments. Mutations in 

FIGURE 11.3 C57BL/6 retina after subretinal 
injection of the rAAV2/5 hGRK1 promoter-green 
fluorescent protein (GFP) vector. (a) Nuclei stain-
ing and GFP; (b) GFP expression only. hGRK1, human 
rhodopsin kinase; INL, inner nuclear layer; ONL, outer 
nuclear layer.

(a) (b)

FIGURE 11.4 Human retinal explant transduced 
ex vivo with rAAV2/5 CAG promoter-green fluo-
rescent protein (GFP). (a) Nuclei staining and GFP; 
(b) GFP expression only. CAG, cytomegalovirus early 
enhancer–promoter element fused with the chicken 
β-actin promoter and rabbit globin intron–exon frag-
ment; INL, inner nuclear layer; ONL, outer nuclear 
layer. Image provided by Dr S. De Silva.

(a) (b)
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Mertk cause RP in humans. Initial rescue of the degeneration exhibited in the RCS rat model was demonstrated using a 
recombinant adenovirus vector,43 an rAAV2/2 vector,44 and more recently, rAAV2/8Y733F with expression of hMERTK 
driven by the RPE-specific hVMD2 promoter. This latter study revealed rescue of RPE function and slowing of photorecep-
tor degeneration for at least 8 months after treatment.45

Other models of autosomal recessive IRD for which gene replacement therapy has shown promising recovery of function 
include various models of LCA, a severe form of childhood blindness. Aryl hydrocarbon receptor interacting protein like-1 
(AIPL1) mutations in humans lead to LCA. AIPL1 is necessary for cone photoreceptor survival and several studies of gene 
replacement therapy have shown promising results using rAAV2/2, rAAV2/5, and rAAV2/8 vectors, with both ubiquitous and 
photoreceptor-specific promoters driving expression.30,31 Another study used a self-complementary rAAV (scAAV) vector 
to deliver hAIPL1. The onset of expression after AAV infection is delayed by many factors, but the rate-limiting step is the 
synthesis of the complementary strand to the single-stranded DNA (ssDNA) transgene delivered by AAV.46,47 Self-comple-
mentary AAV vectors have been developed to bypass this critical step by packaging a single-stranded transgene that contains 
both a forward and a reverse copy that can fold over on itself due to an altered ITR structure.48 By design, this form of vector 
offers both an enhancement to retinal gene therapy and a downside: a reduction in packaging capacity, with two copies of the 
therapeutic transgene that need to fit within ∼5 kb of DNA. If inclusion of a larger cell-specific promoter is also required, then 
scAAV vectors may not be the ideal choice for the gene therapy treatment of many IRDs. The benefits of scAAV vectors are 
likely to be greater for preclinical studies in mouse models than in human clinical trials. This is because the onset and speed 
of degeneration in the murine retina are often more rapid than in the equivalent human disease due to the shorter life span and 
so quicker onset of transgene expression in vivo will aid observed treatment effects. Several studies investigating scAAV trans-
duction of the retina have been conducted in various animal models. Compared to the standard rAAV2/2 equivalent vector, 
scAAV initiated more rapid onset of reporter gene expression following subretinal delivery to mouse retina in both RPE and 
photoreceptor cells.49 Comparisons of transduction from scAAV2/2, scAAV2/5, and scAAV2/8 compared to rAAV2/8 found 
consistently faster onset of reporter gene expression and higher levels of stable gene expression from the self-complementary 
vectors in adult murine retina.50 On the basis of these data, scAAV vectors have been used in retinal gene therapy studies. The 
Aipl1−/− mouse shows rapid Rd and a severe phenotype, but subretinal delivery of an scAAV2/8Y733F vector in this model 
successfully delivered mAipl1 during the active phase of degeneration, showing subsequent preservation of photoreceptors 
and indicating that a greater phenotypic effect was induced compared to the rAAV vector.51 Another example of the use of 
scAAV vectors in the treatment of IRD was in the rd12 mouse model of LCA. Rescue of cone photoreceptors and halting of 
degeneration were shown in older mice after delivery of scAAV2/5-hRPE65, suggesting that improvements in the morphology 
and function of remaining cones can be made even in the later stages of disease.52

It is apparent that gene replacement studies using models of autosomal recessive IRD are showing consistent success 
in recovery of function and improved retina morphology. These positive effects are continuing over a relatively long time 
course and include successes when gene therapy intervention is provided during the later stages of disease. Combinations 
of serotypes and promoters to allow specific tropism and expression are adding to these positive results. The data are very 
encouraging for future prospects of human retinal gene therapy.

11.5  AAV TREATMENT OF AUTOSOMAL DOMINANT MODELS OF RETINAL DISEASE

The majority of animal models available for the study of IRD carry null mutations; yet, there are numerous IRDs that do not 
exhibit a complete lack of protein. Dominant mutations often yield mutated versions of a protein. If these impart a dominant-
negative effect, then provision of the wild-type (WT) gene and subsequent protein should resolve the phenotype as in the gene 
replacement strategies above. Dominant-negative mutations tend to eliminate one or more functions of the encoded protein; for 
example, the common rhodopsin mutation proline 23 histidine substitution (P23H) is thought to preserve an ability of the opsin 
to oligomerize, which interferes with normal function.53 However, if a toxic gain-of-function effect is generated, then the gene 
therapy approach will need to silence the mutant mRNA and provide a correct nonsilenced copy. Gain-of-function mutations 
can alter the protein to generate a novel activity; for example, the rhodopsin mutation K296E that leads to RP results in the 
photopigment constitutively activating rod transducin and the phototransduction pathway.54 Clearly, it is important to deter-
mine the etiology and molecular pathology of autosomal dominant retinal diseases in order to determine the appropriate gene 
therapy approach. For rhodopsin alone, it is apparent that different mutations can trigger different responses. The main function 
of rod photoreceptors is to produce rhodopsin for initiating phototransduction, and around 85% of total protein in the outer 
segment is rhodopsin, which also makes it important for outer segment structure.55 Outer segment proteins are synthesized in 
the inner segment of the photoreceptor and transported unidirectionally to the outer segments. Mutations that cause autosomal 
dominant RP can affect the stability, folding, and trafficking stages of this process. Because of the high production rate of rho-
dopsin, build up of mutants tends to have a toxic effect, and therefore, silencing of the mutant form is desired before supplying 
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the WT form. AAV-delivered ribozymes have been used to destroy targeted mutant mRNA in an autosomal dominant RP rat 
model carrying the P23H rhodopsin mutation.56,57 In this model, the vector was injected at different ages, including a later 
stage of degeneration when 40% of photoreceptor cells were missing. In all age groups, photoreceptor cell loss was delayed 
after injection of the AAV-ribozyme vector. AAV delivery of RNA interference has also been used to suppress rhodopsin, while 
codelivery of a codon-modified rhodopsin replacement gene resistant to suppression allowed for WT expression.58,59 Whereas 
these approaches utilized codon-modified gene replacements, complete codon optimization of the transgene would not only be 
helpful in resistance to silencing, it may also enhance expression levels and therefore increase the chance and degree of physi-
ological outcome.60 In vitro studies in human embryonic kidney 293 (HEK293) cells have shown that codon optimized genes 
can produce a ninefold increase in protein level compared to the WT coding sequence.61 Although no retinal codon optimized 
comparisons have currently been reported, a codon-optimized microdystrophin transgene showed significantly improved 
expression and physiological outcome in a mouse model for muscular dystrophy (mdx) mice after rAAV2/8 delivery.62

For the treatment of dominant-negative mutations, injections of an rAAV2/5-RHO vector without the use of a silencing 
mechanism into the RHOP23H and RHO+/+ mouse models revealed that expression of the WT rhodopsin slowed the rate of 
degeneration in the P23H mutant mice. However, in WT mice, expression from the vector resulted in damaging effects, 
suggesting that while expression of normal rhodopsin can suppress the P23H mutant effects, overproduction of rhodopsin 
can also be damaging.63 In this scenario, use of a photoreceptor-specific promoter may be favored over a strong ubiquitous 
promoter because expression is more likely to be regulated, limiting the chance of overexpression.

Although more complex than gene replacement strategies, the cosuppression of mutant gene and provision of the WT 
replacement are showing promise via AAV delivery with many autosomal dominant IRD candidates for therapy.

11.6  AAV DELIVERY OF LARGE GENES TO THE RETINA

One issue in the reliance of rAAV vectors is that their maximum packaging size is limited to around 5 kb. To achieve greater 
packaging (up to 6 kb) and successful transduction with rAAV carrying such oversized genomes may require additional treat-
ment with proteasome inhibitors.64,65 However, many of the genes implicated in Rds exceed even this size, including ATP-
binding cassette, subfamily A, member 4 (ABCA4), mutations in which are the most common cause of autosomal recessive IRD 
and inherited juvenile onset macular degeneration. ABCA4 is localized to the photoreceptor outer segment disc membranes and 
acts as a membrane transporter important for the recycling of the light-sensitive chromophore, a process necessary for photo-
transduction. A lack of ABCA4 function leads to build up of unwanted retinoids within the disc membranes. The RPE cells 
consume these discs as they become more distal due to the normal generation of new discs by photoreceptor cells. The presence 
of the unwanted retinoids in RPE cells leads to a toxic product, A2E, being generated, which disrupts correct RPE function and 
leads to both RPE and photoreceptor death.66 Mutations in ABCA4 can cause Stargardt disease, RP, cone–rod dystrophy, and 
bull’s-eye maculopathy; therefore, a retinal gene therapy treatment for ABCA4 would benefit a broad spectrum of patients. Until 
now, LV vectors have been favored for large gene delivery because of their greater packaging capacity, and LV vectors were 
able to successfully deliver ABCA4 to an Abca4 knockout mouse model.67 However, just 5–20% of photoreceptors were found 
to be transduced and these were limited to within the site of injection. Despite this limitation, the potential use of LV vectors is 
being explored with Oxford BioMedica currently testing the LV vector StarGen™ for the treatment of Stargardt disease.

Effective AAV transduction of the retina is widespread and extensively studied, leading to approaches that aim to deliver 
large transgenes by splitting a large AAV2-based transgene into two halves and packaging each half into a separate AAV cap-
sid. The approach then relies on two vectors carrying different halves of the transgene transducing the same host cell, within 
which the two fragments can recombine. This is possible thanks to the retina being a relatively small, contained target area; 
such an approach for delivery of large genes may not be possible for nonretinal diseases in which AAV delivery is systemic. 
The joining of the two separate transgenes once inside the target cell can be achieved in different ways (Figure 11.5), with 
the most common being an overlapping vector approach68–75 or a trans-splicing approach.76–82 The overlapping dual vector 
approach has been successful in the recombination of a split ABCA4 transgene in vitro and in vivo, with transductions lead-
ing to generation of the full-length protein.72 However, a more recent study has suggested that the overlapping approach is 
not effective when targeting photoreceptors and that a hybrid trans-splicing/overlapping approach would be more effective.83 
The benefit of this hybrid approach is that it offers two opportunities for the opposite transgenes to recombine, either by 
homologous recombination or by ITR concatamerization. Each approach by itself relies on only one of these events occurring; 
therefore, by combining them, the chance of generating the desired large transgene from two separately packaged segments is 
supposedly increased. This seemed to be the case for both ABCA4 and myosin VIIA (MYO7A) delivery to photoreceptor cells. 
MYO7A is another large gene and encodes myosin VIIA, mutations in which result in Usher syndrome, the most common form 
of deaf–blindness. Usher syndrome exhibits an RP phenotype of varying severity in addition to deafness. The poor perfor-
mance of the overlapping approach in the above study83 is in contrast to previous findings, which suggested that packaging of a 
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large MYO7A transgene using the overlapping approach in rAAV2/2 or rAAV2/5 led to successful transduction of photorecep-
tors and RPE cells and to recombination between opposite transgene fragments.84 The solution to delivering large genes using 
AAV vectors to the retina is still a work in progress, but despite the current variable levels of expressed protein generated from 
these approaches, there are promising signs of success in improvement in the physiology of transduced retinas.83,84

Cotransduction efficiency will clearly be extremely important for this dual vector approach,85 with correct serotype 
selection necessary to achieve optimal cotransduction.79 The dual rAAV vector approach offers promise that effective gene 
therapy for IRDs will not be limited to smaller genes. Nanoparticles also offer potential for gene therapy treatment of large 
genes, with ABCA4 delivery to knockout mice showing ABCA4 production 8 months after treatment.86

11.7  NEUROPROTECTION OF THE RETINA USING AAV

A further use of rAAV vectors is in the delivery of growth and antiapoptotic factors that can be used to prevent cell loss when 
Rd is advanced and the causative mutation unknown. Such vectors can also be used to enhance the effects of a codelivered 
therapeutic gene. Apoptosis of photoreceptor cells is common to most forms of IRD; therefore, preventing cell death could 
significantly slow degeneration and allow a greater window for gene therapy intervention. Minimizing rod photoreceptor death 
would also prolong cone survival, and AAV delivery of various neurotrophic factors has been shown to preserve photoreceptors. 

FIGURE 11.5 Approaches for delivering large transgenes using adeno-associated virus (AAV) vectors. (a) Generation of a single oversized trans-
gene that is packaged as fragments with a single inverted terminal repeat (ITR) in different AAV capsids. Dual infection of vectors carrying opposite transgene 
fragments can lead to annealing of overlapping complementary transgenes prior to second-strand synthesis or recombination between two opposite overlapping 
transgenes after second-strand synthesis within the host cell, resulting in the regeneration of the complete large transgene; (b) dual vector approach in which the 
coding sequence (CDS) is split into defined fragments and two distinct transgenes are generated, one containing a splice donor (SD) and the other a splice acceptor 
(SA) site. Dual infection of both vectors leads to concatemerization between the ITRs, forming a large transgene from which the SD and SA sites are removed 
by splicing after transcription; (c) dual vector approach in which the CDS is split into two fragments and packaged into two distinct transgenes, each carrying a 
region of overlap within the CDS (highlighted by dotted lines), allowing for recombination between the two transgenes after dual infection. pA, poly(A) signal.
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rAAV2/2 subretinal delivery of glial cell line-derived neurotrophic factor (GDNF) to a rat model of autosomal dominant RP led 
to increased rod photoreceptor survival.87 Another study of fibroblast growth factor 2 (FGF-2) had a preservation effect similar 
to that of photoreceptors, though improvements in ERG (as a measure of rod function) were minimal.88 Other studies have 
confirmed the ability of GDNF to slow photoreceptor cell death, but similar testing of ciliary neurotrophic factor (CNTF) has 
shown an adverse effect on retinal function.89 In rds mice, photoreceptor degeneration was shown to be delayed after subretinal 
and intravitreal delivery of AAV-CNTF, but too much CNTF appeared to have a detrimental effect on photoreceptor function in 
a dose-dependent manner.90,91 In rds gene replacement therapy with rAAV2/2-Prph2, the beneficial effects of gene therapy were 
minimized by codelivery of CNTF.92 These data suggest that low, regulated levels of CNTF may prove to be beneficial, but per-
haps require the control of a weaker or inducible promoter to allow for consistent subtoxic but therapeutic levels of expression.

rAAV2/2 delivery of X-linked inhibitor of apoptosis (XIAP) has been shown to enhance survival of cultured human 
RPE cells after induced oxidative cell death.93 Evidence of enhanced survival of transplanted rod precursors in a degener-
ating host retina due to XIAP has also been shown94 and prolonged treatment effects of rAAV2/5-PDE62 gene therapy.95

These data suggest that antiapoptotic factors and growth factors have the potential to prevent further cell loss within the 
retina and also to enhance the effects of gene therapy. However, caution must be taken as the long-term effects and dose 
levels need to be better understood.

11.8  HUMAN AAV CLINICAL TRIALS FOR THE TREATMENT OF IRD

In 2008, data from three independent clinical trials revealed evidence of improved visual function after rAAV2/2 subretinal 
delivery of hRPE65 to LCA patients (2009 review96). RPE65 (retinal pigment epithelium-specific protein, 65 kDa) is expressed 
in the RPE and is essential in the visual pathway for its role in regenerating the active chromophore required for light absorp-
tion. Loss of function of RPE65 therefore leads to loss of vision. Although all three clinical trials were consistent in their use 
of rAAV2/2, the transgene structure differed in each: in one, a 1400 bp fragment of the hRPE65 promoter was used,25 whereas 
the other two studies used the ubiquitous CAG promoter in combination with a modified Kozac consensus upstream of the start 
codon97 or with a hybrid intron in the 5′UTR region upstream of the therapeutic gene.98 The use of the less active hRPE65 pro-
moter has been suggested to be the reason why less impressive vision changes were observed from that study compared to the 
others. Both studies using the CAG promoter revealed varied evidence of improved visual function. In one study, improvements 
in visual acuity were seen together with improved pupil responses,97 whereas the other study reported a shift in fixation toward 
an extrafoveal region exposed to vector99—both objective assessments. Interpretation of mean vision outcomes in both of these 
studies was, however, impaired to some extent by surgical complications, such as macular hole formation. The other study with 
the hRPE65 promoter suggested anecdotal visual improvements in one of three patients, but the observed microperimetry gains 
did not match the area exposed to vector and should be interpreted with caution when retesting an amblyopic eye.25 Similarly, 
while the maze navigation test showed apparent improvements for the treated eye, it also showed a similar improvement in the 
control eye, which raises questions about the reliability of the baseline measurements of this test. It was interesting to note in 
the preclinical testing of this vector that visual improvements were only seen in younger Briard dogs injected up to 11 months 
of age, but not at 30 months.24 Hence, the lack of efficacy at later stages of the disease process in dogs and humans may be 
because the hRPE65 promoter is less active in RPE cells undergoing stress responses, where translation of cell-specific tran-
scription factors would be inhibited.96 Nevertheless, although evidence of vector efficacy is doubtful, this study did show safe 
detachment of the retina without surgical complications, such as macular hole formation. A follow-on study using the hRPE65 
promoter at a higher dose is planned; however, many would argue that CAG/CBA is now the promoter of choice for clinical 
trials targeting the RPE, in view of the evidence of efficacy from a number of separate independent studies.96

One concern over AAV gene therapy is its ability to initiate an immune response. Neutralizing antibodies to the rAAV2/2 
capsid temporarily increased in one patient,97 with a marginal increase observed in another patient98; however, neither 
increase was significant. The findings from all three studies suggest that rAAV retinal gene therapy is safe and elicits a 
low immune response. Given that 30% of adults have neutralizing antibodies to AAV2 with others having antigen-specific 
memory CD8+ T cells,100 use of other AAV serotypes may minimize further the chance of an immune response.101 Treat-
ment of the second eye in three patients has now been reported with no adverse effects after 6 months.102

More recent data from an ongoing clinical trial for the treatment of choroideremia have been published that show very 
encouraging signs of success.103 Choroideremia is caused by mutations in the Rab escort protein 1 (REP1), resulting in a 
slow degeneration in which photoreceptors, RPE, and choroid (the vascular layer of the eye) are lost. These trials for the 
treatment of IRDs offer great encouragement for future trials and with recent developments in promoter and serotype choice, 
gene therapy treatment of IRDs has a promising future. There are several AAV gene therapy trials currently approved and 
ongoing (Table 11.2), including further studies to assess the safety and efficacy of RPE65 AAV2/2 subretinal delivery to 
LCA patients (NCT00481546, NCT00516477, NCT00643747, NCT01208389, NCT00749957, NCT00999609), MERTK 
AAV2/2 subretinal delivery to RP patients (NCT01482195), AAV2/2 REP1 subretinal injection in choroideremia patients 
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TABLE 11.2 Summary of Recent and Ongoing Clinical Trials for the Treatment of Inherited Retinal Diseases

Disease
Clinical Trial 
Reference

Therapeutic 
approach Safety Outcomes

LCA Previous studies 
with data published 
in 2008

rAAV2/2 hRPE65, 
three independent 
studies, CAG or 
hRPE65 promoter

Surgical complication in one study 
(macular hole formation), safe 
retinal detachments in others.
Temporary increase in neutralizing 
antibodies to rAAV2/2 capsid in 
one patient but not a significant 
increase.
All three studies suggest rAAV reti-
nal gene therapy is safe and elicits 
a minor immune response.

Varied evidence of improved 
visual function.
Improved visual acuity and pupil 
responses.
Shift in fixation toward extrafoveal 
region exposed to vector.
Treatment of second eye 
revealed no adverse effects after 
6 months.

NCT00481546 rAAV2/2 
CBSBpr.hRPE65

Phase 1 study to assess safety of 
subretinal administration of vector

Ocular and systemic toxicity to 
be assessed in LCA patients

NCT00643747 rAAV2/2 
hRPE65pr.hRPE65

Phase 1 dose-escalation study to 
assess safety and efficacy

To determine safety and efficacy 
of the treatment in LCA patients

NCT00749957 rAAV2/2 
CMV.CBApr.hRPE65

Phase 1/2 multiple site study to 
assess safety and efficacy of the 
vector

To evaluate the safety and 
efficacy of the vector in LCA 
patients

NCT00516477 rAAV2/2 hRPE65v2 Phase 1 study to determine 
whether gene transfer will be safe 
and effective

To determine which vector is 
safe and well tolerated in LCA 
patients

NCT01208389 rAAV2/2 hRPE65v2 Follow-on evaluation of the safety 
of readministration of the vector to 
the contralateral eye in progress

To discover whether readmin-
istration of the vector to the 
contralateral eye has any adverse 
effects in LCA patients previously 
injected

NCT00999609 rAAV2/2 hRPE65v2 Safety determined from above 
studies

Phase 3 trial to determine if gene 
therapy intervention improves 
visual and retinal function in 
young LCA patients

Phase 1 safety assessment  
completed.

Phase 1 showed good safety and 
tolerance of the vector.

Choroid-
eremia

NCT01461213 rAAV2/2 CAGpr. 
hREP1

Safe retinal detachment, no  
surgical complications.
Tolerance of low and high doses 
of vector.

Initial findings indicate positive 
effects from the gene therapy, 
Phase 2 to begin to identify 
therapeutic benefits (by evidence 
of slowing of retinal degenera-
tion compared to untreated eye)

RP NCT01482195 rAAV2/2 hVMD2pr.
hMERTK

Phase 1 study to assess safety of 
the vector

To determine safety and potential 
value of gene transfer in MERTK-
associated retinal disease

AMD NCT01024998 rAAV2/2 
sFLT01(VEGF)

Phase 1 clinical study to examine 
safety and tolerability of vector 
delivered by intravitreal injection

To evaluate safety and tolerabil-
ity of the vector in patients with 
neovascular age-related macular 
degeneration (AMD)

NCT01494805 rAAV2/2 
sFLT01(VEGF)

Phase 1/2 dose-escalation study to 
assess safety and efficacy of vector 
following subretinal injection

To determine the safety and 
efficacy of administration of the 
vector by subretinal injection in 
patients with exudative AMD

Continued
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(NCT01461213), and AAV2/2 subretinal delivery of FLT1 (also known as vascular endothelial growth factor, VEGF) in 
patients with age-related macular degeneration (NCT01024998, NCT01494805). Oxford BioMedica has two LV-based 
Phase I/II studies ongoing: one to deliver ABCA4 (with their transfer agent StarGen™) to patients with Stargardt macular 
degeneration (NCT01367444) and the other to deliver MYO7A to Usher 1B patients (using UshStat™, NCT01505062). 
Other clinical trials currently underway offering therapy for IRDs include a non-gene therapy-based treatment using the 
synthetic retinoid QLT091001 (NCT01543906, NCT01521793, NCT01014052). Many IRDs including LCA and RP have 
a reduced availability of the chromophore 11-cis-retinal, which is a consequence of the molecular changes that occur within 
retinal cells as a result of the underlying disease-causing mutation. These trials are attempting to determine if oral admin-
istration of a synthetic retinoid replacement can aid the symptoms of the IRDs.

11.9  SUMMARY

Gene therapy treatment of IRDs is an advancing field. Identification of AAV serotype tropism and enhancement of trans-
duction efficiencies of the various retinal cell layers through generation of capsid mutants are allowing for targeted AAV 
treatment in various forms: growth factors and antiapoptotic factors to prevent cell loss and to enhance gene therapy 
in addition to gene replacement and suppression replacement therapies. All are showing success in animal models of 
retinal disease. Clinical trials of AAV gene therapy have shown that treatment is safe in humans and well tolerated, with 
improvements in vision only likely to improve further with advancements in the understanding of serotype and promoter 
selection.
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Clinical Trial 
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approach Safety Outcomes

Stargardt 
disease

NCT01367444 StarGen™ LV ABCA4 Phase 1/2a dose-escalation study 
to assess the safety of StarGen

To examine the safety of the 
gene transfer agent StarGen 
when injected subretinally in 
patients with Stargardt disease

Usher 
1B syn-
drome

NCT01505062 UshStat™ LV MYO7A Phase 1/2a dose-escalation study 
to assess the safety of UshStat

To examine the safety of the 
gene transfer agent UshStat when 
injected subretinally in patients 
with Usher syndrome type 1B

General NCT01543906 QLT091001, syn-
thetic retinoid

Phase 1b study to assess the safety 
of oral QLT091001 in RP patients

To determine the safety of oral 
QLT091001 and evaluate any 
improvements in visual function 
in RP patients

NCT01521793 QLT091001, syn-
thetic retinoid

Phase 1 study to assess the safety 
of oral QLT091001 administration 
in LCA and RP patients previously 
treated

To determine the safety of addi-
tional courses of QLT091001 in 
LCA and RP patients

NCT01014052 QLT091001, syn-
thetic retinoid

Completed Phase 1 safety study of 
oral QLT091001 in LCA patients

To evaluate the safety of oral 
QLT091001 and assess for any 
improvements in visual function 
in LCA patients
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myosin VIIA; RP, retinitis pigmentosa; RPE65, retinal pigment epithelium-specific 65 kDa protein; VMD2, bestrophin 1 (vitelliform macular dystrophy).
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LIST OF ABBREVIATIONS
BM Bone marrow
GVHD Graft-versus-host disease
HbE Hemoglobin E
HMGA2 High mobility group AT-hook 2
HR Homologous recombination
HS Hypersensitive sites
HSC Hematopoietic stem cell
HSVtk Herpes simplex virus type 1 thymidine kinase
iCasp9 Inducible caspase 9
IDLV Integrase-defective lentiviral
IE Ineffective erythropoiesis
iPSCs Induced pluripotent stem cells
IS Integration sites
LCR Locus control region
PBMCs Peripheral blood mononuclear cells
RBC Red blood cell
shRNA Small hairpin RNA
UTR Untranslated region
VCN Vector copy number

12.1  WHY GENE THERAPY FOR HEMOGLOBINOPATHIES?

Hemoglobinopathies are conditions that result from defects in the genes that control the expression of the hemoglobin 
protein. Sickle cell disease (SCD), hemoglobin E (HbE), and the thalassemias are the most common hemoglobinopathies 
worldwide.1 The extremely high frequency of hemoglobin disorders compared with other monogenic diseases reflects 
natural selection mediated by the relative resistance of carriers against Plasmodium falciparum malaria.2 In SCD, structural 
defects are triggered by a single point mutation in the β-chain at position 6, leading to a change in the amino acid sequence 
from glutamic acid to valine.3 Diminished production of α- or β-globins, the two subunits of the hemoglobin molecule, can 
lead to α- or β-thalassemia, respectively.3–5 HbE is characterized by a single point mutation in the β-chain at position 26, 
associated with a change in the amino acid sequence from glutamic acid to lysine. The βE mutation also affects β-globin 
gene expression by creating an alternate splicing site in the mRNA at codons 25–27. Through this mechanism, there is a 
mild deficiency in normal β mRNA and production of small amounts of anomalous β mRNA.6

Palliative therapeutic options to correct patients’ anemia are red blood cell (RBC) transfusion and iron chelation. Even 
in the less severe cases, anemia worsens with aging and can become symptomatic; therefore, blood transfusion becomes 
mandatory. In general, the level of chronic stable anemia determines the transfusion regimen. In addition to life-threatening 
anemia, patients may present with intrinsic and treatment-related features that exacerbate the pathology. For SCD patients, 
common complications are painful episodes, acute chest syndrome, and stroke; for thalassemia patients, common com-
plications include hepatosplenomegaly, recurrent infections, and spontaneous fractures; for individuals who have HbE/β 
thalassemia, complications include heart failure, enlargement of the liver, and problems in the bones.3,4,6 In all of these 
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cases, transfusion-associated infections and organ damage are side effects of long-term treatment and unsatisfactory iron 
chelation.3,4 Iron overload is also observed in patients who do not require blood transfusion for survival because of disorder-
related ineffective erythropoiesis (IE). IE triggers increased iron absorption by reducing the expression of hepcidin, the hor-
mone that controls iron absorption.7,8 Although both transfusion and iron chelation treatments have remarkably improved 
over the years and thus improved quality of life, they do not provide a definitive cure, as they lack the ability to address 
the intrinsic genetic defect. To this end, hematopoietic stem cell (HSC) transplantation is the only presently available cure. 
Allogeneic blood marrow (BM) transplantation can cure hemoglobinopathies, but only a small proportion of patients have 
suitable donors. Myeloablative HSC transplantation carries a 5–10% mortality rate; in addition, graft-versus-host disease 
(GVHD) may limit the success of the procedure.9,10 Given the limitations associated with allogeneic BM transplantation, 
gene therapy using a patients’ own HSCs represents an alternative and potential cure, because it aims at the direct recovery 
of the hemoglobin protein function via globin-gene transfer. The development of gene therapy tools for hemoglobinopathies 
has been the object of research for the last few decades and has proved successful in mouse models in multiple studies. The 
following sections will provide insights about these studies and how gene therapy has paved its way to become the object 
of clinical investigations.

12.2  CHALLENGES TO HUMAN GENE THERAPY FOR HEMOGLOBINOPATHIES

Gene therapy offers a new approach to cure patients with hemoglobinopathies. As reported in the sections that follow, 
many studies based on animal models have shown that both SCD and β-thalassemia can be reversed using this alternative 
and novel approach. Although some studies utilized adenoviruses for gene delivery,11 most studies focused on the use of 
onco-12 and lentiviral vectors. The success of these vectors has led to consideration of their clinical applications for these 
diseases.13–16 Researchers have also corrected abnormal globin gene function in induced pluripotent stem cells (iPSCs) 
generated from adult cells of β-thalassemia and SCD patients.17–19 The fundamental conditions that must be met for safe 
and efficacious gene transfer in humans can be summarized by the following points20–32:

 l  highly efficient and stable transduction
 l  effective targeting of HSCs
 l  controlled transgene expression (erythroid-specific, stage-restricted, elevated, position-independent, and sustained over 

time)
 l  absent or low genomic toxicity
 l  correction of the phenotype in preclinical models and in transgenic mice.

Although clinical gene therapy studies for the hemoglobinopathies have been initiated, there are still many barriers to 
translating animal studies to the bedside. For example, the original studies in animal models of β-thalassemia utilized mice 
characterized by partial or complete deletion of the mouse β-globin genes. In contrast, β-thalassemia in humans is charac-
terized by nearly 300 mutations, mostly associated with one or a limited number of nucleotides. This genetic heterogeneity 
adds a further level of complexity in the identification of the right conditions for each patient: conditions such as optimi-
zation of vector copy number, transgenic chimerism (the relative ratio between lentiviral-transduced and non-transduced 
HSCs), and the level of transgenic hemoglobin necessary to correct each patient’s phenotype. Further concerns are the 
potential genome toxicity associated with the random integration of current gene transfer vectors and the limited homoge-
neity of gene transfer in HSCs (further elaboration provided in Sections 12.5–12.7).

12.3  PRECLINICAL STUDIES IN ANIMAL MODELS AND HUMAN CELLS

12.3.1  Oncoviral Vectors

Earlier gene therapy studies utilized recombinant oncoviruses as carriers to introduce a functional copy of the β-globin 
gene. These vectors have the ability to transfer the β-globin gene into murine HSCs without transferring any viral genes, 
but did not produce high and stable expression of the β-globin gene in mice.33–36 Incorporation of core elements of the 
hypersensitive sites (HS) 2, 3, and 4 of the human β-globin locus control region (LCR) was integral to increased β-globin 
expression, and helped overcome the inability to reach higher hemoglobin levels. However, this incorporation failed to 
prevent position-effect variegation and to achieve therapeutic levels of β-globin expression.37,38 Later work focused on 
blocking the activation of splicing sites within the LCR sequence of viral RNA, which caused rearrangements. These efforts 
were effective, but still did not satisfy the requirement of maintaining high β-globin gene expression. Additional studies 
introduced the α-locus HS-40 regulatory region in place of the large LCR39,40; alternative erythroid-specific promoters, 



Gene Therapy for Hemoglobinopathies: Progress and Challenges Chapter | 12 193

such as ankyrin41,42; and mutant hereditary persistence of fetal hemoglobin (γ-globin) promoters.43,44 Results from these 
studies failed to show their therapeutic relevance, but ultimately pioneered the way for successful lentiviral gene therapy.

12.3.2  Lentiviral Vectors

In the mid-1990s, the HIV-1-based lentiviral vector became available and offered a real alternative to oncoviral vectors as 
possible carriers of the globin genes.45 As opposed to oncoviral vectors, lentiviral vectors have the ability to infect quies-
cent cells,46 and can carry large transgene cassettes with introns and regulatory LCR elements with no or limited sequence 
rearrangement.47–49 Incorporation of different promoters, enhancers, and other large regulatory elements from the β-globin 
locus in lentiviral vectors has been shown to be particularly suitable for achieving high and specific expression of α- and 
β-like genes in several mouse models for hemoglobinopathies. Using a lentiviral vector in which the α-globin gene and 
promoter were flanked by the HS 2, 3, and 4 regions of human LCR, Han and colleagues were able to rescue murine fetuses 
affected by α-thalassemia. Three months after birth, treated mice sustained 20% of α-globin transgenic expression com-
pared to normal mice, although transgene expression started to decline at 7 months.50 Several laboratories, including ours, 
have shown that lentiviral vectors carrying the human β- or γ-globin gene and its fundamental regulatory elements were 
able to cure and rescue animal models for β-thalassemia intermedia and major, respectively.29–31,51–53 With a lentiviral vec-
tor with enhanced antisickling features, Pawliuk and colleagues corrected the phenotype of SAD and BERK SCD mouse 
models.54 The BERK mouse model was also treated in a study in which Pestina and colleagues used a γ-globin-based  
lentiviral vector with a β-globin 3′UTR and enhancer.55

The study by Miccio and collaborators showed that genetically modified thalassemic erythroblasts undergo in vivo 
selection in mice, indicating that the corrected cells have a survival advantage over the thalassemic ones.26 From a clinical 
point of view, this advantage could imply a lower myeloablative regimen for a patient, who could benefit even when full 
transgenic chimerism is not obtained after BM transplant. Much progress has also been made in the in vitro treatment of 
both human SCD and β-thalassemic cells with lentiviral vectors. Samakoglu and colleagues corrected human sickle cells 
by using a vector that combined a γ-globin gene with a small hairpin RNA (shRNA) targeting the sickle β-globin mRNA to, 
respectively, increase fetal hemoglobin expression and downregulate production of the sickle β-chains.56

Our laboratory and others utilized lentiviruses that incorporate insulators to maximize β-globin expression at the ran-
dom integration site and protect the host genome from possible genotoxicity. Insulators can, in fact, shelter the transgenic 
cassette from the silencing effect of nonpermissive chromatin sites and simultaneously protect the genomic environment 
from the enhancer effect mediated by active regulatory elements (like the LCR) introduced with the vector. For example, 
the cHS4 insulator has a “core” that contains five footprints.57 The footprints are involved in recruiting CTCF, an enhancer 
blocking protein; binding USF proteins to recruit histone-modification enzymes that make transcription-activation marks; 
and binding VEZF1, which prevents DNA methylation in the transcribed region. Arumugam58 and colleagues compared 
vectors with the cHS4 insulator to those without, and consistently saw approximately double the β-globin expression 
with the insulator in vitro with MEL cells and in vivo with transduced and transplanted murine HSCs. Puthenveetil and 
colleagues utilized the 1.2-kb cHS4 insulator to rescue the phenotype of thalassemic CD34+ BM-derived cells.32 While 
beneficial to expression, the 1.2-kb cHS4 insulator causes low viral titers. Thus, in 2009, Arumugam59 identified a 400-bp 
extended core region of the cHS4 that still exhibits full insulator activity but does not have as severe an impact on titer.

The study by Wilber and others showed that fetal hemoglobin can be synthesized in human CD34+-derived cells after 
treatment with a lentiviral vector encoding the γ-globin gene, either in association with the 400-bp core of the cHS4 insu-
lator or with a lentiviral vector carrying an shRNA targeting the γ-globin gene repressor protein BCL11A.60 We recently 
showed61 that using a 200-bp insulator, derived from the promoter of the ankyrin gene, could achieve significant ame-
lioration of the thalassemic phenotype in mice and a high level of expression in both human thalassemic and SCD cells. 
Miccio and collaborators62 instead used the HS2 enhancer of the GATA1 gene to achieve high β-globin gene expression 
in human cells from patients with β-thalassemia. A scheme of the most successful lentiviral-based gene therapy tools is 
provided in Figure 12.1.

12.3.3  Nonviral Vectors

Several studies have focused on nonviral vectors as a potentially safer method to genetically modify cells.64 Their applica-
tion is, however, challenged by relatively low gene transfer efficiency and the difficulty of maintaining long-term stable 
expression.65 For the purpose of providing a stable genomic integration mechanism and long-term transgene expression, 
transposons have been developed.66,67 The Sleeping Beauty transposon system has become increasingly useful in the field 
of gene therapy during the last decade, and the recent development of the SB100X transposase as well as its utility in 



194 Translating Gene Therapy to the Clinic

FIGURE 12.1 Lentiviruses (LV) expressing the β or γ-globin gene. A prototypical vector and its main components are represented on the top. Constructs 
are divided into three major categories: β-globin, β-globin antisickling, and γ-globin LVs. In each box they are represented in chronological order of publi-
cation, starting from the most recent. Names of vectors, first authors, and publication date are indicated. Hypersensitive sites (HS) of the LCR are indicated 
with the respective sizes. Specifics of each construct are described in the text. Original figure from PMID: 23337292.63
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modifying primary CD34+ cells serve as evidence of the system’s continued improvement and potential clinical signifi-
cance.68,69 In a recent study, Sjeklocha and colleagues used the SB100X transposase system in combination with the IHK-
β-globin gene and the cHS4 insulator to produce erythroid-specific expression of the β-globin gene integrated into primary 
CD34+ cells, which differentiated into multiple lineages.70 The results of this study support the potential use of an SB 
IHK–β-globin expression system for gene therapy of SCD in human clinical trials.

12.4  TARGETED REACTIVATION OF FETAL HEMOGLOBIN

The switch from fetal to adult Hb is critical to the pathogenesis of SCD and the β-thalassemias. Persistence of HbF 
in adults reduces the severity of both thalassemia and SCD traits. Three major loci (Xmn1-HBG2 single nucleotide 
polymorphism, HBS1L-MYB intergenic region, and BCL11A encoding gene) have been identified as major regulatory 
regions of HbF. Other loci are expected to be involved,71,72 but their contribution seems only marginal. Given that 
these loci are associated with putative binding sites for transcriptional repressors, studies have been initiated to char-
acterize individuals carrying genetic variations associated with increased production of HbF, as well as to determine 
the correlation of this increased production to disease severity.73,74 Short oligonucleotides have been employed to pre-
vent the binding of repressive factors to their target sites. In one example, Xu and colleagues75 used a double-stranded 
22-bp decoy oligonucleotide containing the Oct-1 consensus sequence to demonstrate its ability to bind Oct-1 and 
cause significant increases in the level of the γ-globin mRNA when administered to K562 cells.

Some publications have focused on the direct manipulation of γ-globin gene transcription. To this end, both Gräs-
lund76 and Wilber77 engineered artificial transcription factors to facilitate their interactions with specific DNA sequences 
and modulate endogenous gene expression within cells. Following this approach, several zinc finger-based transcriptional 
activators were designed to target the sites proximal to the −117 position of the γ-globin promoter. The results obtained 
by the two groups demonstrate that is possible to enhance HbF production in primary erythroblasts by using a zinc finger 
transcriptional activator designed to interact with the γ-globin promoter.

More recently, targeted reactivation of HbF induced by BCL11A repression proved to be successful in correcting 
the phenotype of transgenic knockout mice, which express exclusively human sickle hemoglobin.78 One of the poten-
tial problems in targeting BCL11A is associated with the fact that this gene is not only expressed in erythroid cells 
but also in B cells. Therefore, activation of HbF will require targeting the expression specifically in erythroid cells to 
spare B cells and avoid undesired effects. Bauer and colleagues have identified a developmental stage-specific, lin-
eage-restricted enhancer required in erythroid cells, but dispensable in B-lymphoid cells, for expression of BCL11A.79 
Therefore, this novel BCL11A enhancer represents a highly attractive target for therapeutic genome editing in HSCs 
and iPSCs.

Blobel and colleagues have newly developed an alternative strategy. It has been suggested that in adult erythroid cells, 
the LCR contacts the β-globin gene promoter by forming a loop that precludes interaction with other β-like globin genes, 
such as γ-globin.80 Therefore, redirecting the LCR-complex to the γ-globin promoter could reactivate synthesis of γ-globin 
and silence synthesis of β-globin. Through this looping approach it may be possible to produce HbF in adult erythroid 
cells. Looping of the LCR complex to the γ-globin promoter was achieved by making a fusion protein.81 This fusion pro-
tein brings together a zinc finger protein, which recognizes a specific sequence at the γ-globin promoter, to Ldb1, a protein 
associated with the LCR.80,82 Ldb1 is a protein necessary for long-range chromatin interactions at the β-globin locus, trig-
gering chromatin loop formation and transcription initiation. Introduction of this fusion protein into adult primary human 
erythroid cells strongly activated γ-globin expression with a concomitant reduction in β-globin transcription. Strikingly, 
γ-globin accounted for nearly 90% of total β-like globin transcription. Furthermore, fetal hemoglobin expression was 
nearly pan-cellular as determined by flow cytometry.80–82

Altogether, these studies offer new insights that may translate our understanding of HbF silencing into mechanism-
based, improved therapy for the major hemoglobinopathies.

12.5  CLINICAL TRIALS FOR THE HEMOGLOBINOPATHIES

Three patients have been successfully treated in clinical trials for hemoglobinopathies in two independent trials. The 
first successful gene therapy trial for β-thalassemia was reported by Leboulch in 2010.83 Using a βT87Q LentiGlobin 
vector, Leboulch and colleagues were able to achieve transfusion independence in one adult patient with severe βE/β0-
thalassemia. The patient is a compound heterozygote (βE/β0), in which one allele (β0) is nonfunctioning and the other 
(βE) is a mutant allele whose mRNA may either be spliced correctly (producing a mutated βE-globin) or incorrectly 
(producing no β-globin).
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The βT87Q LentiGlobin vector expresses a mutated β-globin distinguishable from transfused β-globin by an antisick-
ling mutation at the 87th amino acid. This vector also contains 2 × 250-bp copies of the cHS4 insulator. Analysis of the 
patient’s transduced cells revealed an intact vector, however, with the loss of one copy of the cHS4. Of the 24 chromosomal 
integration sites (IS) found, one of the sites, high mobility group AT-hook 2 (HMGA2), caused transcriptional activation of 
HMGA2 and conferred clonal dominance. Overexpression of HMGA2 can lead to a clonal growth advantage and is found 
in a number of benign and malignant tumors.84 In the majority of these cases, overexpression of HMGA2 is associated 
with mutations affecting the 3′ untranslated region (UTR), which contains binding sites for the regulatory miRNA let-7.84 
Binding of let-7 miRNAs to the 3′UTR of HMGA2 negatively regulates HMGA2 mRNA and protein expression.85 Trans-
genic mice carrying a 3′UTR-truncated HMGA2 expressed increased levels of HMGA2 protein in various tissues includ-
ing hematopoietic cells, and exhibited an increased number of peripheral blood cells in all lineages, splenomegaly, and 
erythropoietin-independent erythroid colony formation. Furthermore, BM cells derived from these animals had a growth 
advantage over wild-type cells. Thus, overexpression of HMGA2 is associated with clonal expansion at the stem cell and 
progenitor levels.84

Cells from the clinical trial patient with an HGMA2 IS showed a loss of the 3′UTR of HGMA2, preventing the binding 
of the let-7 miRNAs to complementary sequences. Erythroid cells from this IS exhibited a dominant, myeloid-biased cell 
clone. The expression was reported to be erythroblast-specific, as HMGA2 mRNA was undetectable in granulocyte-mono-
cytes. However, the clonal dominance of HMGA2 is represented in all populations in similar proportions (erythroblasts, 
granulocyte-monocyte and LTC-IC cells). Leboulch et al. hypothesize that this dominance is due to a transient expression 
of HMGA2 in a myeloid-restricted LT-HSC during β-LCR priming, before the β-LCR becomes restricted to the erythroid 
lineage. At the time of reporting, the patient had been transfusion-independent for two years, and showed stable Hb levels 
from 9 to 10 g/dL. Therapeutic Hb-βT87Q LentiGlobin, however, only accounted for 1/3 of total Hb, with endogenous 
HbE and HbF making up the rest. Without the additive effect of these endogenous hemoglobins, this first trial might not 
have been a success. This suggests that we not only need a predictive in vitro model with which to evaluate potential trial 
patients, but also better vectors that can achieve higher therapeutic hemoglobin expression.

Currently, the first United States phase I clinical trial has received FDA approval and is enrolling patients at Memorial 
Sloan Kettering Hospital in New York. The main goals of the trial, as briefly described in 2010,86 are to assess insertional 
oncogenesis and replication-competent lentivirus safety and determine levels of engraftment and vector expression. The 
previously described TNS9 vector, which contains the cHS4 insulator,30,51 will be used to induce transgenic expression 
of β-globin. Small and unpublished modifications have been made to this vector to increase titer, but the gene, promoter, 
enhancers, and LCR remain intact. In a pre-clinical study,87 patient CD34+ hematopoietic progenitors were transduced and 
tested in vitro for BFU-Es and in vivo for engraftment in NOD-SCID mice. VCNs ranged from 0.2 to two copies/cell in dif-
ferent validations. In vitro experiments showed an improved β/α ratio, with three patients showing ratios of 0.36, 0.48, and 
0.54. When normalizing for copy number, transgenic β-globin ranged from 73% to 100% of normal hemizygous β-globin 
output. Upon in vivo engraftment in immunodeficient mice, VCNs of 0.17–0.6 VC/cell persisted and the mean VCN of the 
engrafted cells ranged from 36% to 100% of the starting VCN, with an average of 69% retention upon engraftment.

Bluebird Bio, a company specializing in genetic and orphan diseases, has conducted a trial using a LentiGlobin BB305 
T87Q virus, named the HGB-205 study.88 The virus used is similar to the βT87Q LentiGlobin virus, but does not have 
the cHS4 insulator and is a third generation lentivirus with a CMV promoter in the 5′ LTR, as compared to the previous 
generation of lentivirus with the wild-type HIV 5′LTR. At the June 2014 European Hematology Association Meeting in 
Milan, Bluebird presented data on the first two patients treated in the trial, a 16-year-old female and an 18-year-old male 
who have been dependent on transfusion for most of their lives. These patients have now become transfusion-independent; 
thus far, one has lasted 3.5 months without transfusion and the other 6.5 months. After 2 months, one patient produced 4.2 g/
dL of transgenic β-globin, and another patient was producing 6.6 g/dL of transgenic β-globin after 4.5 months. Vector copy 
numbers for the two patients were 1.5 and 2.1, a higher copy number than in the βT87Q LentiGlobin trial, where the copy 
number was 0.6 in CD34+ cells 1 week after transduction. Copy numbers are typically kept low to decrease the risk of 
insertional oncogenesis, and the clinical result of a higher copy number is unknown.88

12.5.1  Stem Cell Mobilization Methods

Li et al. in 1999 showed that β-thalassemia patients could undergo granulocyte colony-stimulating factor (G-CSF) mobi-
lization.89 In 2012, Yannaki and colleagues studied different mobilization methods in 23 patients with β-thalassemia.90 
Studying patients with and without splenectomy, they found that nonsplenectomized patients tolerated G-CSF, but sple-
nectomized patients showed hyperleukocytosis and could not tolerate it. Poor tolerance could be overcome with a 1-month 
pretreatment with hydroxyurea and a 12–15 day interval between hydroxyurea withdrawal and G-CSF treatment. They 
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additionally examined Plerixafor, which reversibly inhibits the CXCR4-SDF1 interaction with the BM microenvironment, 
to mobilize HSCs. Plerixafor proved successful for both splenectomized and nonsplenectomized patients. The New York 
study87 has already successfully tested G-CSF mobilization of CD34+ cells. Five patients have been mobilized, with four 
completing mobilization, and a fifth unable to complete due to anxiety. Harvested cell counts ranged from 8 to 12 × 106 
cells/kg in the four patients who completed mobilization. They had both splenectomized and nonsplenectomized patients, 
none of whom were pretreated with hydroxyurea. Plerixafor was not examined.87

Mobilization of sickle cell anemia patients still remains a clinical problem, as patients can show severe life-threatening 
side effects after G-CSF treatment. Fitzhugh and colleagues examined 11 cases of G-CSF mobilization of SCA patients, 
some of whom did not know that they had SCA until mobilization.91 Of the 11 patients, 7 required hospitalization and 4 
saw no side effects. In two of these cases, multiorgan failure was seen, with one case resulting in death, and the other result-
ing in multiple-month hospitalization. Attempts to reduce HbS percentage prior to undergoing mobilization still showed 
vaso-occulsive crisis. Fitzhugh and colleagues argue that the routine usage of G-CSF cannot be justified in a cost‒benefit 
assessment, and thus should be avoided.91

12.5.2  Conditioning Regimen Intensity

The success of conditioning regimen intensity prior to transplant depends on a balance between toxicity and the amount 
of mixed transgenic chimerism (the amount of BM made up of transplanted cells that carry the vector) (Figure 12.2). Full  
myeloablation can, theoretically, result in a complete transgenic chimerism, where the BM is made entirely of transplanted 
cells, with a greater amount of therapeutic vector-transduced cells than in a partial myeloablation setting. However, full  
myeloablation is more toxic and puts the patient at greater risk, especially in the case of graft failure. A reduced-intensity condi-
tioning regimen can be less toxic; however, it can also lead to a lower composition of therapeutic vector-transduced cells due to 
mixed transgenic chimerism. When a reduced-intensity conditioning regimen is used, β-globin expression from the vector must 
be high enough to give transduced cells a survival advantage compared to untransduced cells. In studies of traditional allogenic 
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FIGURE 12.2 Schematic of full myeloablation versus reduced-intensity myeloablation. Left panel: BM before myeloablation. Middle panel: BM after 
myeloablation. Right panel: BM after transplant with transduced cells. Numbers indicate vector copy number, VCN. Transduced and untransduced cells 
are represented by gray and white circles, respectively. Original figure from PMID: 23337292.63
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BM transplantation, patients with as low as 20% donor contribution were still able to achieve transfusion independence and 
normal hemoglobin levels; however, a high initial engraftment (>90% at 60 days posttransplant) is necessary if there is to be 
a reasonable chance of achieving stable mixed chimerism.92 Lucarelli and colleagues identified three Pesaro risk classes for 
β-thalassemia patients based on previous iron chelation, hepato- and splenomegaly, and liver fibrosis.93 Patients with less iron 
overload and liver damage fall into class one and class two. Patients with irregular iron chelation and more liver damage fall 
into class three. Full myeloablation for class one and class two patients involves obliteration of the bone marrow by 14–16 mg/
kg busulfan, followed by 20 mg/kg of cyclophosphamide to suppress the immune system. An assessment of 886 β-thalassemia 
patients who received transplants from HLA-matched siblings or parents showed a 91 and 84% probability of thalassemia-free 
survival with this regimen for class one and class two patients, respectively.94

As reviewed by Bertaina et al.,95 there has been a recent trend to lower intensity, nonmyeloablative conditioning regi-
mens based on the following data: (1) lower morbidity and mortality is associated with these regimens; (2) patients not 
eligible for the traditional full myeloablative regimen have been safely transplanted with these regimens; and (3) mixed 
chimerism can be sustained thus leading to amelioration of disease in patients with allografts. Multiple groups have had 
success with reduced-intensity regimens with lower doses of busulfan, or by using alternatives such as thiotepa, treosulfan, 
fludarabine, busulfex, or antithmocyte globulin (as reviewed in Refs 95,96). One report described partial myeloablative allo-
geneic transplants for 30 SCA patients aged 16 to 65.97 Twenty-nine of these patients survived a median of 3.4 years at the 
time of reporting with no nonrelapse mortality, and 26 patients showed long-term stable donor engraftment without acute 
or chronic GVHD. Twenty-three of the 30 patients showed normalized hemoglobin levels, with ranges of 11.8–13.6 g/dL 
for women and 12.3–15.1 g/dL for men, demonstrating that sustained and therapeutic mixed chimerism can be achieved 
without full myeloablation.97 This report and others, however, relate to allogeneic transplants with HLA-matched donors 
and not to autologous transplants done with vector-transduced cells. While evidence mixed chimerism with allogeneic 
transplants signals the potential success of mixed chimerism with autologous gene therapy transplants, this success still 
remains to be determined.

12.6  GENOME TOXICITY

Random integration of transgenes might be associated with genome toxicity and oncogenesis, a phenomenon already 
observed in trials for X-linked severe combined immunodeficiency, where leukemia developed as a result of aberrant gene 
activation from random integration.98 Hargrove and colleagues investigated gene expression in genomic regions adjacent to 
the site of integration of lentiviral vectors containing enhancer elements of the β-globin LCR.22 The analysis investigated 
gene expression changes following viral transduction in primary clonal murine β-thalassemia erythroid cells, where globin 
regulatory elements such as the LCR are highly active. The study revealed an overall incidence of perturbed expression 
in 28% of the transduced clones, with 11% of all genes contained within a 600-kilobase region surrounding the vector-
insertion site demonstrating altered expression.

One method of preventing malignancy with lentiviruses is to have a failsafe way of getting rid of vector-transduced cells 
should they become malignant. In addition to the therapeutic gene, a suicide gene can also be transduced at the same time. 
If malignancy occurs, this suicide gene can be induced with drugs to cause apoptosis and ablate vector-transduced cells 
in the body. Two such suicide genes studied in the context of gene therapy are the herpes simplex virus type 1 thymidine 
kinase (HSVtk) and inducible caspase 9 (iCasp9).99 HSVtk-transduced cells can be eliminated with the phosphorylation of 
acyclovir or ganciclovir by HSVtk. iCasp9 is expressed as a monomer but, upon addition of AP1903, dimerizes and causes 
apoptosis. In a study with T cells, iCasp9 affected immediate death, but HSVtk needed 3 days of treatment.100

Studies by Arumugam and colleagues utilized both γ-retroviral and lentiviral vectors containing LCR elements and their 
potential to transform primary hematopoietic cells.101 In this study, lentiviral vectors exhibited approximately 200-fold lower 
transforming potential compared to the conventional γ-retroviral vectors. In an effort to shield cellular chromatin in the vicinity 
of the sites of chromosomal integration from enhancer effects brought upon by the vector, the cHS4 insulator was included,102 
showing that a further twofold reduction in transforming activity was observed when the LCR elements were flanked by this 
element. However, the failure to control genomic insertion still remains the main vulnerability of gene therapy.

12.7  PHENOTYPIC VARIABILITY AND GENE TRANSFER IN PATIENTS AFFECTED  
BY HEMOGLOBINOPATHIES

An additional concern associated with the attempt to cure hemoglobinopathies by gene transfer is the phenotypic variability 
of patients affected by hemoglobinopathies. The two major categories of the inherited hemoglobin disorders are structural 
hemoglobin variants and the thalassemia syndromes. The structural hemoglobin variants result primarily from amino acid 
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substitutions in α- or β-globin chains.103 The most widespread variants are associated with missense mutations, and the 
main structural changes are classified as HbS, HbC, and HbE.103 In contrast, thalassemias are characterized by almost 300 
mutations. An updated list of these mutations is accessible at the Globin Gene Server Website: http://globin.cse.psu.edu. 
Furthermore, the phenotype of the patients affected by hemoglobinopathies can be profoundly affected by the presence of 
modifiers. A major modifier of severity in both β-globin-associated hemoglobinopathies is the reduced or increased number 
of α-globin genes. Additionally, mutations and/or allelic variants associated with increased fetal hemoglobin expression 
can dramatically ameliorate these disorders.104 In fact, patients with the same set of pathogenic globin mutations can have 
dramatically variable clinical courses based on modifier conditions.105

The vast majority of β-thalassemias are caused by point mutations within the gene or within its immediate flanking 
sequences, and are classified according to the mechanism by which they affect gene regulation: transcription, RNA 
processing, and mRNA translation.103 Some transcription mutations involve either the conserved DNA sequences 
that form the β-globin promoter (−80T > A) or the stretch of 50 nucleotides in the 5′UTR. Generally, they result 
in a mild-to-minimal deficit of β-globin output and can be phenotypically silent carriers (Figure 12.3). An addi-
tional set of mutations introduces premature termination codons (PTCs) because of frameshift or nonsense muta-
tions, and nearly all terminate within exon one or two. Mutations that result in PTCs are typically associated with 
minimal steady-state levels of β-mRNA in erythroid cells; this occurs because of rapid degradation of the mutant 
mRNA by nonsense-mediated mRNA decay (NMD) (Figure 12.3).106–108 One of the most prevalent mutations in 
Western Mediterranean populations is the PTC at base 118 (C > T), which historically was named β0-39 because 
it introduces a PTC in codon 39 (Figure 12.3). In heterozygotes, no β-chain is produced from the mutant allele, 
but activity from the normal allele is sufficient to result in a typical asymptomatic phenotype.104,109,110 Another 
subset of mutations abolishes or limits the use of the proper splice sites or creates novel aberrant cryptic splice 
sites. All these mutations lead to unspliced or improperly spliced products with varying severities of phenotype. 
When the mutations involve the invariant dinucleotides at the splice junctions (GT at 5′ and AG at 3′), normal splic-
ing is completely abolished (IVS1-5; Figure 12.3). Other mutations within the splice consensus sequences only 
reduce the efficiency of normal splicing and produce phenotypes that range from mild to severe (IVS1-110 and 
IVS2-654; Figure 12.3). Furthermore, mutations that produce PTCs later in the β-globin sequence are not sub-
jected to NMD and result in amounts of mutant β-mRNAs comparable to those from the normal allele (β0-121;  
Figure 12.3).111 Heterozygotes for such late termination mutations tend to have a much more severe phenotype.  
Frequently, these aberrant mRNAs are stable, can be identified in patients, and can generate abnormal β-globin  
proteins leading to dominant forms of β-thalassemia (Figure 12.3).112

As mentioned previously, several preclinical studies showed that it is possible to rescue mice with β-thalassemia by 
lentiviral-mediated β-globin gene transfer. However, the original studies in animal models of hemoglobinopathies utilized 
mice characterized by only a handful of mutations26,29–31,51–55 (Figure 12.1), while the complexity of the mutations and 
modifiers within the population of individuals affected by hemoglobinopathies is a source of great phenotypic variability. 
Therefore, some patients—based on their genetic profile and endogenous hemoglobin production—might be better can-
didates for lentiviral-based therapies than others. This is especially important in light of the intrinsic ability of the specific 
vectors used in the different clinical trials to make hemoglobin. In SCD, a further limitation of this curative approach 
through “gene addition” is the fact that the β-globin encoded by the vector must replace the mutant β-globin protein in the 

FIGURE 12.3 Structure of the human β-globin 
gene and the normal and alternative spliced 
forms for each mutant allele. Only the coding 
regions (dark boxes) and the introns (IVS, light 
boxes and lines) are indicated with their respec-
tive length. The size of the coding sequences plus 
introns is equal to 1424 bp. Circles indicate stop 
codons in the coding sequence. Aberrant mutant 
forms present PTCs due to point or frame-shift 
mutations. The effect of the mutation on β-globin 
synthesis is indicated as β0 or β+. Aberrant 
mRNA sensitive to nonsense-mediated RNA 
decay are indicated as NMD. Original figure 
from PMID: 23337292.63

http://globin.cse.psu.edu/


200 Translating Gene Therapy to the Clinic

adult hemoglobin tetramer without increasing the total amount of β-globin chains (normal + sickle) produced. Increase in 
the total amount of β-globin chains could potentially lead to a phenotype similar to that observed in α-thalassemia.

Thus, studies on the correlation between types of mutations in the β-globin gene and expression of globin from the 
unaffected gene have great potential to increase our understanding of gene expression in general and globin expression in 
thalassemia specifically. In addition, this knowledge may greatly improve the therapeutic options based on gene transfer, 
replacement, or gene correction. Based on these premises, we developed an in vitro protocol using CD34+ cells isolated 
from peripheral blood mononuclear cells (PBMCs) to predict if a patient has the potential to become transfusion-indepen-
dent with a given vector. In β-thalassemia, mutant alleles that are associated with no β-globin synthesis are classified as 
β0, while those that allow some protein synthesis are designated β+. Thalassemic patients are therefore generally classified 
as β0/0, +/0 or +/+ based on the combination of these two alleles.113 Using a wide range of samples from β0/0, β0/+, and 
β+/+ patients, we investigated the correlation between genotype, endogenous levels of hemoglobins, and VCN, with the 
phenotypic outcome.61 We used a novel lentiviral vector, AnkT9W, which carries both the human β-globin gene and the 
erythroid-specific ankyrin 5′ HS barrier insulator.114 This vector was able to maintain high yet stable levels of Hb synthesis 
in MEL cells and in β-thalassemic (th3/+) mice. Compared to β-thalassemic mice transplanted with bone marrow cells 
transduced with a vector that did not incorporate the ankyrin element (T9W), th3/+ animals treated with AnkT9W showed 
a greater improvement in Hb synthesis and hematological parameters.61 Using 30 mL of blood, we developed a protocol 
for evaluating the correlation between the VCN of AnkT9W, the number of β-globin mRNA molecules, and the level of 
Hb synthesis in PBMC-derived human CD34+ and erythroid progenitor cells, following in vitro β-globin gene transfer and 
erythroid differentiation. Another goal of this study was to identify an in vitro protocol that could predict correction of both 
the thalassemic and SCD phenotype in a large pool of patient samples. In this regard, AnkT9W increased the synthesis of 
β-globin protein in most thalassemic and SCD specimens to levels comparable to those observed in carriers and control 
samples. However, after treatment, a subset of thalassemic samples, mostly β0/0, exhibited the lowest amount of total 
HbA (transgenic and endogenous). In contrast, β0/+ and β+/+ benefitted from the expression of the endogenous HbA and 
reached curative levels at lower VCNs.

Overall, these results indicate three major endpoints. First, β0/0 specimens, which exhibited the lowest level of β-globin 
chain synthesis, required higher amounts of vector to reach therapeutic levels of Hb, compared to specimens from β0/+ 
and β+/+ patients. For this reason, patients should be carefully investigated to determine if they would be good candidates 
for a clinical trial based on this approach, especially if the level of gene transfer achieved might not be sufficient. Second, 
when adding transgenic β-globin into SCD HSCs, there is a concern that after gene transfer, the total amount of β-chains 
(sickle + normal) might exceed the amount of α-chains, leading to an α-thalassemia-like phenotype. However, recent data 
from Khandros and colleagues indicate that erythroid cells are equipped with a series of protein quality control responses 
that can eliminate, to a certain extent, the excess of α-chains produced in β-thalassemia.115 In fact, in SCD specimens, the 
treatment with AnkT9W was able to correct the phenotype by modifying the proportion of sickling versus functional Hb, 
without changing the overall Hb content, suggesting that a moderate excess of globin chains might be tolerated and elimi-
nated efficiently by the erythroid cells.61 Third, irrespective of the β-globin mutations, additional mechanisms potentially 
associated with genetic modifiers may contribute to the variability observed following gene transfer. Considering these 
points, we recommend that analysis of erythroid progenitors transduced with different amounts of lentiviral vectors could 
be extremely useful for testing the potential of each lentiviral construct prior to myeloablation and transplant.

12.8  FUTURE PERSPECTIVES

Lentiviral vectors are currently utilized in clinical trials; however, the fact that they integrate semirandomly throughout the 
genome is associated with several drawbacks. The expression of the transgene can be influenced by activating or repressing 
elements flanking the integration site, leading to expression variegation or silencing.116 Some insertions may disrupt genes 
or perturb their transcription, altering cycle and survival of the transduced cell, and eventually leading to cancer.117–119

12.8.1  Safe Harbors and Homologous Recombination

Site-specific integration may limit the risks associated with lentiviral vectors and help achieve safe and uniform gene 
expression. Integrase-defective lentiviral (IDLV) or nonintegrating lentiviral vectors that carry a mutant integrase are under 
development to facilitate such a task.120–122 Following reverse transcription, the DNA from these vectors does not integrate 
into the host genome, but forms episomal circles. The approach consists in generating two IDLV vectors. One vector car-
ries the sequences to target a specific genomic region by homologous recombination (HR),122 and the second IDLV vector 
expresses zinc finger nucleases that are target-specific endonucleases and induce site-specific DNA double-strand breaks, 
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facilitating HR. With this approach, in principle, a curative sequence could be utilized to target specific mutant genes to 
achieve gene correction or for gene insertion into safe harbors.122 Safe harbors are genomic regions in which a transgene, 
following integration, exhibits elevated and stable expression in different cell types or tissues, does not show position effect 
variegation, and does not disrupt coding or regulatory sequences due to the integration. Lombardo and colleagues identified 
one such safe harbor in the AAVS1 genomic locus of human cells.123 The same group also demonstrated that this approach 
can be utilized to generate genetically modified stem cells and human lymphocytes.123,124

12.8.2  Gene Transfer in iPS Cells

Somatic cells reprogrammed to iPSCs might also provide a possible new approach to treat β-thalassemia and SCD.19 Cur-
rently, robust generation of iPSCs requires the introduction and integration of genes encoding the transcriptional factors 
OCT3/4, SOX2 with either KLF4 and c-MYC or NANOG and LIN28.125–127 Recently, iPSCs with a single viral integration 
were generated by transduction with a single lentiviral vector (STEMCCA) expressing a stem cell cassette composed of the 
four transcription factors (OCT4, KLF4, SOX2, and c-MYC) and a combination of self-splicing peptides and internal ribo-
some entry site technology.128,129 iPSCs generated in this manner display embryonic stem cell-like morphology, express 
embryonic stem cell markers, and exhibit in vivo pluripotency, as evidenced by their ability to form all three germ layers in 
teratoma assays and their robust contribution to mouse chimeras.

Chou and colleagues investigated epigenetic and gene expression signatures of multiple cell types such as fibroblasts 
and blood cells.130 Their analysis suggested that newborn cord blood and adult PBMCs display unique signatures that are 
closer to iPSCs and human embryonic stem cells than age-matched fibroblasts, thus making PBMCs an easy and attractive 
cell choice for the generation of iPSCs. They generated iPSCs from unfractionated blood cells using two episomal vec-
tors expressing the reprogramming factors and the SV40 Large T antigen. With this approach, they were able to generate 
between three and 12 iPSCs from 2 × 106 PBMCs. Ye and coworkers have shown that iPSCs can be generated from cells 
derived from skin fibroblasts, amniotic fluid, or chorionic villus sampling of patients with β-thalassemia, and these iPSCs 
can subsequently be differentiated into hematopoietic cells that synthesize hemoglobin.19

To minimize the oncogenic potential as a result of the presence of these transcriptional factors and random integrations, 
several precautions can be taken. Lentiviral vectors can be used to generate iPSCs and add therapeutic β-globin at the 
same time. Once the reprogramming has occurred, the genes encoding for the iPSC transcriptional factors can be excised 
from the cells, minimizing their role in potential future oncogenic events. Alternatively, iPSCs can be generated with epi-
somes,131 nonintegrating viruses, synthetic RNA, or proteins, as reviewed by Yanamaka’s group.132 Moreover, iPSCs can 
be analyzed to identify whether the β-globin gene integration events occurred in safe harbors within the genome.133 Safe 
harbors can be identified based on insertion site. A safe harbor is typically considered to be more than 50–100 kb away 
from regions transcribing microRNAs, coding gene regions, and ultraconserved regions. Analysis of iPSCs infected with 
lentiviruses has demonstrated that ∼10% of integrations occur in safe harbors. This analysis can include monitoring of the 
expression of genes in cis to the integration sites, to evaluate whether their regulation has been altered. Clones without 
insertional mutagenesis can be selected for high levels of transgene expression. However, this approach still relies heavily 
on cellular manipulation and random integrations. Furthermore, in SCD patients, this approach does not eliminate the issue 
of overproducing β-globin chains (therapeutic + sickle).

In another method, patient iPSCs could be corrected by HR techniques. This strategy has several potential advantages 
over conventional gene therapy because it avoids the risk of insertional mutagenesis by therapeutic vectors, and maintains 
β-globin expression by endogenous control elements rather than a constitutive promoter. The Kan and Townes laboratories 
utilized HR to correct mutations and generate iPSCs from, respectively, a β-thalassemic patient and sickle cell mice.18,134 
Using a humanized SCD mouse model, Jaenisch’s laboratory demonstrated that mice can be rescued after transplantation 
with hematopoietic progenitors obtained in vitro from autologous iPSCs. This was achieved after correction of the human 
sickle hemoglobin allele by gene-specific targeting.17 Further proof of principle that the β-globin gene can be repaired in 
human iPSCs was provided by two additional groups.135,136 They achieved correction of the β-globin gene by HR in iPSCs 
derived from an SCD patient using β-globin zinc finger nucleases engineered to specifically stimulate HR at the β-globin 
locus. In 2008, Howden and colleagues used bacterial artificial chromosomes and components from adeno-associated virus 
to preferentially insert β-globin into the AAVS1 in K562 cells.137 Of the 36 insertion sites analyzed, only six of them (17%) 
occurred in AAVS1, and five out of those six were intact and functional.

Therefore, development of iPSCs technology combined with safe harbors or homologous recombination might represent 
a safer approach for the cure of hemoglobinopathies than traditional gene therapy. However, limitations with this approach 
are associated with the observations that red cell-derived iPSCs have limited ability to express adult Hb or home to the bone 
marrow. These are important problems that will need to be solved before the strategy can be utilized for therapeutic purposes.



202 Translating Gene Therapy to the Clinic

12.9  CONCLUSION

Treatments for hemoglobinopathies have developed greatly over the years, with clinical trials now a possibility. The field 
has evolved from oncoretroviral vectors to third-generation lentiviral vectors to in situ genetic correction. Preclinical stud-
ies have examined many different types of genetic elements to increase transgene expression, increase viral titer, and  
indirectly increase β-globin expression. However, insertional oncogenesis, high and stable transgenic β-globin expression, 
and phenotypic variance across multiple patients are issues that still need to be addressed in preclinical and clinical settings. 
As our understanding of the β-globin locus, genetic regulation, and the hematopoietic system evolves, new treatments that 
can overcome some of these issues will also evolve.
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Chapter 13

Hemophilia Gene Therapy
Christopher E. Walsh
Icahn School of Medicine at Mount Sinai, New York City, NY, USA

LIST OF ABBREVIATIONS
AAV Adeno-associated viral vector
FVIII Factor VIII
Hu FIX Human factor IX
ITR Inverted terminal repeats
MPS Mucopolysaccharidosis
rAAV Recombinant adeno-associated viral vector

13.1  INTRODUCTION

Genetic therapy for bleeding disorders has been achieved. Current and future work will focus on improving outcomes 
(coagulation factor levels) while limiting toxicities (viral mediated immune responses). The application of vector and other 
genetic technologies for widespread use is at hand via pharmaceutical corporations. This now signifies that gene transfer 
has matured as a viable therapeutic option for hemophilia patients.

13.2  HEMOPHILIA B GENE TRANSFER

Treatment of hemophilia B via gene therapy has always been considered the “low hanging fruit” of the inherited bleeding dis-
orders. Patients with factor IX (FIX) deficiency manifest the disease with spontaneous joint and soft tissue bleeding. Severely 
affected patients (<1% FIX activity) may bleed on the average of 1–2 times a week if not treated, while mild patients (>5%) 
rarely bleed spontaneously. Prophylactic infusions of FIX are required 1–2 times a weeks to prevent bleeding. Converting a 
“severe” (<1%) to a “mild” phenotype (>5% activity) patient would effectively prevent spontaneous bleeding. Higher factor 
levels (approaching 50%) would effectively make the bleeding risk the same as that for a normal individual. Human factor IX 
(Hu FIX) cDNA is small (<1 kb) and requires no regulatory elements to guide its production. The only requirements are proper 
post-translational protein glycosylation and carboxylation that can be performed by most cell types. Several viral vectors have 
been tested with success in in vitro and animal models but were not effective in clinical trials. The recent demonstration of mea-
surable FIX activity in six FIX patients has been described and is the first successful gene therapy trial in hemophilia patients.1 
This represents the culmination of decades of research as we described elsewhere.2 Given the success of the recombinant adeno-
associated viral vector (rAAV) in this successful trial, this review will focus on improvements made in rAAV production, capsid 
tropism, and packaging. Based on the success of this vector, several commercial groups are now supporting new hemophilia B 
gene therapy trials using AAV.

At the same time these gene therapy studies were published, a protein-based approach for treatment of hemophilia 
received a significant boost with the development of several long-acting FIX (LA-FIX). Current recombinant FIX has 
a half-life of ∼18–24 h; new long-acting FIX has a half-life of 80–90 h. Alprolix (Biogen-Idec), the first in its class, was 
recently approved in Europe, Canada, and the United States for prophylaxis in FIX patients. The approvals were based on 
data supplied in a recent publication3 where linking Hu FIX to a dimeric Fc fusion protein led to a fivefold extension of the 
FIX half-life. This new product now requires an intravenous infusion of factor once every 1 or 2 weeks rather than 1–2 times 
a week (as used currently) all while maintaining trough factor levels at 10–30%. In contrast, the successful gene therapy 
approach requires a single intravenous infusion of virus while maintaining blood levels of Hu FIX at 2–6%. The reduction 
of intravenous infusions using a gene transfer approach is a milestone. Yet despite great interest and education about gene 
therapy, patients are slow to enter gene therapy clinical trials. This reticence probably reflects an understandable caution 
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about a new technology and concerns for short- and long-term side effects. It may also reflect the fact that patients may 
be willing to trade convenience (1 dose per year vs 52 doses per year) for higher factor levels. Thus, conventional protein 
therapy via new extended half-life Hu FIXs has raised the bar for FIX gene therapy to achieve and surpass.

13.2.1  Adeno-Associated Viral Vector

AAV as a viral vector has been reviewed many times;4 however, the salient features of the virus are those of safety and sim-
plicity. Wild-type AAV has not been associated with any significant human disease (although one could argue if in fact this 
has been studied thoroughly). At the core, this feature of safety is the driving force for the use of this vector. To date, there 
have been few studies demonstrating a pathological effect in humans related to a wild-type AAV infection; yet, ∼30–40% 
of individuals have neutralizing AAV antibodies.5,6 Development of liver tumors in a mucopolysaccharidosis (MPS) mouse 
model has been directly attributed to rAAV vector integration found within the tumor.7,8 The use of AAV is also technically 
simple. The virus is so sparingly constructed that the wild-type virus requires another virus (adenovirus, herpesvirus) to 
supply the necessary genetic elements for its own replication. The vast majority of viral genomes do not integrate into host 
cell DNA.8 Finally, the wild-type virus, when it does integrate, can preferentially integrate into specific areas of the genome 
termed AAVS1.5 The AAV genome encodes ∼4700 nucleotides consisting of one open reading frame that encodes for rep-
lication (Rep) and capsid (Cap) proteins. The virus possesses two palindromic ends or inverted terminal repeats; at least 
one is required for viral replication. Modification of the endonuclease binding site that allows for second-strand synthesis 
required for replication has been skillfully used to generate a double-stranded form that can be packaged by the virus at 
roughly half the wild-type size.9,10 This double-stranded or self-complementary (scAAV) form when used as a vector should 
be more efficient for transgene expression as it bypasses the need for conversion of a single-to-double stranded form.11

Viral tropism is a well-established phenomenon based largely on the capacity of the virus to select particular cells for 
infection and replication. This is in part mediated via virus-specific receptors located on the cell membrane. AAV tropism 
has been reviewed12–15 where different serotypes (capsids) can exhibit vast differences in the cell type infected. This can be 
achieved with small changes in the capsid structure.

Serotype infectivity in tissue culture cells may differ dramatically when used in vivo. Tropism does also differ in dif-
ferent animals (mouse, canine, primate) making preclinical assessment of vectors extremely difficult when deciding what 
serotype to use for human clinical trials. This simple virus can be easily modified in terms of its transgene (codon optimiza-
tion, introduction of mutations/polymorphisms, scAAV transgene), transgene expression cassette (promoter/enhancer and 
poly(A) motifs), and most importantly, the capsid components that determine tropism; all these changes have been incor-
porated to successfully express a clinically relevant Hu FIX protein in a human being (Figure 13.1).

A major challenge that still faces this vector is its extremely poor infectivity; the number of vector particles (genomes) 
required to infect a cell is on the order of 103−4 genomes/cell. This balance between rAAV low infectivity, which requires 
relatively massive numbers of genomes (∼1012/kg body weight), and induction of virus inflammatory and immune responses 
may have led to early unsuccessful gene therapy trials.16,17

13.2.2  AAV and Hemophilia B

The first successful rAAV Hu FIX trial incorporated changes such as the use of AAV8 serotype, codon optimization, and the 
use of an scAAV genome. Despite the vector changes, a dose of >1012 vg/kg still induced an immune response. Although 
investigators can mitigate the immune response with immunosuppressive agents, this may not be well received by a patient 
group who were savaged by two deadly viruses (hepatitis C and HIV).

Now that the field has matured to a point where the time and effort of a gene therapy trial may bear fruit, new challenges 
arise in terms of improving the vector infectivity efficiency as well as manufacturing and validation of recombinant virus 
for large scale clinical use.

13.2.3  Current AAV FIX Trials

At least three AAV trials are ongoing in the United States. All are FDA-approved Phase I/II trials performed using vector dose 
escalation. The ongoing trial performed at St Jude’s Research Hospital and London University Hospital was successful.1 Inves-
tigators used an AAV serotype 8 vector that contained a codon-optimized human FIX cDNA and an scAAV backbone. Six 
patients were initially reported receiving the vector in a dose-escalating fashion. At low dose (2 × 1010 vg/kg) circulating FIX was 
detected at 1–2% levels (studies were performed in patients with <1% FIX levels). However, at high vector dose (2 × 1012 vg/kg) 
∼10–12% FIX was measured before immune-mediated hepatitis developed 2 months after vector infusion. A coincident drop in 
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FIGURE 13.1 Improvement in AAV vector technology. Use and generation of novel serotypes (a) facilitate enhanced gene transfer (b) where staining 
for Hu FIX transgene expression is measured in mouse livers harvested months after intravenous injection (unpublished data). FIX expression in liver after 
infusion of AAV-hFIX serotype vectors, panel A: AAV 1-hFIX; panel B: AAV2-hFIX; panel C: AAV3-hFIX; panel D: AAV4-hFIX; panel E: AAV5-hFIX; 
panel F: AAV7-hFIX; panel G: AAV8-hFIX; panel H: control mouse liver; panel I: H/E staining of AAV8-hFIX liver; panel J: H/E staining of control 
mouse liver. AAV, adeno-associated viral vector; ITR, inverted terminal repeats.

FIX occurred with rising transaminase levels and was blunted by administration of corticosteroids. Patients maintained FIX levels 
of ∼6% and have maintained these levels now 2–3 years later. Additional patients have received vector and this protocol continues.

Another trial initiated by the Children’s Hospital of Philadelphia uses a conventional double-strand AAV8 vector and 
a robust promoter/enhancer element (www.clinicaltrials.gov, NCT 01620801). Patients have enrolled receiving a low dose 
vector (no data available).

The third trial builds on the success of the first trial (www.clinicaltrials.gov, NCT 01687608). The vector is nearly iden-
tical to the St Jude’s vector (FIX codon-optimized, etc.), except that the human FIX cDNA has a gain-of-function mutation 
at amino acid position 338 that resides in the active site of the protein. The Padua mutation18 was described in a child with 
FIX levels at 800–900% and diagnosed with thromboembolic disease. The mother was phenotypically normal with FIX of 

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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200–300%. This mutation had previously been identified by mutational assessment of Hu FIX and when compared to native 
FIX has five- to eightfold greater activity.19–21 This trial has enrolled patients; however, no data are available.

13.3  AAV AND HEMOPHILIA A

Successful gene therapy will likely revolutionize treatment for hemophilia A or factor VIII (FVIII) deficiency. Patients defi-
cient in FVIII constitute 80% of all hemophilia patients.22 The requirements for successful gene transfer include persistent 
expression of therapeutic levels of FVIII, lack of significant toxicity to the gene transfer vehicle (vector), and lack of host 
immune response to the normal factor VIII/IX and vector proteins. Gene therapy for FVIII poses several problems because 
of the large size of the FVIII gene.

13.3.1  Hemophilia A (Factor VIII Deficiency)

Similar to factor IX deficiency, factor VIII deficiency is a sex-linked recessive disorder manifested as frequent spontaneous 
intraarticular joint and soft tissue bleeding episodes.23 The severity of the disease is directly related to the amount of func-
tional circulating plasma levels of factor VIII. Patients with less than 1% of normal FVIII activity levels have phenotypi-
cally severe disease with frequent bleeding episodes that require treatment with either plasma-derived or recombinant factor 
products. Patients with mild disease maintain 5–30% of normal factor levels and typically have few spontaneous bleeding 
episodes, but are still at risk for trauma-induced bleeding. The majority of hemophilia A patients have <1% of FVIII and 
bleed spontaneously unless they receive treatment. Chronic intraarticular bleeding leads to arthropathy and eventual joint 
loss. Studies demonstrate that prophylactic factor infusion regimens have a dramatic effect on reducing the rate and sever-
ity of joint bleeding,24–26 but prophylactic treatment is extremely expensive ($100–300,000 per year in the United States), 
requiring multiweek intravenous infusions. Currently, treatment with plasma-purified or recombinant protein at the time of 
bleeding is the standard of care. Thus, the goal for FVIII gene transfer is sustained long-term factor production at levels of 
>5%. This level would effectively convert severely affected patients to a milder phenotype. Treatment strategies that can 
produce constant levels approaching 50% would be considered curative. Extended half-life Hu FVIII is being tested; how-
ever, despite the different approaches used, all seem to be limited to 1.5× half-life extension. Unlike the Hu FIX extended 
products, these products still require one to two intravenous infusions per week.

13.3.2  Hemophilia A Gene Transfer Using AAV

FIX cDNA is ∼0.9 kb in length and a perfect candidate gene to test in human subjects. However, the full-length FVIII 
cDNA (full-length FVIII is 9 kb) cannot fit within AAV. Experiments by Dong et al. demonstrated that the packaging of 
a cDNA in AAV was a function of size.27 Efficient packaging of rAAV occurs when the transgene is close to 4.7 kb, the 
length of the wild-type AAV genome. Although larger transgenes can be packaged at >105% of wild-type size, the titer of 
rAAV is reported to fall by several logs. The FVIII B domain is encoded by a single ∼3 kb exon and was found dispensable 
for FVIII procoagulation activity.28 Chao et al.29 demonstrated that by using a small viral promoter element, a B-domain-
deleted FVIII (BDD FVIII, 4.4 kb) could be packaged in AAV. FVIII expression was modest. We later used small promoter 
cassettes that yield ∼40–80% activity in FVIII KO mice (unpublished). Sarkar et al.30,31 demonstrated long-term murine/
canine FVIII gene expression in hemophilic mice and dogs, respectively, using transgene cassettes ∼5.2–5.5 kb. Although 
there is a discrete packaging limitation of AAV with optimum packing near wild-type transgene size, larger than wild-type 
size vectors with deleted portions of the transgene can recombine yielding a full-length transgene.32 Other groups have 
extended the size of BDD FVIII constructs using larger promoter/enhancer cassettes with reasonable FVIII levels; however, 
the viral dose used to obtain these results would preclude their use in human subjects (Table 13.1). Table 13.1 summarizes 
the results of several groups using AAV for FVIII gene transfer. Two approaches for rAAV FVIII gene transfer use either 
a single vector or two vectors, each carrying the heavy or light FVIII chain. To date, the amount of vector used in animal 
models, hemophilic mice and canines, would greatly exceed the amount of vector employed in three human subjects in each 
of which an immune response to the vector was observed.1,17 It is important to note that canine FVIII cDNA has four- to 
eightfold higher expression compared with human FVIII; the reason is unknown.

13.3.3  Gene Repair/Gene Editing

Given the size limitation of the FVIII cDNA, several groups have attempted a gene correction approach rather than a gene 
insertion approach. We demonstrated the use of gene correction via RNA repair.40,41 Alternatively, small base changes can 
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be affected by the use of zinc-finger proteins (ZFN),42 TALENS,40 or CRISPR43,44 elements, all designed to cleave specific 
DNA sequences that are subsequently repaired with wild-type sequence.45

13.4  rAAV DOSE AND THE IMMUNE RESPONSE

It is a given that a human host given sufficient viral genomes (functional viral particles) will infect cells and produce a 
transgene product (in this case human FIX), which prevents spontaneous joint bleeding. It is a given that humans tend to 
develop clinical immune responses when the vg delivered intravenously is on the order of 1012/kg (in an average 100 kg 
human that is equivalent to 1014 vg/5 L or 2 × 1010 vg/mL blood). In acute viral infections (hepatitis, HIV, etc.) patients with 
a high viral load would require a viral dose on the order of 105–6 virions/mL. Thus, we are introducing artificially 104–5 
fold more virions in the rAAV gene therapy trials when compared to wild-type infectious viruses. It is no surprise that an 
immune response is elicited; more amazing is the fact that the response is relatively circumscribed and patients have no 
systemic effects. This all stems from the relative inefficiency of rAAV gene transduction. This again reinforces the original 
notion that AAV is intrinsically safer than other viruses, but that it is terribly inefficient at producing the desired protein 
product.

Experimental options abound with studies to block or blunt the development of rAAV neutralizing antibodies46 to the 
transgene factor as well as block the immune response to the vector capsid proteins.47 Manipulation of CpG motifs in the 
transgene cassette may also reduce immune responses to the infected cells.48 Vector production and manufacturing will 
undoubtedly improve to ensure that those homogeneous functional recombinant virions are only produced. Most research 
lab-based AAV preparations are rarely tested for consistency/reliability and uniformity. That is no longer acceptable. The 
ratio of intact virions to nonfunctional or “empty capsids” may vary significantly.12 Column purification with specific anti-
bodies to purify functional particles is now required to further enrich for patient-quality vector. The removal of significant 
defective particles thus enriches in vivo infectivity while reducing the vector dose and potential for immune activation. A 

TABLE 13.1 AAV Vectors for Use in Hemophilia A (FVIII Deficiency)

AAV Vector Dose Animal Species Tested FVIII Activity Level (%) References

AAV2 canine FVIII 1010–11 vg/animal NOD-scid mice 27 33

Dimerized AAV2 human 
BDD FVIII

1011 vg/animal FVIII KO mice 2 34

AAV2 canine FVIII single 
vector

6 × 1012 vg/animal FVIII KO dog 2.8 35

AAV2 canine FVIII, dual 
heavy and light chain

1 × 1010 vg/animal
3 × 1011 vg/animal
9 × 1011 vg/animal

FVIII KO mice 5
200
400

35

AAV8 canine FVIII 1011 vg/animal FVIII KO mice 100 30

AAV8 canine FVIII
AAV9 canine FVIII

1 × 1013 vg/kg
6 × 1012 vg/kg

FVIII KO dogs
FVIII KO dogs

4.5
2.5

31

AAV8 dual vector; human 
BDD heavy and light chain

5 × 1011 vg/animal FVIII KO mice 80 36

AAV8 canine  
FVIII + bortezomide

3 × 1010 vg/animal
1013 vg/kg

FVIII KO mice
FVIII KO dogs

25–150 + bor
0.5–3.8 + bor

37

AAV8 canine FVIII single 
chain
AAV8 canine FVIII heavy and 
light chain
AAV9 canine FVIII heavy and 
light chain

4 × 1013 vg/kg
2 × 1013 vg/kg
1 × 1013 vg/vg
6 × 1012 vg/vg
1 × 1013 vg/vg
6 × 1012 vg/vg

FVIII KO dogs
FVIII KO dogs
FVIII KO dogs
FVIII KO dogs
FVIII KO dogs
FVIII KO dogs

3–9
1–3
8
2
3–15
2

38

AAV8 huFVIII BDD (opt) 2 × 1012 vg/kg FVIII KO mice
Nonhuman primate

730
15

39
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10-fold enrichment using a vector with a 10-fold increase in activity should produce significant FIX levels. Conversely, the 
addition of empty virions may bind neutralizing rAAV antibodies, thus facilitating AAV infectivity.47

13.5  AAV-MEDIATED TRANSFER LASTS A LONG TIME

The majority of AAV when analyzed in animal models remains largely extrachromosomal.13 The reasons for this are not 
well understood. This has been touted as another inherent safety feature—i.e., unlike retroviral vectors, nonintegrated 
genomes cannot cause tumors. However, a small percentage of rAAV vector DNA is incorporated within cellular genomes.8 
Vector genomes tend to associate at active areas in the chromatin near the promoter regions of coding genes.49,50 To date, a 
paper has cited the relationship of tumor development in livers of MPS mice after delivery of rAAV virus.7 Genomic analy-
sis of patients who received rAAV vectors found DNA at muscle injection sites nearly a decade later.51 Our own experience 
confirmed long-lasting FIX gene expression in hemophilic dogs (>8 years) (unpublished).

13.6  SUMMARY

Genetic correction of the hemophilias has been achieved in a few patients. Improvements in vector technology, vector 
production, and an understanding of host immune responses have facilitated positive outcomes in patients. This in turn has 
spurred interest in hemophilia gene therapy by investigators and the private sector. In addition to transfer of cDNAs, new 
methods for gene editing and repair may provide alternative methods for gene correction.
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LIST OF ABBREVIATIONS
AAV Adeno-associated virus
AC6 Adenylyl cyclase 6
α-MHC α-Myosin heavy chain
βAR β-Adrenergic receptor
βARKct Carboxyl-terminus of β-adrenergic receptor kinase
CBA Chicken β-actin
CHF Congestive heart failure
CMV Cytomegalovirus
EC coupling Excitation-contraction coupling
EF1α Elongation factor 1α
EMA European Medicines Agency
FDA Food and Drug Administration
GRK2 G-protein-coupled receptor kinase 2 (aka β-adrenergic receptor kinase)
IC Intracoronary
IGF-I Insulin growth factor I
IND Investigational new drug
IV Intravenous
LAD Left anterior descending
LCx Left circumflex
LV Left ventricular
MI Myocardial infarction
MLC-2v Ventricular myosin light chain 2
MMP Matrix metalloproteinase
mTOR Mammalian target of rapamycin
RCA Right coronary artery
RSV Rous sarcoma virus
scAAV Self-complementary adeno-associated virus
SDF-1 Stromal cell-derived factor-1
SERCA2a Sarco(endo)plasmic reticulum Ca2+-ATPase 2a
SR Sarcoplasmic reticulum
ssAAV Single-stranded adeno-associated virus
TnT Troponin T

14.1  INTRODUCTION

Congestive heart failure (CHF) is a condition in which the heart cannot pump enough blood to meet the body’s needs, or can 
do so only at abnormally high filling pressure. It is a major public health problem with unacceptably high morbidity, mor-
tality, and economic cost. Despite advances in pharmacological, surgical, and device therapy, CHF has a 5-year mortality 
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of 50%, a prognosis worse than most cancers.1 In the United States, there are more than 300,000 deaths every year from 
CHF. The estimated number of CHF patients worldwide exceeds 23 million, and this number is projected to double by 2030.

This unmet medical need demands more effective treatment. Gene transfer has regained momentum in recent years.2 
There is no gene therapy drug on the market for CHF, but three clinical cardiac gene transfer trials for CHF are in progress. 
The focus of this chapter, which is based on a previous review,3 is to discuss selection of vector, transgene, and delivery 
methods, and to summarize recent progress in cardiac gene transfer for clinical CHF.

14.2  GENERAL CONSIDERATIONS FOR CARDIAC GENE TRANSFER

Three factors must be considered for cardiac gene transfer: (1) a therapeutic transgene that corrects cardiac defects in CHF 
while having minimal side effects; (2) a suitable vector and promoter that will ensure long-term and sufficient transgene 
expression with little toxicity and immunogenicity; and (3) a delivery method that provides effective expression and yet is 
easy and safe to deploy. In certain circumstances, regulated or cardiac-specific expression may be desirable.

Careful selection of the therapeutic transgene is a prerequisite for successful cardiac gene transfer for CHF. Cardiac 
myocyte-directed transgene expression and gene deletion studies in mice have identified key regulators of cardiac function. 
Many of these regulators are deficient or dysfunctional in CHF. Cardiac gene transfer, by increasing expression of pivotal 
regulators of cardiac function, provides new potential treatments for CHF. In addition, cardiac gene transfer can also intro-
duce dominant negative transgenes to counteract overly active regulators and reduce harmful cardiac effects. Understanding 
mechanisms by which specific transgenes improve function of the failing heart will not only expand therapeutic potential 
but also provide useful insight into cardiac function. Careful selection of vector and delivery method is critical to provide 
high yield transgene expression.

14.3  CANDIDATES FOR CHF GENE TRANSFER

CHF is associated with several cell-signaling pathways that are dysfunctional. Consequently, several potential therapeutic 
targets have been identified. We will summarize only those strategies that have proven to be effective in preclinical studies 
and have advanced or may soon advance to clinical CHF trials (Table 14.1). It is not surprising that many potential candi-
dates influence β-adrenergic receptor (βAR) signaling and Ca2+ handling (Figure 14.1).

TABLE 14.1 Clinical Trials Using Cardiac Gene Transfer for Congestive Heart Failure

Transgene SDF-1 SDF-1 SERCA2a SERCA2a AC6

Trial Identifier NCT01082094 NCT01643590 NCT00454818 NCT01643330 NCT00787059

Phase 1 2 1 and 2 2 1/2

Vector Plasmid Plasmid AAV1 AAV1 Adenovirus

Delivery 
Method

Endomyocardial 
injection

Endomyocardial 
injection

Intracoronary injection Intracoronary  
injection

Intracoronary 
injection

Enrollment 17 90 39 200 56

Sample Size 5-mg dose: 4
15-mg dose: 6
30-mg dose: 7

Placebo: 30
15-mg dose: 30
30-mg dose: 30

Placebo: 14
Low dose: 8
Middle dose: 8
High dose: 9

Placebo: 100
Treatment: 100

Placebo: 12
Treatment: 42 (in 
5 doses)

Design Open label Randomized
Double-blind
Placebo-controlled

Randomized
Double-blind
Placebo-controlled

Randomized
Double-blind
Placebo-controlled

Randomized
Double-blind
Placebo-controlled

Status Completed Recruiting Completed Recruiting Recruiting

Outcome Apparently safe
Not powered for 
efficacy

N/A Apparently safe
Not powered for 
efficacy

Pending Pending

AC6, adenylyl cyclase 6; SDF-1, stromal cell-derived factor-1; SERCA2a, sarco(endo)plasmic reticulum Ca2+-ATPase 2a.
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14.3.1  Angiogenesis and Cell Survival

14.3.1.1  SDF-1

Stromal cell-derived factor-1 (SDF-1), also known as chemokine CXCL12, activates STAT3 and Akt signaling  
pathways and protects the heart from ischemia reperfusion injury.4,5 SDF-1 appears to recruit cardiac and bone  
marrow-derived stem cells and stimulate cardiac vasculogenesis and angiogenesis in a paracrine manner.6–9 Recruited 
cardiac and bone marrow-derived stem cells, it is postulated, may differentiate into cardiac myocytes and integrate 
mechanically and electrically with existing cardiac myocytes.10,11 Expression of SDF-1 is increased in left ventricle 
samples after myocardial infarction (MI).12 However, transient increases of SDF-1 expression are not sufficient for 
tissue repair. Sustained SDF-1 expression is required to promote cell survival, angiogenesis, and stem cell mobiliza-
tion and recruitment.

A phase 1 clinical trial (NCT01082094) showed no overt safety issues associated with gene transfer of plasmid DNA 
encoding human SDF-1.13 A randomized double-blind placebo-controlled phase 2 clinical trial is underway to determine 
the efficacy of endomyocardial injection of plasmid SDF-1 in CHF (NCT01643590).

14.3.2  βAR Signaling

A hallmark of clinical CHF is impaired left ventricular (LV) βAR signaling.14 The molecular basis for impaired βAR signal-
ing includes decreased βAR density, βAR desensitization, uncoupling of βAR and Gαs, deficits in adenylyl cyclase (AC) 
expression, and subsequent defective cyclic adenosine 3′,5′-monophosphate (cAMP) production.15 Clinical use of βAR 
antagonists (beta-blockers) reduces symptoms and prolongs life somewhat in CHF.16 Correcting impaired βAR signaling 
safely has been a focus for CHF research for many years, and presents considerable challenges.

14.3.2.1  βARKct

G-protein-coupled receptor kinase 2 (GRK2) is a protein kinase that phosphorylates the βAR.15 This phosphorylation 
promotes βAR binding to β-arrestin, which in turn promotes Gαs uncoupling and attenuation of βAR signaling. β-arrestin 
binding also leads to β1AR internalization. The human failing heart is associated with increased expression and activity of 
GRK2.17 In preclinical studies, deletion of GRK2 increases survival, attenuates LV remodeling, and reduces the extent of 
CHF after MI.18

Carboxyl-terminus of β-adrenergic receptor kinase (βARKct) was engineered to block GRK2 membrane translocation 
and activation. Expression of βARKct after virus-mediated gene transfer increases βAR density, cAMP production, and 
LV contractile function in MI-induced CHF in rats, rabbits, and pigs.19–21 βARKct expression in cardiac myocytes from 
failing human hearts also increases cAMP production, cell shortening, and relaxation22 and appears to work well with βAR 
antagonists.21,23

FIGURE 14.1 Schematic representation of β-adrenergic receptor 
(βAR) signaling and Ca2+ handling. Sarco(endo)plasmic reticulum Ca2+-
ATPase 2a (SERCA2a) and adenylyl cyclase 6 (AC6) gene transfer are 
being tested in clinical congestive heart failure (CHF) trials. Other gene 
transfer candidates for CHF include carboxyl-terminus of β-adrenergic 
receptor kinase (βARKct) and S100A1. CSQ, calsequestrin; cTnI-P, S23,24-
phosphorylated cardiac troponin I; Gα, α subunit of GTP-binding protein; 
GRK2, G-protein-coupled receptor kinase 2; NE, norepinephrine; PLN-P, 
S16-phosphorylated phospholamban; RyR2, ryanodine receptor 2; SR,  
sarcoplasmic reticulum.
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14.3.2.2  AC6

AC is the effector molecule that links βAR stimulation with cAMP production.24–26 In the heart, it plays a pivotal role in 
LV contractile function and relaxation in response to βAR stimulation.27–30 The failing heart is associated with decreased 
expression and activity of AC6, a major AC isoform in cardiac myocytes.14,31–33 Cardiac-directed expression of AC6 in 
mice with genetically induced CHF increases LV function and prolongs life.34,35 Associated with these beneficial effects 
in the failing heart are increased cAMP generating capacity in response to βAR stimulation, normalized protein kinase 
A activity, increased phospholamban phosphorylation, and increased sarcoplasmic reticulum (SR) Ca2+ uptake.35,36 AC6 
expression is not associated with increased heart rate or development of arrhythmias in the failing heart.37 Increased LV 
AC6 expression is not associated with changes in contents of βAR, Gαs, or Gαi2.27 Deletion of AC6 is associated with 
reduced SR Ca2+ uptake and decreased LV function in response to βAR stimulation.38 In addition, AC6 expression normal-
izes prolonged action potential duration and attenuates ventricular arrhythmias.39

AC6 expression also has a pronounced favorable effect on cardiovascular function in CHF induced by MI. Although 
AC6 has no effect on infarct size, it prevents deleterious LV remodeling and reduces mortality in acute MI.40 When AC6 
expression is activated 5 weeks after MI, at which time severe CHF is evident, both LV systolic function and diastolic func-
tion are increased.41 Intracoronary delivery of adenovirus encoding AC6 increases LV function in the failing pig heart.42 
AC6 expression increases LV Ca2+ handling and LV function in aged mice, suggesting a potential role in elderly subjects 
with CHF with preserved ejection fraction.43 A phase 1/2 clinical trial is in progress to determine the safety and efficacy of 
gene transfer of adenovirus encoding AC6 (Ad5.AC6; NCT00787059).

14.3.3  Ca2+ Handling

Calcium plays a crucial role in controlling LV contraction and relaxation. During every heartbeat, Ca2+ is taken up and then 
released from SR. The failing heart is characterized by defective excitation-contraction (EC) coupling and dysfunctional 
SR Ca2+ uptake and release.44

14.3.3.1  SERCA2a

Sarco(endo)plasmic reticulum Ca2+-ATPase 2a (SERCA2a) is the Ca2+ pump responsible for cardiac SR Ca2+ uptake. CHF 
is associated with abnormal SERCA2a expression and activity.45,46 Cardiac-directed SERCA2a expression increases SR 
Ca2+ uptake and LV contractile function and relaxation.47,48 Homogeneous SERCA2a deletion is lethal. Mice with deletion 
of only one SERCA2a allele show decreased SR Ca2+ uptake and are more prone to CHF after pressure overload.49,50 These 
data suggest a role of SERCA2a in mediating Ca2+ handling and LV function.

SERCA2a gene transfer increases contractile function in vitro in cardiac myocytes isolated from CHF patients.51 In 
pressure-overloaded hearts, expression of SERCA2a by adenovirus-mediated gene transfer increases contractile function 
and relaxation in rats.52,53 SERCA2a gene transfer also increases LV function in aged hearts.54 In volume-overloaded pigs, 
adeno-associated virus (AAV)-mediated SERCA2a gene transfer attenuated LV dysfunction and remodeling.55 SERCA2a 
gene transfer shows similar beneficial effects in sheep with pacing-induced CHF.56 A small phase 1/2 clinical trial found 
no apparent safety concerns associated with SERCA2a gene transfer (NCT00454818).57 A larger clinical trial of SERCA2a 
gene transfer is in progress (NCT01643330).

14.3.3.2  S100A1

S100A1, a family member of EF-hand Ca2+-binding proteins, is expressed in cardiac myocytes.58 The subcellular loca-
tions of S100A1 include SR, mitochondria, and sarcomere. S100A1 can bind to RyR2, the SR Ca2+ release channel, and 
to SERCA2a, the SR Ca2+ uptake pump,59,60 suggesting that S100A1 is not solely a Ca2+-binding protein but also a regula-
tor of Ca2+ homeostasis in cardiac myocytes. There is evidence that ischemic cardiomyopathy is associated with reduced 
S100A1 expression.61

Cardiac-directed S100A1 expression is associated with improved Ca2+ handling, decreased deleterious LV remodeling, 
and reduced mortality after MI in mice.62 AAV-mediated gene transfer of S100A1 in CHF increases Ca2+ transients and LV 
function.63 S100A1 gene transfer also improves Ca2+ handling and contractile function in vitro in cardiac myocytes isolated 
from human failing heart.64 Recent data demonstrate that intracoronary delivery of AAV9 encoding S100A1 normalizes SR 
Ca2+ handling, attenuates LV remodeling, and increases contractile function.19

Although βARKct, AC6, SERCA2a, and S100A1 likely operate via effects on βAR and Ca2+ signaling, favorable car-
diac effects may be mediated by additional mechanisms. For example, both βARKct and AC6 expression activate Akt—a 
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kinase that promotes cell survival.65,66 S100A1 inhibits 2-deoxyglucose and oxidative stress-induced apoptosis in neonatal 
cardiac myocytes in vitro.67 SERCA2a and S100A1 appear to bind to endothelial cell nitric oxide synthase in endothelial 
cells, suggesting a role in modulating production of nitric oxide—a pivotal molecule for blood flow regulation.68,69 Further 
exploration of the underlying mechanisms may help improve the efficacy of these CHF therapeutic candidates.

14.4  VECTORS AND METHODS FOR CARDIAC GENE TRANSFER

14.4.1  Plasmid Vectors

Plasmid vectors have been used in several angiogenesis gene transfer clinical trials. They have low immunogenicity and 
appear to be relatively safe. Injection of plasmid DNA encoding SDF-1 in rats 1 month after MI was associated with 
increased LV fractional shortening.11 Virus vectors appear to be more effective than nonvirus vectors in increasing function 
of the failing heart in preclinical studies,19,41,55,70,71 and are used preferentially in gene transfer for CHF.

14.4.2  Virus Vectors

Adenovirus and AAV are the most commonly used vectors for cardiac gene transfer. Adenovirus provides reasonable gene 
transfer efficiency,72 particularly when used with mechanical or pharmaceutical adjuvants after intracoronary delivery.73 
Newer generation adenoviruses, including the so-called gutless adenovirus engineered by deleting all regions encoding 
virus proteins, may have lower immunogenicity than previous vectors.72

AAV, with an insert capacity <5 kb, provides potential long-term expression. Persistent transgene expression has been 
shown in rodents and larger animals years after a single injection of AAV.74 Although recent clinical trials have found that 
some AAV serotypes incite immune responses after intramuscular injection,75,76 other AAV vectors (AAVs 5, 6, 8 and 9) 
do not appear to have similar problems in nonhuman primates.77 Previous exposure to AAV, with subsequent generation 
of neutralizing antibodies, impairs the effectiveness of AAV vectors in cardiac gene transfer.57 Preexisting anti-AAV8 
antibodies are present in 19% of human subjects. AAV1 and AAV2 have a 50–60% prevalence of neutralizing antibodies, 
which may limit their use in clinical trials.78

New vectors have been engineered to enable increased long-term expression. Self-complementary adeno-associated 
virus (scAAV) vectors may provide more rapid and perhaps higher transgene expression than their single-stranded 
adeno-associated virus (ssAAV) analogs.79 Transgene expression using ssAAV vectors is delayed 4 weeks until the com-
plementary DNA strand is synthesized. By encoding for the complementary DNA strand within the vector, scAAV (insert 
capacity 3.3 kb), enables transgene expression in 2 weeks.79

14.4.3  Promoters

The cytomegalovirus (CMV) promoter is widely used for cardiac gene transfer. It provides strong transgene expression 
in cardiac myocytes. However, the CMV promoter is susceptible to methylation and subsequent inactivation in the liver 
and skeletal muscle.80,81 Rous sarcoma virus (RSV), chicken β-actin (CBA), and elongation factor 1α (EF1α) provide less 
robust transgene expression in cardiac myocytes, but are less susceptible to methylation. None of these promoters provides 
cardiac-specific transgene expression, though.

The α-myosin heavy chain (α-MHC) promoter is used for cardiac-directed transgene expression in transgenic mice.82 
However, it provides less robust transgene expression in virus vectors. More relevant, its size (∼5.5 kb) is over the packag-
ing capacity of AAV and prevents its use in AAV-mediated cardiac gene transfer. A 363-bp α-MHC minimal promoter has 
been identified, and a report showed that this minimal promoter directed transgene expression preferentially in the heart 
after AAV-mediated gene transfer in mice.83 More studies are needed to test tissue specificity and expression level directed 
by this promoter. A 2.1-kb fragment of the ventricular myosin light chain 2 (MLC-2v) promoter may be an option.84 A 
418 bp fragment of the chicken cardiac troponin T (TnT) promoter provides 100-fold more expression in heart than liver 
after AAV-mediated gene transfer, although expression is lower than that provided by CMV or CBA promoters.85

14.4.4  Gene Delivery Methods

Delivery methods are often determined by vector selection. For example, intravascular delivery is not suitable for lentivirus and 
plasmid DNA because these vectors are unable to cross the capillary endothelium.86 Direct intramyocardial injection appears to 
be the best delivery route for lentivirus and plasmid DNA for cardiac gene transfer. However, intramuscular injection provides 
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transgene expression limited to the area adjacent to the needle tract. Therefore, injection at multiple sites is required when using 
lentivirus and plasmid DNA, as exemplified by cardiac gene transfer of plasmid DNA encoding SDF-1.13

For adenovirus and AAV, there are four effective delivery methods for cardiac gene transfer: direct intracoronary,  
indirect intracoronary (indirect IC), intramuscular (IM), and intravenous (IV) delivery.87,88 Direct coronary delivery can be 
used in large animals, such as pigs.42 In this procedure, a coronary catheter is advanced 1 cm into the ostium of the proximal 
portion of each of the three coronary arteries: left anterior descending (LAD), left circumflex (LCx), and right coronary 
artery (RCA). Virus vectors are infused into each coronary artery in proportion to the myocardial mass they perfuse. This 
procedure is also used in SERCA2a and AC6 clinical gene transfer trials with virus vectors (Table 14.1).

In mice, the coronary arteries are too small for direct IC delivery. Indirect IC delivery, instead, has been used to deliver 
virus vectors to the left ventricle in mice and rats. In this procedure, the aorta and pulmonary arteries are cross-clamped 
and virus vectors are delivered into the LV chamber. Continued LV contraction then forces the vector into the coronary 
arteries. Because vector exposure time promotes gene transfer, hypothermia is used to prolong dwell time but circumvent 
brain injury. IC infusion of pharmacological agents including histamine,29 serotonin,89 nitroprusside,42,73 sildenafil,90 and 
substance P91 appear to increase adenovirus-mediated gene transfer efficiency. Indirect IC delivery provides greater cardiac 
transgene expression compared with IV delivery, regardless of AAV serotype.92

IM delivery of virus vectors into skeletal muscle has been used with success in a rat model of CHF.93 In this study, 
a virus vector (AAV5) encoding a gene with paracrine activity (insulin growth factor (IGF)-1) was injected into skeletal 
muscle. Serum IGF-1, synthesized and secreted from the skeletal muscle, then could influence heart function without the 
need for cardiac gene transfer. Although IM delivery is appealing because of its simplicity and relative confinement to a 
single region, it has failed in clinical trials because of immune response.75,76 It appears that newer generation AAV vec-
tors (AAVs 5, 6, 8, and 9) do not have similar problems of immune response in primates,77 but this has not been tested in 
clinical trials.

IV delivery of virus vectors (especially AAV vectors) has also been used with success in cardiac gene transfer in ani-
mals.71,94,95 AAV and adenovirus vectors are widely disseminated after vascular delivery, and expression in liver and skel-
etal muscle, two large organs, provides the possibility of substantial generation of transgenes, and ideal circumstance if the 
goal is to increase serum levels of a peptide with paracrine activity.

14.4.5  Regulated Transgene Expression

Long-term expression vectors require, for safety in clinical trials, the ability to turn off transgene expression in the event 
that untoward effects develop. Regulated expression also enables the flexibility of intermittent rather than constant trans-
gene expression. There are four regulated expression systems currently available: ecdysone, tamoxifen, tetracycline, and 
rapamycin.96–99 The size of the ecdysone system requires a two-vector strategy, and tamoxifen presents difficult to resolve 
issues with toxicity. Tetracycline and rapamycin regulation systems (Table 14.2) are better suited for regulated transgene 
expression, but have only been tested in large animal models to date.41,74,100–104

14.4.5.1  Tetracycline-Regulated Expression

The tetracycline-regulation system has been extensively studied.100,101,104 Unlike previous reverse tetracycline transactiva-
tor (rtTA) constructs, newer rtTA variants, such as rtTA2S-M2, provide robust tetracycline-dependent expression with no 

TABLE 14.2 Tetracycline versus Rapamycin Regulation

Feature Tetracycline Rapamycin

Activator Doxycycline AP22594

Basal Expression (“Leak”) Very low/none None

Linear Dose-Response Yes Yes

Activator Side Effects Low (avoid in pregnancy) Immunosuppressant

Bacteria/Virus Proteins Yes No

Used in Clinical Trials Not yet Not yet

AP22594, oral rapamycin analog with 1/100th immune suppression versus rapamycin.
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basal activity (i.e., no “leak”) and 10-fold higher sensitivity to tetracycline (maximum transgene expression activation 
at 0.1 μg/mL).28,101,104 A single daily dose of doxycycline of 10–20 mg may suffice for complete activation of transgene 
expression in human subjects.105 Doses of 200 mg per day are well tolerated by patients using oral doxycycline chronically 
for acne and chronic infections.105,106 Tetracyclines may attenuate matrix metalloproteinase (MMP) activity and affect LV 
remodeling when administered in the first few days after MI.103 In clinical settings, tetracycline should be avoided in the 
acute phase of MI.

Immune responses to components of the rtTA system did not occur when AAV4.tet and AAV5.tet gene transfer 
(intraretinal) were used in nonhuman primates,100,105 where tetracycline-dependent transgene expression persisted for 
the 2.5-year duration of the study. In our studies, inflammation was not observed in mouse hearts expressing high levels 
of rtTA28,41 or in rats after AAV5-mediated regulated expression of IGF-I using the rtTA2S-M2 regulation element.93 
Intramuscular delivery of AAV in nonhuman primates, unlike intraretinal or vascular delivery, does lead to attenuation 
of regulated expression, owing to immune responses to the bacterial and virus components of the transactivator fusion 
protein.107 The rapamycin regulation system, which does not possess bacterial or virus proteins, and is not associated 
with provocation of the immune response,74 may be a suitable alternative.

14.4.5.2  Rapamycin-Regulated Expression

In the rapamycin regulation system, transgene expression is triggered by nanomolar concentrations of rapamycin or a 
rapamycin analog, which is dose-dependent and reversible.99 Rapamycin is used clinically to suppress immune response, 
forestalls deleterious effects of aging in mice,102 and inhibits glioblastoma multiforme108 by blocking the mammalian target 
of rapamycin (mTOR) signaling pathway.109 The oral rapamycin analog AP22594, which activates transgene expression 
as effectively as rapamycin, exhibits minimal immune suppression, and does not inhibit mTOR.74,109–111 Additional pre-
clinical studies directly comparing tetracycline-regulated and rapamycin-regulated expression will be required before using 
these systems in clinical trials.

14.4.6  Alternative Methods for Cardiac Gene Transfer

Gene transfer of peptides with paracrine activities that may benefit the heart is an alternative to cardiac-targeted gene trans-
fer and may be applicable for CHF and other cardiovascular diseases. A prerequisite for this approach is the selection of a 
transgene that has cardiac effects after being released to the circulation from a distant site. We have tested this concept using 
skeletal muscle injection of AAV5 encoding IGF-I under tetracycline regulation (AAV5.IGFI-tet).93 In this study, AAV5.
IGFI-tet was injected in the anterior tibialis muscle in rats with severe CHF induced by MI. Activation of IGF-I expression 
by addition of doxycycline to the drinking water increased serum IGF-I levels and improved function of the failing heart. 
This new approach enables transgene expression at a remote site and circumvents the problem of attaining high yield car-
diac gene transfer. As mentioned previously, IV delivery may be superior to intramuscular delivery.

14.5  GENE TRANSFER CLINICAL TRIALS FOR CHF

Three candidate genes have been tested in early-phase clinical trials enrolling subjects with CHF (Table 14.1).

14.5.1  SDF-1

A phase 1 clinical trial (NCT01082094) was conducted to test the safety of plasmid DNA encoding human SDF-1.13 In this 
open-label study, 17 CHF patients with ischemic-based heart failure received one of three escalating doses of SDF-1. SDF-1 
was injected into the endocardium in peri-infarct zones using a needle catheter in a percutaneous intravascular approach. 
All 17 patients survived >28 days after SDF-1 injection, and 15 of 17 patients survived for 12 months. Endocardial injection 
of plasmid SDF-1 appeared to be safe in this small study. A randomized, double-blind, placebo-controlled phase 2 clinical 
trial is under way to determine the efficacy of SDF-1 endomyocardial injection in CHF (NCT01643590).

14.5.2  SERCA2a

A phase 1/2 clinical trial was conducted to determine the safety and efficacy of gene transfer of adenovirus encoding 
SERCA2a (SER; NCT00454818)57 in subjects with New York Heart Association class III CHF. Phase 1 enrolled nine subjects in 
a limited open-label design. Subjects (n = 3 per dose) received intracoronary AAV1 encoding SERCA2a (AAV1.SERCA2a) 
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in doses of 1.4 × 1011, 6 × 1011, or 3 × 1012 DNase-resistant particles. Phase 2 was a randomized, double-blind, placebo-
controlled study that enrolled 39 patients who received one of three doses of AAV1.SERCA2a (6 × 1011, 3 × 1012, or 1 × 1013 
DNase-resistant particles) or placebo.

The results indicated that intracoronary administration of AAV1.SERCA2a appeared to be well tolerated. However, 
the trial was insufficiently powered to determine efficacy. A larger clinical trial of SERCA2a gene transfer is in progress 
(NCT01643330).

14.5.3  AC6

A phase 1/2 clinical trial is in progress to determine the safety and efficacy of gene transfer of adenovirus-5 encoding AC6 
(Ad5.AC6; NCT00787059). In this randomized, double-blind, placebo-controlled study, a total of 56 patients will receive 
intracoronary delivery of Ad5.hAC6 or sucrose solution (placebo) in 3:1 randomization with dose escalation, starting at 
3.2 × 109 to 3.2 × 1011 virus particles in five dose groups. Randomization is expected to be completed in 2014.

14.6  CONCLUSION

Three candidate genes are being tested in clinical trials enrolling subjects with CHF (Table 14.1), including two ongoing 
clinical trials using intracoronary delivery of AAV1.SERCA2a (NCT01643330) or Ad5.AC6 (NCT00787059). Another 
trial using endocardial injection of plasmid SDF-1 (NCT01643590) is also in progress. Optimization of virus vectors, 
regulated expression systems, gene delivery methods, and identification of new therapeutic candidates is likely to result in 
translation to clinical application in the coming decade.

GLOSSARY
β-Adrenergic receptor β-Adrenergic receptor is a G protein–coupled receptor with seven transmembrane domains that transduces extracellular 

catecholamine signals across cell membrane. Defective β-adrenergic receptor function is a hallmark of congestive heart failure.
Adenylyl cyclase Adenylyl cyclase is an enzyme that converts ATP to the second-messenger cAMP (3′,5′ cyclic AMP). Congestive heart failure is 

associated with defective β-adrenergic receptor signaling and decreased AC6 content in LV samples.
Congestive heart failure Congestive heart failure is a medical condition in which the heart cannot pump enough blood to meet the body’s needs or 

can do so only at elevated filling pressure. The common known causes for congestive heart failure include myocardial infarction, hypertension, 
myocarditis, valvular heart disease, and congenital heart disease. A sizable proportion of patients with congestive heart failure do not have a 
known cause. Congestive heart failure is a major cause of morbidity and mortality.

SERCA2a SERCA2a is an enzyme that transports Ca2+ into intracellular sarcoplasmic reticulum in cardiac myocytes during diastole. Ca2+ released 
from sarcoplasmic reticulum through ryanodine receptor leads to myocyte contraction.
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LIST OF ABBREVIATIONS
Ad Adenovirus
AAV Adeno-associated virus
CABG Coronary artery bypass grafting
CCR2 C–C chemokine receptor-2
CNP C-type natriuretic peptide
COX-1 Cyclooxygenase-1
EC Endothelial cell
ECM Extracellular matrix
eNOS Endothelial nitric oxide synthase
HDAd Helper-dependent adenoviruses
HVJ Hemagglutinating virus of Japan
ICAM Intercellular adhesion molecule
IH Intimal hyperplasia
I/M Intima to media
IVC Inferior vena cava
MCP-1 Monocyte chemoattractant protein-1
mTOR Mammalian target of rapamycin
NFκB Nuclear factor κB
NO Nitric oxide
O2

– Superoxide
ODN Oligodeoxynucleotide
PCNA Proliferating cell nuclear antigen
PGI2 Prostaglandin I2

PI3K Phosphoinositide 3-kinase
PREVENT Project of Ex Vivo Vein Graft Engineering via Transfection
PTEN Phosphatase and tensin homology deleted on chromosome 10
ROS Reactive oxygen species
shRNA Short hairpin RNA
siRNA Small interfering RNA
SMC Smooth muscle cell
SOD Superoxide dismutase
SVG Saphenous vein graft
TF Tissue factor
TIMP Tissue inhibitor of metalloproteinase
TM Thrombomodulin
tPA Tissue plasminogen activator
VCAM Vascular cell adhesion molecule
VGD Vein graft disease
VSMC Vascular smooth muscle cell
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15.1  INTRODUCTION TO VEIN GRAFT DISEASE

Atherosclerosis resulting in obstruction of the coronary and peripheral arteries is a major cause of morbidity and mortal-
ity in the United States and other developed countries,1 and the global burden of atherosclerotic cardiovascular disease is 
expected to grow rapidly in the coming decades. In the United States alone, one person has a coronary event due to coro-
nary heart disease approximately every 25 seconds, and one person per minute will die as a result. Peripheral artery disease 
(PAD) is now recognized to be nearly as common as coronary artery disease (CAD), with over 8 million affected individuals 
in the United States.1 Severe lower limb ischemia resulting from PAD can lead to tissue loss, such as skin ulceration and 
gangrene, which frequently necessitates amputation of the ischemic limb.

Several approaches, including pharmacological therapies and aggressive lifestyle modifications, can help control symp-
toms, slow disease progression, and stabilize chronic disease; however, these noninvasive interventions tend to be less 
effective in PAD than in CAD (reviewed in Refs 2,3). In both CAD and PAD, invasive revascularization is required in 
acute cases and to relieve severe symptoms that are not responsive to medical management. Less invasive percutaneous and 
endovascular approaches have become increasingly popular as a result of scientific and technological advances; however, 
bypass grafting remains the method of choice for patients in whom less invasive procedures have failed and in patients with 
multivessel CAD or complex lower extremity PAD. In the United States, over 400,000 patients undergo coronary artery 
bypass grafting (CABG) and over 40,000 patients undergo peripheral artery bypass surgery annually.1,4 Arterial conduits 
are preferred whenever possible for both coronary and peripheral bypass grafts because of their superior long-term patency 
and improved event-free survival in patients with arterial grafts.5,6 However, arterial conduits are of limited availability, and 
venous conduits, primarily the greater saphenous vein, are still the most commonly used vascular grafts.

Unfortunately, vein grafts are susceptible to failure as a result of a process referred to as vein graft disease (VGD). 
Although vein grafts can become occluded early after engraftment because of thrombosis, VGD is typically defined as pro-
gressive graft stenosis as a result of intimal hyperplasia (IH) and accelerated atherosclerosis. Collectively, these factors lead 
to eventual obstruction of blood flow in the vein graft, tissue ischemia, and the need for repeat revascularization procedures. 
Medical therapies, including antiplatelet agents and aggressive lipid-lowering therapy, have proven successful in reducing 
saphenous vein graft (SVG) atherosclerosis, the need for revascularization procedures, and the incidence of major adverse 
cardiovascular events in patients with vein grafts.7 However, overall vein graft failure rates have remained fairly constant 
since the introduction of coronary artery bypass grafting in 1968 despite appreciable technical improvements since then.8–10 
One large study has estimated the rate of angiographic occlusion of coronary SVGs to be 15–20% at 1 year, approximately 
25% at 5 years, and over 50% at 15 years or longer.8 In the peripheral vasculature, failure rates as high as 50% within 5 years 
have been reported.11

Repeat CABG in patients with failed vein grafts is as effective as the initial procedure in terms of preventing subsequent 
cardiac events; however, it is costlier and riskier.12 Repeat revascularization is also effective in the case of failed periph-
eral vein grafts and can extend the period between the diagnosis of severe limb ischemia and amputation.13 However, the 
limited availability of conduits for repeat revascularization results in a 20–30% amputation rate within 1 year of bypass 
grafting.14,15 Therefore, alternative strategies are being pursued to maintain long-term vein graft patency and prolong symp-
tom-free survival after bypass grafting.

One promising alternative strategy to address this problem involves genetic reprogramming of vascular cells within the 
vein graft ex vivo prior to grafting into the arterial circulation. Vein grafts are ideal candidates for gene therapy for several 
reasons. First, the time between harvesting the vein and surgical engraftment into the arterial circulation provides a natural 
window for gene delivery. Second, VGD begins with the surgical dissection and removal of the vein graft from its native 
location; therefore, intraoperative gene therapy with rapidly expressing vectors allows molecular reprogramming to occur 
almost simultaneously with the initial injury that results in VGD (Figure 15.1). This strategy also provides the opportunity 
to pretreat the vein graft to protect the graft from injury or at least mitigate the ill effects of engraftment into the high pres-
sure arterial circulation. Third, gene delivery to vein grafts can be performed ex vivo, which substantially diminishes many 
of the concerns inherent in systemic gene therapy.

This chapter will provide an overview of the pathophysiology of VGD with an emphasis on the temporal progression 
of disease and the role of different cell types in VGD development. The pros and cons of different gene delivery strategies 
will be discussed, with an emphasis on choice of vector and delivery strategy based on a thorough understanding of the 
role of the gene of interest in VGD pathogenesis. We will then briefly review gene targets used in prior preclinical studies 
and highlight promising and unexpected results. The PREVENT trials, the only clinical trials of gene therapy for VGD to 
date, will be discussed with a focus on potential reasons for the failure of these trials. Finally, we will summarize important 
considerations for designing future studies with the goal of translating the wealth of basic research in animal models of 
VGD into clinically meaningful benefits to patients.
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15.2  PATHOPHYSIOLOGY OF VEIN GRAFT DISEASE

The gross and histopathological changes associated with each stage of VGD progression in humans are well characterized. 
However, the molecular mechanisms that underlie VGD progression are complex and incompletely understood. A compre-
hensive review of VGD pathogenesis is beyond the scope of this chapter, and for more detailed information the reader is 
referred to an excellent review on the topic by Mitra et al.16

Although the vasculature was historically perceived as a network of passive conduits, it is actually a complex organ system 
composed of heterogeneous blood vessels that are themselves complex multicellular tissues. Viewed simply, vessels larger than 
capillaries are composed of three layers: the intima, media, and adventitia. The intima refers to the innermost lining of the blood 
vessel and, in mature vessels, is composed of a continuous monolayer of quiescent endothelial cells (ECs) and the extracellular 
matrix (ECM) that they secrete. The media lies between the intima and adventitia and, in the saphenous vein, consists primarily 
of contractile smooth muscle cells (SMCs) surrounded by ECM. The adventitia is the outermost layer of the vessel and contains 
connective tissue, nerves, and the smaller vessels that supply the vessel wall with oxygen and nutrients (the vasa vasorum).  

FIGURE 15.1 Schematic representation of the phases of vein graft injury and timeline of different gene therapy effects. Surgical harvesting induces 
injury of the vein graft endothelium, which is compounded by arterial shear force and wall stress after anastomosis. Rapid endothelial damage results in expo-
sure of tissue factor and upregulation of adhesion molecules, increasing the risk of thrombosis and leading to adhesion and migration of inflammatory leuko-
cytes into the vessel media. Upregulation of growth factors, cytokines, and matrix metalloproteinases (MMP) in the vein graft wall leads to smooth muscle 
cell (SMC) migration into the neointima, SMC proliferation, and resultant intimal hyperplasia and increased susceptibility to development of atherosclerotic 
plaques (depicted above as lipid-laden macrophages, or “foam cells,” within the neointimal lesion). Onset and magnitude of transgene expression or effect var-
ies depending on the gene delivery modality. Oligodeoxynucleotide (ODN) decoys and siRNA, which do not require gene expression, can act almost immedi-
ately; adenoviruses express high levels of transgene for brief periods; and adeno-associated viruses express moderate levels of transgene for extended periods.
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In large veins and arteries, these layers are separated by the internal and external elastic laminae. The composition, thickness, 
and function of these layers depend considerably on vessel size, anatomic location, and arterial or venous identity of the ves-
sel. Moreover, cells of a single type in one vessel may have very different baseline characteristics, gene expression profiles, and 
responses to stimuli than cells of that type in another vascular bed (reviewed in Refs 17,18). The significant differences between 
arteries and veins likely contribute to the pathogenesis of VGD, and the heterogeneity between similar vessel types in different 
anatomic locations (for example, coronary arteries vs lower extremity arteries) may be important in the design and implementa-
tion of gene therapy approaches.

The pathogenesis of vein graft disease begins as soon as the vein is surgically harvested (Figure 15.2). Removal of the vein 
from the circulation cuts off blood supply to the lumen and vasa vasorum, resulting in ischemia followed by cellular hypoxia 
and increased susceptibility to ischemia-reperfusion injury after engraftment. Mechanical injury due to physical manipula-
tion of the vein during harvesting contributes as well, and a “no-touch” technique for vein graft harvesting has been shown 
to improve patency rates (reviewed in Ref. 19). Once the vein is grafted into the high-pressure arterial circulation, increased 
wall stretch, high shear stress, and turbulent flow around residual venous valves result in additional injury to the vessel wall.20 
Disruption of the EC monolayer due to mechanical injury and EC death can lead to platelet adhesion, activation, and aggre-
gation, activation of the coagulation cascade, and thrombosis.21 The postoperative thrombogenicity of the injured vein can 
lead to acute thrombotic occlusion of the graft, which is the primary mechanism of vein graft failure within the first month.

After engraftment, vein grafts undergo a process referred to as “arterialization,” in which the vessel adapts to the high 
pressure, high shear stress, and pulsatile flow of the arterial circulation. Vein graft arterialization is similar in concept to the 
thickening of renal and pulmonary veins in the setting of chronic hypertension. Arterialization is thought to be necessary 
for the vein to function in the arterial circulation,22 and the ability of veins to arterialize is necessary for the maturation 
of arteriovenous fistulas used for dialysis access. However, this process also destroys the normal architecture of the vein, 
disturbing vascular homeostasis and potentially contributing to the pathogenesis of VGD.

The signaling pathways activated by loss of the protective EC monolayer and by arterial biomechanical forces converge to 
promote inflammation and vascular SMC proliferation. The secretion of growth factors and hormones by injured graft cells results 
in recruitment of graft-extrinsic inflammatory cells, which in turn secrete factors that perpetuate the injury response. Although 
numerous cell types are affected by this proliferative, proinflammatory microenvironment, the SMC response is the best under-
stood. In the first 24 h postoperatively, vascular SMCs undergo a well-characterized phenotypic transition from the quiescent, 
contractile cells responsible for normal regulation of vascular tone to proliferative, motile cells that migrate into the intima and 
upregulate expression of ECM genes (reviewed in Ref. 23). At the end of the first postoperative week, the new intima, or “neo-
intima,” is composed of SMCs and the ECM components they secrete. Thickening of the intima because of SMC infiltration, 
proliferation, and ECM deposition is known as intimal hyperplasia (IH) and is a histopathological hallmark of VGD.

IH is often cited as the primary cause of vein graft failure 1 month to 1 year postoperatively. Except in the case of occlu-
sive perianastomotic IH, it is unclear whether luminal narrowing due to IH contributes directly to morbidity and mortality 
(reviewed in Ref. 24). However, the neointima is known to form a nidus that leads to accelerated atherosclerosis, which is 

FIGURE 15.2 Vector delivery strategy to prevent vein graft disease. Prior 
to surgical harvesting of the vein graft, both the endothelium and underlying 
SMCs are in a quiescent state. Injury occurs within minutes as a result of isch-
emia and mechanical trauma and is exacerbated upon anastomosis into the arte-
rial circulation. Transgene delivery is performed ex vivo and occurs rapidly and 
with a low risk of systemic transgene toxicity. Endothelial injury, thrombosis, 
inflammation, and SMC activation have been targeted to prevent vein graft inti-
mal hyperplasia.
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responsible for the majority of late coronary graft failures.25 Additionally, the atherosclerotic plaques that develop in vein 
grafts tend to display many of the hallmarks of unstable plaques, such as lack of a fibrous cap, reduced calcium deposition, 
and high lipid content.26 Moreover, vein graft atherosclerosis appears to be more resistant to medical management than 
atherosclerosis in native coronary arteries, necessitating alternative approaches such as gene therapy (reviewed in Ref. 27).

15.3  GENE DELIVERY STRATEGIES

Based on the pathogenic mechanisms that cause VGD, numerous potential gene therapy targets exist and many have been 
tested in preclinical models. These gene targets will be discussed in detail below. First, however, this section will address 
the specific mechanisms used to deliver therapeutic genes to the vein graft. As described, the pathogenesis of VGD is com-
plex, depends on numerous cell types, and varies significantly over time. The optimal gene delivery strategy would target 
the appropriate cell type(s), induce expression during the relevant time period, and result in an adequate expression level 
to achieve the desired biological effect. This section reviews the features of existing gene delivery strategies as they relate 
to the pathophysiology of VGD and highlights important considerations when using these strategies. Important features of 
each vector and gene delivery strategy are summarized in Table 15.1.

TABLE 15.1 Comparison of Gene Delivery Strategies

Vector Cell Tropism
Packaging  
Capacity

Transgene 
Expression

Delivery 
Strategies

Production 
Concerns Limitations

Naked 
DNA or 
RNA

Nonspecific N/A Onset in  
minutes to hours
Duration 
 intermediate, 
from days to 
months
Magnitude of 
expression low

Pressure- 
mediated trans-
fection,28–31 
lipofection,32,33 
nanoparticles, 
biopolymer gels

Very easy to 
produce on 
large scale

Potential damage to 
vein grafts by pressure- 
mediated transfection 
and lipofection; poten-
tial nonspecific toxicity 
at high concentrations

Adenovirus Transduces most 
cell types includ-
ing dividing and 
quiescent cells

Large (up 
to around 
10 kb)

Onset in hours 
to days
Duration inter-
mediate, from 
days to weeks
Magnitude of 
expression high

Intra- and/or 
extraluminal 
incubation 
with34 or  
without35 
distension

Easily 
produced 
in very 
high titers 
for in vivo 
studies

Host inflammatory 
response may reduce 
efficiency and  
contribute to pathological  
inflammation
Patient death in clinical 
trial of systemic adeno-
virus delivery, may or 
may not be of concern 
for ex vivo delivery

Adeno-
associated 
virus (AAV)

Transduces a 
variety of cell 
types including 
dividing and  
quiescent cells
Different 
serotypes of 
recombinant 
AAV can be used 
to selectively 
target specific 
cell types

Small 
(2–5 kb 
depending  
on the 
vector)

Onset in days to 
weeks
Duration long, 
from months to 
years
Magnitude of 
expression inter-
mediate to high 
depending on 
target tissue and 
AAV serotype

Intra- and/or 
extraluminal 
incubation 
with or without 
distension

Difficult to 
produce in 
high titers

Likely very low risk of 
insertional mutagenesis 
with recombinant AAV
Potential for host 
 inflammatory response, 
but substantially less 
than adenovirus
Presence of circulat-
ing antibodies to some 
serotypes may limit 
efficiency

Lentivirus Transduces a 
variety of cell 
types including 
dividing and qui-
escent cells

Generally 
<10 kb, 
but titer 
significantly 
decreases 
with insert 
size

Onset in days to 
weeks
Duration long, 
from months to 
years
Magnitude 
of expression 
intermediate

Intra- and/or 
extraluminal 
incubation 
with or without 
distension, 
biopolymer 
gels36

Easy to 
generate, 
but difficult 
to produce 
in high titers

Risk of insertional 
 mutagenesis
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15.3.1  Nonviral Vectors

Nonviral vectors are attractive options for gene therapy because they are considered safer than viral vectors and are gener-
ally easier to prepare. However, they are associated with reduced expression (both in magnitude and duration) compared 
to viral vectors. In the following section, we will review nonviral vectors including plasmid DNA, oligodeoxynucleotides 
(ODN), DNAzymes, small interfering RNA (siRNA), and ribozymes.

DNA- and RNA-based vectors have several advantages for use in the prevention of VGD. First, they have no inherent 
tropism and can therefore be optimized to transfect both ECs and SMCs; however, transfection efficiency tends to be low. 
Second, the onset of transgene expression using these vectors can begin within minutes of transfection and has been shown 
to last as long as 8 weeks in animal models.37 This makes these vectors ideal for use with gene targets that play a role in the 
earliest stages of endothelial injury and supports their use with transgenes thought to be important during the critical period 
of remodeling within the first month after engraftment. Third, ex vivo delivery of ODNs was shown to be safe in a clinical 
study of gene therapy for VGD.38

There are numerous plasmid DNA vectors that allow expression of beneficial transgenes in mammalian cells. The 
basic components required for protein expression from a plasmid are a promoter, the cDNA of the gene of interest, and 
a polyadenylation sequence downstream of the transgene to ensure proper handling of the RNA transcript. The promoter 
sequence can be varied to achieve specific desired effects. Viral promoters, such as those from cytomegalovirus (CMV) or 
simian virus 40 (SV40), are the most commonly used as they result in constitutive, high-level expression. Tissue-specific 
promoters, such as the Tie2 promoter (which is mostly active in ECs) or the SM22α promoter (which is active in vascular 
SMCs), can be used to limit expression to the desired cell type given that nonviral vectors have no inherent tropism. Plas-
mids can also be designed to express short hairpin RNA (shRNA) to reduce the expression of genes that contribute to VGD 
progression.

The remaining nonviral vectors—siRNA, ribozymes, and DNAzymes—are oligonucleotides designed to knock down 
gene expression by degrading messenger RNA (mRNA) and thus preventing translation. siRNA is commonly used in many 
research laboratories, and a significant amount of preclinical data has shown that siRNAs can effectively knock down gene 
expression in tissues in vivo as well as in cultured cells in vitro. DNAzymes and ribozymes are catalytic oligonucleotides 
that can be designed to target mRNA sequences with high specificity (reviewed in Ref. 39). These vectors are relatively new 
in the field of gene therapy for VGD; however, DNAzymes have recently been used successfully in a preclinical model of 
VGD and been shown to be safe in clinical trials for other conditions.40

ODNs are typically composed of short double-stranded DNA sequences that mimic transcription factor binding sites, 
thereby acting as “decoys” to block the binding of transcription factors involved in regulating cellular proliferation and 
other relevant processes. This represents a unique strategy because it does not target a single transcript for over- or under-
expression but rather targets the expression of a panel of genes regulated by a given transcription factor. The PREVENT 
trials utilized an ODN approach with edifoligide, an ODN designed to act as a decoy for the proliferative transcription 
factor E2F1.38

15.3.2  Viral Vectors

Viral vectors commonly used in preclinical VGD models include adenovirus (Ad), adeno-associated virus (AAV), and lenti-
virus. Each vector has distinct cell tropism, transgene expression profiles, and safety concerns that impact its potential for 
use in human VGD (Table 15.1). Similar to the plasmid vectors described earlier, viral vectors can be designed to achieve 
transgene overexpression or gene expression knock down by incorporating specific shRNAs.

15.3.2.1  Adenovirus

Adenoviruses (Ad) are nonenveloped double-stranded DNA viruses with large packaging capacities that can be produced 
in high titers. They are able to infect both dividing and quiescent cells and can efficiently transduce a wide variety of cell 
types, including ECs and SMCs. This is particularly beneficial in the case of VGD given that cells in the graft are quiescent 
at the time of tissue harvest but rapidly begin to proliferate after engraftment. The onset of gene expression from Ad vectors 
is rapid (sometimes within hours), but tends to peak by day 7 and dissipate by day 28, potentially making them less useful 
in treating later stages of disease progression (such as the development of atherosclerosis).

There are several potential reasons for this effect. First, Ad vectors do not incorporate into the genome, which obvi-
ates the risk of insertional mutagenesis. However, when SMCs proliferate within the neointima, new, nontransduced 
cells gradually replace the cells expressing the transgene. Second, approximately 60% of the human population is 
seropositive for antibodies against adenovirus, and cells expressing adenoviral proteins are aggressively eliminated by 
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cytotoxic T cells. This inflammatory response selectively removes cells expressing the transgene and may perpetuate 
endothelial injury and exacerbate IH development.41 Third-generation or helper-dependent adenoviruses (HDAd) do 
not express viral genes and are therefore less immunogenic.42 Compared to first-generation Ad, HDAd vectors appear 
to induce significantly less inflammation and IH in rabbit carotid injury models; however, HDAd has not been tested in 
VGD models to our knowledge.43

Additionally, there are legitimate safety concerns regarding the use of adenovirus in human patients stemming from 
a patient death during a clinical trial of gene therapy using direct intrahepatic adenovirus administration.44 Because vein 
grafts are treated ex vivo and can be flushed with saline prior to engraftment to remove excess unincorporated virus, this 
concern may be less applicable but is still worthy of careful consideration.

15.3.2.2  Adeno-Associated Virus

Recombinant adeno-associated viruses (AAVs) are single-stranded DNA viruses of the parvovirus family that do not inte-
grate into the genome but nonetheless effect long-term gene expression (months to years). AAV are able to infect quiescent 
cells, and modifications to the AAV capsid have dramatically enhanced the ability of AAV vectors to transduce ECs and 
SMCs despite their lack of native tropism for these cell types.45,46 The long duration of expression from AAV vectors may 
make them particularly useful in suppressing SMC proliferation and, potentially, in preventing the development of ath-
erosclerosis later in the disease process. Recombinant AAVs are deleted of all viral genes and therefore have substantially 
lower immunogenicity than adenoviruses, and they have shown an excellent safety profile in a large number of preclinical 
and clinical trials for other conditions.47,48

However, there are several potential limiting factors in using AAV vectors for VGD. The first is that transgene expres-
sion is delayed as a result of the time required to replicate the single-stranded viral DNA. This can be circumvented some-
what by the use of self-complementary AAV vectors, which enable the genome to form double-stranded DNA through 
folding rather than replication (reviewed in Ref. 49); however, these vectors have not yet been tested in the vasculature. 
An additional minor concern is that it is possible that recombinant AAV could incorporate into the host genome. Wild-
type AAV is known to incorporate into a specific location on human chromosome 19, although it is generally felt that this 
potential is lost in recombinant vectors. Thus, although the risk of insertional mutagenesis is low, it remains a consider-
ation. Finally, AAV vectors have a small packaging capacity and are difficult to produce in the high titers needed for many 
in vivo applications.

15.3.2.3  Lentivirus

Lentiviruses are a genus within the retrovirus family but, unlike most retroviruses, they are able to infect nondividing 
cells. Recombinant lentiviruses are able to efficiently transduce ECs and SMCs and are far less immunogenic than adeno-
viruses.50 Like retroviruses, lentiviral vectors incorporate into the host genome, resulting in transgene expression over 
months to years. However, this does raise safety concerns regarding the possibility of insertional mutagenesis. Nonintegrat-
ing vectors have been developed, but the safety and transduction efficiency of these modified vectors in the vasculature is 
unclear.51

15.3.3  Vector Delivery Strategies

Delivery of gene transfer vectors to vein grafts can be accomplished in a variety of ways. They can be applied to the outer 
surface of the vein, intraluminally, or both, as well as with or without pressurization (Table 15.1).

Viral vectors have typically been delivered using an intraluminal method. After the vein is harvested, a solution 
containing the viral vector at the desired titer is infused into the vein lumen and the ends are clamped. The vein is then 
incubated in a buffer solution until the bypass site has been prepared; a typical incubation time is 20–30 min at room 
temperature, although other conditions have been explored in preclinical studies. Intraluminal delivery is typically 
performed either without distension or with a distension pressure of approximately 10 mmHg. Prior to engraftment, 
the vein is flushed gently with heparinized saline, thereby removing the majority of unincorporated viral particles.34 
There is some concern that intraluminal strategies, particularly with distending pressure, may damage the intima of 
the vein graft further, hastening the development of IH.52 DNA- and RNA-based vectors can be introduced intra-
luminally as well; however, transfection efficiency tends to be low without the aid of transfection reagents, such as 
liposomes or nanoparticles.

Nondistending pressure-mediated gene transfer refers to a technique in which the vector solution is introduced into the 
lumen and also bathes the outside of the vein. The bath containing the vein graft is incubated in a chamber pressurized to 
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300 mmHg, theoretically facilitating pressure-mediated transfection without damaging the vein by distension. This method 
is typically used for DNA- and RNA-based vectors and can achieve efficient transfection without the use of additional 
transfection reagents. Although this method avoids distending pressure, it is possible that the pressurization technique may 
damage the graft. This method has been used extensively in preclinical trials and was used to deliver the E2F decoy ODN 
edifoligide in the PREVENT trials, the only clinical trials to date of gene therapy for VGD.9,38,53,54 The PREVENT trials 
are discussed more extensively below.

Extraluminal gene delivery is generally less common, as it would seem more efficient to target ECs and SMCs via the 
graft lumen. However, several preclinical studies targeting SMC proliferation have successfully employed an extraluminal 
approach.55–57 In these studies, a gel (e.g., poloxamer) containing the DNA or RNA vector together with a transfection 
reagent was applied to the adventitia of the graft. The transfection complex then diffuses into the media and intima, promot-
ing transgene expression throughout the vessel wall. This delivery modality appears to be safe in preclinical studies, and 
the application of a poloxamer gel alone does not exacerbate IH, unlike gene delivery methods that require intraluminal 
distending pressure.57

15.4  ANIMAL MODELS OF VEIN GRAFT DISEASE

A brief introduction to the common animal models of VGD is necessary to understand and interpret the wealth of 
preclinical data generated in animals. Animal VGD experiments are performed in mammals ranging in size from 
mice to pigs. Typically, models in smaller animals (e.g., mice, rats, and rabbits) utilize interposition grafts in which 
a segment of vein is anastomosed “end-to-end” to the artery, replacing a segment of the artery entirely. These grafts 
would be expected to have distinct hemodynamic characteristics from coronary and peripheral bypass grafts, which 
are typically anastomosed end-to-side, thereby branching off of the aorta or a proximal peripheral artery to bypass 
the atherosclerotic occlusion. Moreover, these models often use very different vessels than those in human bypass 
surgeries. For example, jugular vein–carotid artery, inferior vena cava (IVC)–carotid artery, and IVC–aorta interposi-
tion grafts are the most commonly used models in rabbits and mice. However, larger animals (e.g., dogs, sheep, pigs, 
and nonhuman primates) have been used in bypass models that more closely resemble CABG and peripheral bypass 
grafting in humans.

One major flaw in both small and large animal models is the lack of relevant comorbid diseases, such as hypercholes-
terolemia, hypertension, and diabetes mellitus, which are seen routinely in patients undergoing bypass operations. Fur-
thermore, even when these conditions can be induced in animal models, the pathophysiology and disease progression may 
be very different from human disease. For example, development of atherosclerosis in pigs is similar to humans in terms 
of induction by diet, distribution of plaques, and morphology of lesions. In contrast, most rodent strains and dogs are not 
susceptible to coronary atherosclerosis, and even transgenic mouse models of atherosclerosis result in lesions that are very 
different in distribution and morphology than those seen in human disease. There is also significant variability between 
humans and animal models in terms of the expression and distribution of certain genes. For example, humans, dogs, and 
nonhuman primates express the angiotensin II-forming enzyme chymase, while rodents express only angiotensin-convert-
ing enzyme (ACE). Therefore, studies targeting the renin–angiotensin pathway might have very different results depending 
on the choice of animal model.

Finally, the effect of a given treatment on VGD in an animal model is typically measured by quantifying IH. As men-
tioned earlier, clinically relevant endpoints (such as graft occlusion, acute coronary events, and death) typically do not 
occur in animal models of VGD or are not assessed, and the relationship between IH and these endpoints is unclear. Several 
studies have recorded additional metrics, such as macrophage infiltration into the graft wall, the proportion of proliferating 
cells, and the number of SMCs. However, few studies have measured functional readouts, such as thrombogenicity and the 
ability to respond to physiological signals like acetylcholine.

No animal model will perfectly mimic human VGD in terms of pathophysiology or molecular mechanisms. However, it 
is important to carefully consider all aspects of a potential model in order to choose the one that best approximates human 
disease with respect to the specific pathway of interest. For a more detailed review of these models and important technical 
considerations, the reader is referred to reviews in Refs 58–60.

15.5  GENE TARGETS AND PRECLINICAL STUDIES

This section provides a broad overview of gene therapy approaches that have been tested in preclinical models of VGD, 
which are summarized in Table 15.2. For a more comprehensive discussion of gene therapy targets that were tested in pre-
clinical models prior to 2013, the reader is referred to the review in Ref. 73.
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TABLE 15.2 Summary of Preclinical and Clinical Studies of Gene Delivery Modalities for the Prevention of Vein Graft 
Disease

Target Approach Vector Model
Delivery 
Modality

Summary  
of Results References

Preclinical Studies

EC health EC-SOD 
over-
expression  
(in combina-
tion with 35K 
and TIMP-1)

Adenovi-
rus

Rabbit jugular–carotid 
artery interposition graft

Intraluminal 
with distension

Reduced I/M ratio at 
2 weeks in combi-
nation with 35K and 
at 2 and 4 weeks 
with TIMP-1
Reduced macro-
phage infiltration 
and BrDU staining 
in combination 
with 35K at 4 weeks
Slight reduction 
in superoxide 
anion production 
at 2 weeks with 
 EC-SOD alone

61

eNOS 
over-
expression

HVJ- 
liposome

Canine femoral artery 
bypass

Intraluminal 
distending 
pressure- 
mediated 
transfection

>50% reduction in 
intimal thickness at 
4 weeks

32

eNOS 
over-
expression

HVJ- 
liposome

Hypercholesterolemic 
rabbit jugular vein–
carotid artery interposi-
tion graft

Intraluminal 
distending  
pressure- 
mediated 
transfection

30% reduction in 
intimal thickness at 
4 weeks
Reduction in 
neointimal macro-
phages at 4 weeks, 
decreased PCNA 
positive cells at 
2 weeks

33

COX-1 
(PGI2) 
over-
expression

Adenovi-
rus

Hypercholesterolemic 
rabbit jugular vein–
carotid artery interposi-
tion graft

Intraluminal 
without disten-
sion

No difference in IH
Increased luminal 
area, blood flow, 
and PGI2 at 4 weeks

35

CNP over-
expression

Adenovi-
rus

Rabbit jugular–carotid 
artery interposition graft

Intraluminal 
with distension

Increased reen-
dothelialization, 
decreased throm-
bus formation,  
and 60% reduction 
in intimal thickness 
at 2 and 4 weeks

62

Throm-
bosis

Thrombo-
modulin 
over 
expression

Erroneous 
vector

Rabbit jugular–carotid 
artery interposition graft

Intraluminal 
with distension

No difference in IH
Reduced thrombin 
generation at 7 days

63

tPA over-
expression

Adenovi-
rus

Porcine saphenous–
carotid artery interposi-
tion graft

Intraluminal 
without disten-
sion

Reduction in flow-
restricting thrombi 
at 1 day

64

Continued
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Target Approach Vector Model
Delivery 
Modality

Summary  
of Results References

Inflamma-
tion

MCP-1 
inhibition 
(7ND-
MCP-1)

Naked 
plasmid

Hypercholesterolemic 
mouse donor IVC–
carotid artery interposi-
tion graft

Systemic 
expression (IM 
injection and 
electroporation)

51% decrease in IH 
at 4 weeks
No change in mac-
rophage infiltration

65

MCP-1 
inhibition 
(7ND-
MCP-1)

Adenovi-
rus

Canine jugular–carotid 
artery interposition graft

Submersion 
in adenoviral 
solution with-
out pressuriza-
tion

Decreased IH and 
lumen stenosis at 
4 weeks
Decreased PCNA 
positive cells and 
macrophages at 
4 weeks

66

MCP-1 
inhibition 
(CCR2 
silencing)

Lentiviral 
shRNA

Hypercholesterolemic 
mouse donor IVC–
carotid artery interposi-
tion graft

Adventitial 
application of 
bioprotein gel

38% reduction in 
IH at 4 weeks

36

CC- 
Chemokine 
inhibition 
(35K)

Adenovi-
rus

Hypercholesterolemic 
mouse donor IVC–
carotid artery interposi-
tion graft

Systemic 
expression (IV 
injection 2 days 
pre-op)

Reduced wall thick-
ness, Ki67 positive 
cells, SMA positive 
cells, and macro-
phage infiltration at 
2 and 4 weeks

67

CC- 
Chemokine 
inhibition 
(35K)

Adenovi-
rus

Rabbit jugular–carotid 
artery interposition graft

Intraluminal 
with distension

Reduced I/M ratio at 
2 weeks
Reduced macro-
phage infiltration 
and BrdU incorpo-
ration at 4 weeks

68

NFκB inhi-
bition

ODN Canine aortocoronary 
bypass

Nondistend-
ing pressure- 
mediated 
transfection

Decreased intimal 
area and PCNA 
positive cells at 
4 weeks

69

NFκB inhi-
bition

ODN Hypercholesterolemic 
rabbit jugular vein–
carotid artery interposi-
tion graft

Nondistended; 
pressure- 
mediated 
transfection

Decrease in IH at 
4 weeks
Improved endo-
thelium-mediated 
vasorelaxation

53

VSMC PTEN over-
expression

Adenovi-
rus

Canine aortocoronary 
bypass

Intraluminal 
pressure-medi-
ated delivery

Reduced intimal 
area and I/M ratio at 
3 months

34

TIMP-3 
over-
expression

Adenovi-
rus

Porcine saphenous–
carotid artery interposi-
tion graft

Intraluminal 
delivery with-
out distention

58% reduction in 
IH at 28 days

70

TIMP-3 
over-
expression

Adenovi-
rus

Porcine saphenous–
carotid artery interposi-
tion graft

Intraluminal 
delivery with-
out distention

Reduced IH at 
3 months

71

E2F inhibi-
tion

ODN Hypercholesterolemic 
rabbit jugular vein–
carotid artery interposi-
tion graft

Nondistended; 
pressure- 
mediated 
transfection

Decrease in IH at 
6 months

28–31

TABLE 15.2 Summary of Preclinical and Clinical Studies of Gene Delivery Modalities for the Prevention of Vein Graft 
Disease—cont’d
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15.5.1  Endothelial Injury and Reendothelialization

Normal vascular function is maintained largely by the quiescent ECs that line mature vessels (reviewed in Ref. 74). Dur-
ing the process of vein graft harvesting and arterial engraftment, the endothelium within the graft is injured by mechanical 
manipulation, ischemia, and the altered biomechanical forces of the arterial circulation (Figure 15.3).

Endothelial cell denudation and death because of these insults result in loss of the physical barrier between the blood 
and media of the vessel as well as loss of many vasoprotective substances that are normally produced by healthy ECs. Gene 
therapy approaches to combat these effects aim to promote EC survival, increase the production of vasoprotective factors, 
and enhance reendothelialization of the injured vessel, thereby preventing subsequent development of VGD.

The primary strategies for promoting EC survival have focused on ameliorating oxidative damage from reactive oxygen 
species (ROS) generated when the graft is reperfused after a period of ischemia. The principal ROS studied in this context 
is O2

−, which is degraded by superoxide dismutases (SOD). Compared to SVGs, arterial grafts have greater SOD activity at 
the time of harvest, which may contribute to their lower failure rates after engraftment.75 In a rabbit model, intraoperative 
delivery of an adenovirus encoding extracellular SOD reduced macrophage accumulation when used alone and synergisti-
cally reduced the intima-to-media (I/M) ratio and proliferation index in the graft wall when used in combination with other 
gene therapies.61 Gene therapies with other antioxidant enzymes including catalase, heme oxygenase-1, and glutathione 
peroxidase have been used successfully to reduce atherosclerosis and arterial neointimal hyperplasia, but they have not been 
tested in models of VGD.76,77

Among the vasoprotective factors that have been targeted using gene therapy approaches are nitric oxide (NO) and 
prostacyclin (PGI2). NO is synthesized primarily by the constitutively expressed enzyme endothelial nitric oxide synthase 
(eNOS) and is critical for normal vascular function. NO induces vasodilation, prevents SMC proliferation, and inhibits 
adhesion of platelets and leukocytes to the endothelium.78,79 Impaired release of NO from the damaged vein graft endo-
thelium is therefore thought to contribute to the development of VGD. Although ex vivo studies have provided a strong 
rationale for enhancing NO production by overexpressing eNOS, the results of in vivo testing have been modest. Intralumi-
nal transfection of bovine eNOS cDNA encapsulated in hemagglutinating virus of Japan (HVJ) liposomes reduced intimal 

Target Approach Vector Model
Delivery 
Modality

Summary  
of Results References

Clinical Studies

PREVENT 
I (phase I)

E2F inhibi-
tion

ODN Human infrainguinal 
arterial bypass with 
autologous vein

Nondistended; 
pressure- 
mediated 
transfection

Decrease graft 
occlusions, revi-
sions, or critical ste-
noses at 12 months

38

PREVENT 
II (phase 
IIb)

E2F inhibi-
tion

ODN Human coronary artery 
bypass grafting with 
autologous vein

Nondistended; 
pressure- 
mediated 
transfection

30% relative reduc-
tion in critical ste-
nosis at 12 months

72

PREVENT 
III (phase 
III)

E2F inhibi-
tion

ODN Human infrainguinal 
arterial bypass with 
autologous vein

Nondistended; 
pressure- 
mediated 
transfection

No significant dif-
ference in primary 
graft patency or 
limb salvage at 
12 months

14

PREVENT 
IV (phase 
III)

E2F inhibi-
tion

ODN Human coronary artery 
bypass grafting with 
autologous vein

Nondistended; 
pressure- 
mediated 
transfection

No significant dif-
ference in critical 
graft stenosis at 
12 months

9

Abbreviations: CCR2, C–C chemokine receptor-2; CNP, C-type natriuretic peptide; COX-1, cyclooxygenase-1; EC, endothelial cell; EC-SOD, extracellular 
superoxide dismutase; eNOS, endothelial nitric oxide synthase; HVJ, hemagglutinating virus of Japan; IH, intimal hyperplasia; I/M, intima to media; IVC, 
inferior vena cava; MCP-1, monocyte chemoattractant protein-1; NFκB, nuclear factor κB; ODN, oligodeoxynucleotide; PCNA, proliferating cell nuclear 
antigen; PD-ECGF, platelet-derived endothelial cell growth factor; PGI2, prostaglandin I2; PREVENT, Project of Ex Vivo Vein Graft Engineering via Transfec-
tion; PTEN, phosphatase and tensin homology deleted on chromosome 10; SMA, smooth muscle actin; TIMP, tissue inhibitor of metalloproteinase; tPA, 
tissue plasminogen activator; VSMC, vascular smooth muscle cell.

TABLE 15.2 Summary of Preclinical and Clinical Studies of Gene Delivery Modalities for the Prevention of Vein Graft 
Disease—cont’d
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thickness at 4 weeks postgrafting in both canine and hypercholesterolemic rabbit models.32,33 However, the reduction in 
intimal thickness was modest (approximately 30% in the rabbit model and 50% in the dog model), potentially because of 
damage to the vein graft resulting from the distending pressure utilized for transfection.52

PGI2 is also constitutively produced by healthy endothelium in a series of enzymatic reactions that are rate limited by 
the enzyme cyclooxygenase-1 (COX-1). PGI2 is a potent vasodilator that also inhibits platelet aggregation, leukocyte adhe-
sion, and SMC proliferation in vitro.80 COX-1 catalytic activity results in the enzyme’s own rapid degradation; therefore, 
its activity is primarily controlled by its expression level.81 Treatment of rabbit vein grafts with an adenovirus encoding 
human COX-1 resulted in improved PGI2 production and blood flow through the graft; however, it had no effect on intimal 
thickness.35 These results highlight that, as in humans, the degree of IH does not always correlate with graft function (i.e., 
perfusion) in animal models.

An additional strategy is to promote reendothelialization or endothelial “healing” in the graft to more quickly regain 
normal protective endothelial function. Data from animal models indicate that higher rates of reendothelialization of injured 
areas correlate with reduced IH in vein grafts.82 There are few studies explicitly testing gene therapy to promote reendo-
thelialization in the context of VGD. However, one study utilizing the C-type natriuretic peptide (CNP) gene represents a 
novel approach that targets several aspects of VGD simultaneously. CNP is produced by the endothelium and influences 
vascular tone and physiology in a variety of ways, including promoting vasorelaxation, inhibiting SMC proliferation, and 
potentially suppressing certain prothrombotic genes (reviewed in Ref. 83). In a rabbit vein graft model, adenoviral expres-
sion of CNP reduced mural thrombus formation, decreased neointimal thickness, and improved endothelial coverage of the 
graft lumen at weeks two and four postoperatively.62 There is also a significant body of literature describing attempts to 
enhance endothelialization of vein grafts and other vascular conduits by administering genetically engineered exogenous 
cells (e.g., progenitor cells); however, these studies are beyond the scope of this chapter.

15.5.2  Thrombosis

In addition to the loss of endothelial vasoprotective substances, disruption of the endothelium exposes the subendothelial 
basement membrane to platelets, initiating the coagulation cascade. Moreover, SMCs in the saphenous vein media, which 
may also be exposed as a result of endothelial denudation, express prothrombotic genes such as tissue factor (TF) and 
tissue-type plasminogen activator (tPA).84 Even if the graft does not occlude postoperatively because of thrombosis, this 

FIGURE 15.3 Early effects of engraftment on endothelial injury in saphenous vein grafts. Scanning electron micrographs of rabbit veins: (a) fixed 
in situ before harvesting (arrow, intact EC junctions); (b) after harvest and incubation for 15 min in lactated Ringer’s solution (LR), demonstrating disrup-
tion of the EC monolayer; (c) 10 min after engraftment into the arterial circulation, demonstrating adherent platelets and red blood cells (arrows, bulging 
EC nuclei); and (d) 6 h after engraftment, showing a thin but intact endothelium with numerous cells in the subendothelial space (arrow, adherent platelets; 
arrowhead, adherent polymorphonuclear leukocyte (PMN)). Transition electron microscopy (TEM) demonstrates thinned ECs with adherent platelets (Pl) 
and erythrocytes (E) 10 min after engraftment (e). (f) Six hours after anastomosis TEM demonstrates persistent EC thinning with erythrocytes (E) and PMNs 
(P) in the subendothelial space (arrows, basal lamina). Original magnification: (a)–(d) ×600; (e) ×5000; (f) ×3400. Adapted with permission from Ref. 20.
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early activation of the coagulation cascade contributes to the development of IH via the release of factors that promote SMC 
proliferation and migration.85–87 Anticoagulation does not eliminate the risk of early graft thrombosis, and systemic anti-
coagulation is associated with bleeding complications, which can be particularly dangerous postoperatively. Gene therapy 
of the graft ex vivo to prevent thrombosis could therefore circumvent these complications.

The two primary gene targets that have been assessed in VGD models are the anticoagulant proteins thrombomodulin 
(TM) and tPA. TM binds to the procoagulant protein thrombin, inactivating it and activating the antithrombotic protein 
C pathway. The expression of TM in vein grafts decreases dramatically upon exposure to the arterial circulation, so gene 
therapy approaches have aimed to replace this activity by overexpressing TM.88 The success of TM gene therapy in preclin-
ical studies varies depending on the model and primary endpoint. In a rat model, liposomal transfection of TM improved 
thromboresistance in the graft; however, adenoviral delivery of human TM had no effect on IH in a rabbit model.63,88 Simi-
larly, the effects of tPA gene therapy on the development of IH are unclear. Like TM, tPA expression is decreased after vein 
engraftment, impairing lysis of thrombi that form in the graft. In a rabbit VGD model, Ad-tPA reduced IH at 4 weeks, but 
in a rabbit arterial injury model, Ad-tPA treatment promoted IH.64,89 These conflicting results are likely due in part to dif-
ferences in the pathogenesis of IH in arteries and veins, and they highlight the importance of using disease-specific models 
when testing gene therapy approaches.

15.5.3  Inflammation

Given that most graft failures after the first year are due to atherosclerosis and its sequelae, targeting inflammation in the 
graft wall may yield important and clinically relevant results. Platelet activation at the sites of endothelial denudation initi-
ates an inflammatory cascade that promotes the development of IH and the accelerated atherosclerosis that is characteristic 
of vein grafts. The molecular mechanisms of EC interaction with leukocytes are reviewed in detail elsewhere;90 however, 
a brief overview is included here to provide context for the gene therapy targets discussed below. First, leukocytes roll-
ing on the luminal surface of the graft interact with P-selectin on adherent platelets via P-selectin glycoprotein ligand-1 
(PSGL-1) on the leukocyte surface. Binding of PSGL-1 to P-selectin activates leukocytes to migrate into the vessel wall 
via the engagement of leukocyte transmembrane proteins with the EC receptors ICAM-1 and VCAM-1. The inflammatory 
response is perpetuated by cytokines and growth factors secreted by activated leukocytes as well as by graft-intrinsic cells 
such as ECs and SMCs. A number of these secreted factors not only promote inflammation but also induce EC apoptosis 
and promote SMC proliferation, further contributing to the pathogenesis of VGD.

One important factor that has been targeted in several gene therapy approaches is monocyte chemoattractant protein-1 
(MCP-1), also known as CCL2. MCP-1 is a well-studied chemokine that is strongly linked to atherosclerosis in humans 
and experimental models (reviewed in Ref. 91). It is secreted by ECs, SMCs, fibroblasts, and leukocytes and potently 
recruits monocytes and macrophages, which eventually form the atherosclerotic plaque. In rat models of VGD, MCP-1 is 
upregulated within hours after engraftment, and expression persists for at least 8 weeks, indicating that targeting this gene 
in the early and intermediate stages of VGD may be useful.92 Because overexpression of MCP-1 would likely exacerbate 
atherosclerosis and plaque instability, approaches to target MCP-1 differ from other studies described above, which have 
focused primarily on gene overexpression. One strategy targeted MCP-1’s effects by using lentivirus to deliver shRNAs 
targeting the MCP-1 receptor, CCR2. In an ApoE3 Leiden mouse model, this approach decreased macrophage recruitment 
as well as SMC proliferation and graft wall thickness.36 Another innovative approach utilized 7ND-MCP-1, which is a 
dominant negative N-terminal deletion mutant of MCP-1 that binds to CCR2, thereby preventing it from binding wild-type 
MCP-1.93 Transfection of a 7ND-MCP-1-encoding plasmid reduced IH in the ApoE3 Leiden mouse model and in human 
saphenous vein segments in vitro.65 In a canine model, adenoviral expression of 7ND-MCP-1 also reduced IH without 
impairing reendothelialization.66

Another innovative approach to preventing inflammation in vein grafts is to target NFκB, a transcription factor that 
is downstream of several inflammatory stimuli and cell stressors and controls the expression of numerous important 
chemokines and receptors. NFκB is an important factor in a number of inflammatory conditions, including atheroscler-
osis (reviewed in Ref. 94). Because NFκB is a transcription factor, it has most often been targeted using the decoy 
ODN approach. In hypercholesterolemic rabbit models, administration of a decoy ODN only modestly reduced the 
I/M ratio but dramatically reduced macrophage infiltration into the graft wall, indicating that this approach may be 
more effective at targeting atherosclerosis than IH.53 NFκB decoy-treated grafts also displayed improved NO-mediated  
vasodilation induced by acetylcholine, indicating that inhibition of NFκB may preserve the function of surviving ECs. 
A study using the same decoy ODN in a canine model demonstrated that neointimal area and SMC proliferation were 
reduced in the treatment group.69 Markers of atherosclerosis were not assessed because the canine model does not 
develop atherosclerosis spontaneously.
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All of the approaches discussed above have utilized wild-type or mutant mammalian genes. The following strategy is 
novel in that it utilized a viral protein, vaccinia virus protein 35K, which binds to CC chemokines, such as MCP-1, block-
ing their interactions with chemokine receptors and partially suppressing the inflammatory response to infection.95 Ad35K 
administered in an ApoE−/− mouse VGD model reduced vein graft wall thickness, SMC proliferation, and macrophage 
infiltration.67 The results of this study were most dramatic at 2 weeks postengraftment; however, the treatment and control 
groups began to converge at 4 weeks, possibly because of the use of an adenoviral vector and Ad-induced inflammation. 
Similar results were reported in a rabbit vein graft model, in which intraluminal infection of the graft with Ad35K resulted 
in modest decreases in I/M ratio but dramatic decreases in macrophage infiltration.68 A membrane-targeted mutant of 35K, 
m35K, was more effective than 35K in inhibiting CC chemokines in murine peritonitis and hepatitis models but has not 
yet been tested in models of VGD.96

15.5.4  Smooth Muscle Cell Proliferation and Migration

SMCs are the predominant cells within the neointimal lesion from 1 month to 1 year after placement of the vein graft. 
Although the contribution of SMC proliferation specifically to the clinical manifestations of VGD is unclear, the neointima 
is the setting for accelerated atherosclerosis. The goal of gene therapy targeting SMCs is to inhibit proliferation and restore 
the contractile phenotype to allow normal regulation of vascular tone. Although there have been numerous studies of how 
specific mitogens affect SMC proliferation, the strategies described below focus on points of convergence of the many 
proliferative pathways that are activated in SMCs within the graft wall.

In mature vessels, integrin-mediated contacts with the ECM inhibit SMC proliferation and migration. When SMCs tran-
sition from a quiescent phenotype to a proliferative phenotype, they express matrix-degrading metalloproteinases (MMPs), 
which digest the ECM, allowing them to proliferate and migrate into the neointima. The activity of these MMPs can be 
targeted by overexpressing their endogenous inhibitors. Tissue inhibitor of metalloproteinase (TIMP)-3 has been used in 
this context to significantly reduce short-term (28-day) and long-term (3-month) IH in a porcine vein graft model.70,71

Our group has focused on the phosphoinositide 3-kinase (PI3K) pathway, specifically the lipid phosphatase and tumor 
suppressor phosphatase and tensin (PTEN) homolog, an endogenous negative regulator of this pathway. PI3K is a point of 
convergence of numerous proliferative stimuli induced by both growth factor receptors and G protein-coupled receptors 
(GPCRs). After activation, PI3K induces a signaling cascade that activates multiple downstream effectors, such as mam-
malian target of rapamycin (mTOR), that promote SMC growth, proliferation, and migration. PTEN indirectly antagonizes 
PI3K’s catalytic function by hydrolyzing the 3-phosphoinositide lipid products of PI3K, but PTEN expression is reduced in 
SVGs after engraftment. AdPTEN delivery to vein grafts in a canine CABG model significantly inhibited IH up to 90 days 
postoperatively.34 Notably, the PTEN transgene could be detected by PCR only in the treated vein graft but not in any of a 
number of other tissues, demonstrating that ex vivo delivery of recombinant adenoviruses such as AdPTEN to vein grafts 
poses a low risk of systemic infection.

15.6  THE PREVENT TRIALS

As discussed above, numerous animal studies have demonstrated the preclinical efficacy of a variety of gene therapy 
approaches to treat vein graft disease. However, the E2F decoy oligonucleotide edifoligide is the only strategy that has 
been evaluated in clinical trials. E2F family transcription factors bind directly to DNA and modulate the expression of 
numerous genes associated with the regulation of cell cycle progression. The family is composed of eight members, 
with isoforms 1–3 associated with transcriptional activation of proliferative genes and isoforms 4–8 associated with 
repression of these genes.97 Edifoligide is a 14-base pair double-stranded ODN designed to mimic the conserved bind-
ing site found in E2F1–3 target genes. After delivery into cells, edifoligide acts as a decoy, sequestering E2F from 
genomic DNA and thereby preventing expression of its target genes.37 At the time the E2F decoy strategy was first 
described, E2F was thought to play a role exclusively in promoting cell cycle progression and cellular proliferation. 
Because IH is characterized largely by increased proliferation of SMCs, it was hypothesized that edifoligide would 
limit IH by preventing the proliferative response of SMCs. Indeed, promising preclinical studies in rabbit models 
and cultured human vein segments demonstrated that edifoligide not only inhibited SMC proliferation but also sig-
nificantly reduced IH, preserved endothelial function, and limited the development of atherosclerosis.28–31 These 
exciting data led to the development of a series of clinical trials named the Project of Ex Vivo Vein Graft Engineer-
ing via Transfection (PREVENT). PREVENT I was a phase I trial that demonstrated the safety and biologic efficacy 
of edifoligide decoy ODN delivery in 41 patients undergoing lower extremity bypass surgery.38 PREVENT II was a 
phase IIb trial of 200 patients undergoing coronary artery bypass grafting in which the treatment group demonstrated 
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a 30% relative reduction in vein graft critical stenosis by angiography and a 30% reduction in total vein graft wall 
volume by intravascular ultrasound.72 On the basis of these results, the E2F decoy strategy was investigated in two 
separate phase III trials of vein graft disease: PREVENT III in lower extremity bypass surgery and PREVENT IV in 
coronary artery bypass grafting.

Unfortunately, neither study demonstrated a significant difference in the primary endpoints of primary graft 
patency and critical graft stenosis at 1 year.9,14 Further analysis of PREVENT IV data indicated that angiographically 
determined vein graft failure within the first year was associated with an increased risk of repeat revascularization at 
4 years following angiography. However, this angiographic vein graft failure was not associated with an increased risk 
of myocardial infarction or death within the follow-up period.98 These results highlight the need for a better under-
standing of how the pathophysiology of VGD, particularly the development of IH, correlates with clinically relevant 
endpoints.

The reasons underlying the lack of clinical success of edifoligide are not entirely clear; however, there are several factors 
that may have contributed. As noted, edifoligide was designed to bind to the activating E2F isoforms but may have inadver-
tently bound inhibitory E2F isoforms due to their highly conserved DNA-binding domains.37 Even traditionally activating 
isoforms can act as context-dependent transcriptional repressors, potentially counteracting the intended antiproliferative 
effects of edifoligide.99

Another surprising result from the PREVENT IV trial was the higher-than-expected incidence of vein graft failure dem-
onstrated by angiography. Over 45% of patients in both treatment groups met this criterion at 1 year, which is significantly 
higher than the historical rate of approximately 15%.8 Interestingly, the study lacked a “standard of care” control group, 
meaning that vein grafts in both the treatment and placebo groups were exposed to 310 mmHg of nondistending pressure 
during gene delivery. It is possible that the application of pressure and/or incubation in transfection solution exacerbated 
endothelial injury, highlighting the importance of understanding the effects of specific gene delivery strategies independent 
of the effects of a given target gene.9

Finally, there is accumulating evidence that graft-extrinsic cells play a large role in formation of the neointimal 
lesion.100 The treatment strategies in the PREVENT trials and in many of the preclinical trials discussed above primar-
ily target graft-intrinsic cells. Unfortunately, systemic gene therapy to target graft-extrinsic cells obviates many of the 
potential benefits of ex vivo gene therapy delivered to vein grafts intraoperatively, and such approaches are beyond the 
scope of this review.

15.7  ADDITIONAL CONSIDERATIONS FOR TRANSLATION

From a detailed review of existing studies of gene therapy for vein graft disease, it becomes clear that in order to 
properly assess the promise of preclinical studies, endpoints in animal models must correlate with clinically relevant 
endpoints in patients. Many published preclinical studies have used IH as the primary endpoint, but this may not be 
clinically meaningful, as it remains unclear how IH correlates with vein graft failure, as assessed in PREVENT IV. 
However, there is no universal, consistent definition of vein graft failure (reviewed in Ref. 24). Vein graft stenosis, 
as measured by angiography or other imaging modalities, is another frequently used metric; however, there is no 
strict cutoff for the degree of stenosis to define graft failure. Furthermore, it is also unclear exactly how angiographic 
determinations of graft failure relate to clinical outcomes. For example, analysis of PREVENT IV demonstrates that 
critical graft stenosis is associated with an increased need for repeat vascularization but not an increased risk of death 
and/or myocardial infarction.98 Other readouts such as graft atherosclerosis, measures of systemic inflammation, and 
plaque stability may be more meaningful, particularly in late graft failure, but many of these measures remain poorly 
characterized even in a nonvein graft setting. Focusing exclusively on IH in animal models may exclude promising 
therapies that may have modest effects on IH but dramatic effects on other aspects of VGD (for example, macrophage 
recruitment). Moreover, many of the studies reviewed here demonstrate that increased graft wall thickness does not 
necessarily reflect poor graft function (Table 15.3).

Finally, even if gene therapy for VGD is successfully applied in the clinic, it is unlikely that targeting a single 
pathway will be successful in all patients as a result of genetic variation. Moreover, targeting different pathways and 
cell types simultaneously may be synergistic, as in the case of SOD, TIMP-1, and 35K combination gene therapy 
discussed above.61,68 Similarly, combining gene therapy with other approaches may yield better outcomes than either 
treatment alone. Potential examples include genetic modification of progenitor cells used to seed bioengineered 
grafts, genetic modification of grafts to promote progenitor cell homing, the use of sheaths to provide structural 
support for vein grafts treated with gene therapy, and the use of biological scaffolds for long-term delivery of gene 
therapy to engrafted veins.
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15.8  CONCLUSIONS

Cardiovascular disease is the leading cause of morbidity and mortality in the developed world, and surgical revasculariza-
tion is likely to remain an important therapy for patients with arterial occlusive disease. Although there have been signifi-
cant advances in arterial bypass grafting and in the field of synthetic grafts, autologous veins will likely remain the most 
used bypass conduit for some time to come, especially for complex patients with multivessel disease. The population of 
patients requiring bypass grafting is aging and becoming more complex; therefore, it is critical that we efficiently translate 
basic discoveries in VGD pathophysiology into the clinic. Although the PREVENT trials did not yield a viable therapeu-
tic, they demonstrated that gene therapy for VGD is feasible and safe. The development of more sensitive and clinically 
meaningful endpoints, combined with a better understanding of how the molecular mechanisms of VGD in animal models 
relate to clinical disease will allow for more rapid translation of gene therapy strategies for vein graft disease to the clinic.

TABLE 15.3 Summary of Clinically Relevant Endpoints and Challenges Translating Preclinical Endpoints to Human 
Disease

Clinical Endpoint from  
the PREVENT Trials Related Preclinical Endpoints Challenges in Translation

Need for graft revision N/A

Need for repeat revascular-
ization

N/A

Major amputation (periph-
eral bypass); myocardial 
infarction (coronary bypass)

Canine femoral artery bypass model; did 
not report on limb function, incidence of 
necrosis, etc., within the 4-week study 
period32

Commonly used animal models (e.g., jugular vein–
carotid artery interposition model grafting) do not allow 
for monitoring of these clinically relevant sequelae of 
VGD
Time course of preclinical studies is often insufficient to 
reach these endpoints
Late adverse events (e.g., myocardial infarction due to 
atherosclerotic plaque rupture) are not common or do 
not occur in animal models

Evidence of ≥70% stenosis 
(peripheral artery) or ≥75% 
stenosis (coronary artery) by 
ultrasound and/or angio-
graphy

Coronary arteriography on postoperative 
days 30 and 90 in a canine aortocoronary 
bypass model34

Laser Doppler blood flow monitoring at 
sacrifice in a rabbit jugular vein–carotid 
artery interposition graft35

Blood flow monitoring in the femoral 
artery at sacrifice in a canine femoral 
artery bypass model32

Although associated with increased need for revascu-
larization, unclear how they relate to important clinical 
outcomes (e.g., amputation, myocardial infarction, 
death)

Additional Clinically 
Relevant Endpoints Related Preclinical Endpoints Challenges in Translation

Thrombosis Histological assessment of thrombus for-
mation in excised grafts in a rabbit jugular 
vein–carotid artery interposition model62

Assessment of flow-restricting thrombi by 
ultrasound detection of cyclic flow reduc-
tions in a porcine saphenous vein–carotid 
artery interposition model64

Significant differences in expression of components of 
the thrombotic and thrombolytic pathways between 
humans and animal models (e.g., dogs)

Graft atherosclerosis; 
unstable plaque

Use of hypercholesterolemic rab-
bits28–31,33,35,53 and ApoE knockout 
mice36,65,67

Quantification of macrophages in the 
neointimal lesion33,61,65–68

Commonly used animal models do not develop sponta-
neous atherosclerosis (e.g., dogs)
Hypercholesterolemic animal models do not typically 
develop unstable plaque; differences in expression 
of relevant inflammatory ligands/receptors between 
humans and animal models (e.g., mice)
Lack of established biomarkers of clinical plaque insta-
bility preclude study in preclinical models
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Chapter 16

Gene Therapy in Cystic Fibrosis
Michelle Prickett and Manu Jain
Division of Pulmonary and Critical Care Medicine, Department of Medicine, Feinberg School of Medicine, Northwestern University, Chicago, IL, USA

LIST OF ABBREVIATIONS
AAV2 Adeno-associated vector 2
BAL Bronchoalveolar lavage
CF Cystic fibrosis
CFTR Cystic fibrosis transmembrane regulator
DC-Chol 3b-[N-(N9,N9-dimethylaminoethane)-carbamoyl]-cholesterol
DOPE 1,2-Dioleoyl-sn-glycerol-phosphoethanolamine
DOTAP 1,2-Dioleoyl-3-trimethylammoniopropane
ENaC Epithelial sodium channel
HTS High-throughput screening
IRT Immunoreactive trypsinogen
LCI Lung clearance index
mRNA Messenger RNA
NPD Nasal potential difference
pDNA Plasmid DNA
PS-CF Pancreatic sufficient CF
PTC Premature termination codons

16.1  A BRIEF HISTORY OF CYSTIC FIBROSIS GENETICS

Recognition of characteristic cystic fibrosis (CF) symptoms and their relationship to mortality has existed for cen-
turies. References in medieval folklore spoke of premature death for an infant that tastes “salty.”1 Alonso y de los 
Ruyzes de Fonteca, professor of medicine at Henares in Spain, wrote that it was known that fingers tasted salty after 
rubbing the forehead of a bewitched child.2 Subsequently, various other reports associated defective pancreatic func-
tion with steatorrhea and meconium ileus.3 CF as a distinct entity was first recognized in the 1930s when the charac-
teristic cystic changes in the pancreatic ducts of children with malnutrition were defined.4 These early descriptions 
were vital to establishing a phenotypic basis for disease notable for malabsorption, failure to thrive, and pulmonary 
infection.5 It was later recognized that these changes are acquired through autosomal recessive distribution, identify-
ing a genetic basis to the disease.

16.1.1  Diagnostic Testing for CF is the First Step

In 1953, di Sant’Agnese recognized that excessive salt loss in sweat was the explanation for heat prostration in several CF 
patients,6 which led to the development of sweat chloride testing,7 the most common and widely available test to make a 
CF diagnosis. The advent of sweat chloride testing allowed clinicians and researchers to use a standardized test to confirm, 
or refute, the diagnosis in patients at early stages of disease. For clinicians, this relatively simple diagnostic test helped 
to identify a large population of patients before development of symptoms, which could facilitate early intervention. For 
researchers, it also provided a method to ensure inclusion of patients with uniform criteria for clinical trials and an outcome 
measure for interventions targeting the genetic defect.
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16.1.2  Beyond the Sweat Test

During the past 10 years, newborn screening for CF has been implemented in the United States and many other countries world-
wide. Methods to screen for a CF diagnosis have been developed to identify at-risk infants in early disease or in atypical cases.8 
Once screening identifies an at-risk individual, confirming a diagnosis is important to ensure that appropriate therapy can be 
started before the onset of symptoms. Newborn screening for CF is now standard in all 50 states and measures immunoreactive 
trypsinogen, a chemical secreted by the pancreas, in blood samples collected within the first few days of life. If immunoreactive 
trypsinogen is elevated, then a confirmatory algorithm is implemented. Though the confirmatory algorithm differs from state to 
state, ultimately all algorithms lead to a sweat test to confirm the diagnosis. For atypical cases or in the research setting, nasal 
potential difference (NPD) testing can also be used. This is a more sensitive method for evaluating chloride and sodium movement 
across the nasal epithelium. Although only available through select centers, this testing is highly specific for a CF diagnosis and 
provides a technique to measure treatment responses to therapeutic interventions targeting the basic genetic defect.

16.1.3  Genetics Opens the Door to New Treatments

The next hallmark in the history of CF was in 1989 when the causative gene was discovered. After years of research and 
early work describing the presence of abnormal sodium chloride transport in the respiratory epithelium of CF patients,9,10 
the gene responsible was uncovered. The gene for the cystic fibrosis transmembrane regulator (CFTR) protein was reported 
simultaneously by three groups of investigators,11–13 which spawned the era of novel genetic strategies for both CF diag-
nostics and therapeutics. Since that time, more than 1900 mutations have been reported14; however, only a small number 
of these mutations (Table 16.1) account for the vast majority of both typical and atypical CF phenotypes.15 With respect 
to genetic treatment approaches, gene therapy is relatively unique in that it offers the potential of mutation-independent 
therapy by replacing the mutated gene with a normal copy. However, the relatively small number of mutations that account 
for most cases of CF also affords the opportunity to target a small number of mutated proteins with a protein modifier 
approach. Both of these modalities have recently been reviewed but will be expanded upon in the following sections.16

16.2  CFTR MUTATIONS

As the number of genetic mutations in CFTR continues to expand, it has become increasingly important to categorize muta-
tions based on the protein defect caused by specific mutations. There have been five functional classes of CFTR mutations 
defined (Table 16.2), each affecting a different stage of protein synthesis or function.17 Mutations belonging to classes  
I–III have little or no functional CFTR production and typically lead to more severe or classic CF phenotypes. Conversely, 
mutations from classes IV and V have some residual CFTR function and are more commonly seen with atypical or milder 
disease.

16.2.1  Class I, II, and III Mutations

Class I mutations produce biosynthetic defects, including premature termination codons (PTCs) and frame shift muta-
tions that result in low levels of truncated and/or dysfunctional CFTR proteins. The most common mutation to cause CF 
is F508del, a class II mutation, which allows proteins to be translated through messenger RNA (mRNA) reading frames 
but causes protein misfolding. Thus, the mutant protein is unable to progress through its normal maturation and is almost 
immediately degraded with very little protein reaching the epithelial cell surface. Proteins from class III mutations reach 
the plasma membrane, but have gating defects that limit channel opening (i.e., G551D).

16.2.2  Class IV and V Mutations

Class IV and V mutations allow CFTR protein to reach the cell surface, but these proteins have defects with limited channel con-
ductance or reduced quantity because of abnormal mRNA splicing, respectively. Individual mutations may express more than one 
type of abnormality, which makes the idea of combined therapies important. An example of this is F508del; in addition to causing 
impaired folding, this mutation has been shown to have decreased channel conductance and reduced membrane half-life.18,19

16.3  CF GENE THERAPY CHALLENGES

Since the identification of the mutant CFTR gene as the cause of CF, there has been a significant effort to harness gene 
therapy to correct the mutation at a cellular level. Traditional gene therapy would aim to place a copy of normal CFTR 
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TABLE 16.1 Most Common Mutations in CFTR

Rank Mutation Name # Alleles in CFTR2 Frequency in CFTR2
Mutation 
Resulting Disease

1 F508del 49,740 0.70277 CF-causing

2 G542X 1856 0.02622 CF-causing

3 G551D 1427 0.02016 CF-causing

4 N1303K 1242 0.01755 CF-causing

5 W1282X 1056 0.01492 CF-causing

6 621 + 1G- > T 817 0.01154 CF-causing

7 R117H 808 0.01142 Varying

8 R553X 645 0.00911 CF-causing

9 1717-1G- > A 635 0.00897 CF-causing

10 2789 + 5G- > A 538 0.0076 CF-causing

11 Protein 524 0.0074 CF-causing

12 R1162X 346 0.00489 CF-causing

13 I507del 319 0.00451 CF-causing

14 G85E 316 0.00446 CF-causing

15 2183AA- > G 292 0.00413 CF-causing

16 CFTRdele2,3 277 0.00391 CF-causing

17 3120 + 1G- > A 266 0.00376 CF-causing

18 3659delC 248 0.0035 CF-causing

19 1898 + 1G- > A 245 0.00346 CF-causing

20 R347P 234 0.00331 CF-causing

The top 20 CFTR mutations represent more than 85% of the 1900 mutations identified to date. Each patient will have either the same mutation (homozygote) 
or two different mutations (heterozygote). The most common mutation is dF508 for which 50% of US cases have two copies and 40% will have one copy. 
Table modified from the CFTR2 Database from 70,777 alleles submitted from US and other worldwide registries (Reference: The Clinical and Functional 
Translation of CFTR (CFTR2). Available at http://cftr2.org.)

TABLE 16.2 Nomenclature of CFTR Mutations

Class Classification Common Mutations
Worldwide 
Frequency (%)

Predominant 
Phenotype

CFTR Protein 
Outcome

I Defective synthesis W1282X, G542X 10 Severe No protein

II Defective maturation F508del, N1303K 70 Severe Intracellular  
degradation

III Blocked regulation G551D 3–4 Severe Gating defect

IV Decreased conductance R117H
R347P

<2 Mild Decreased Cl 
movement

V Decreased abundance A455E, 
3849 + 10 kb°C→T

<1 Variable Reduced  
wild-type CFTR

Shown in the table are five classes of CFTR mutations, an example of each class and associated genetic and biologic changes. Class I, II, and III mutations 
are typically associated with more severe disease, whereas classes IV and V are commonly milder phenotypes.

http://cftr2.org
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into the patients’ cells. This approach is attractive because it could potentially be curative for all CF patients regardless 
of genotype. Despite the theoretical allure of gene therapy, the reality of bringing it to the clinical setting has proven a 
significant challenge.20–25

16.3.1  CFTR Cell Expression

Two important unanswered questions regarding gene therapy in CF are which cells need to express CFTR and what level 
of expression is needed to reverse the CF phenotype. Because lung disease is responsible for 90% of mortality in CF, most 
investigators have focused gene therapy efforts on the airways. It has been reported that CFTR is normally expressed in airway 
epithelial cells and cells of the submucosal glands. Expression of CFTR is also tissue specific, with a nearly universal absence 
of CFTR in sweat glands from F508del patients and higher levels detected in ductal cells of the respiratory and intestinal 
mucosa of these same patients.26 With respect to the amount of CFTR expression needed to modulate the CF phenotype, 
some insight is provided by examining relationships between residual CFTR function and associated clinical phenotypes in 
CF patients (Figure 16.1). Obligate heterozygotes (i.e., parents of CF patients) have half the normal amount of CFTR, similar 
in vivo CFTR function (sweat chloride, NPD), and essentially an indistinguishable phenotype as people with two normal 
CFTR genes. At the other end of the spectrum, CF patients with two severe CFTR mutations have little if any detectable CFTR 
function, with sweat chloride values near 100 mmol. Increasing levels of CFTR function are found in CF patients who are 
pancreatic-sufficient CF and in non-CF patients with congenital bilateral absence of the vas deferens and other disorders (e.g., 
chronic idiopathic pancreatitis).27 Using these benchmarks, one might predict that moving CFTR function to 50% of wild-type 
would lead to a normal phenotype and to 30% of normal to a significant improvement in clinical outcomes.

16.3.2  Physical and Immunologic Barriers to CF Gene Therapy

The normal clearance and protective mechanisms of the lung pose significant barriers to the successful implementation 
of gene therapy in normal lungs, which are likely to be magnified in CF patients. The most important hurdles for gene 
therapy relate to technical difficulties created by the mucus barrier and the innate and adaptive immune systems in the 
lung itself. Most gene therapy trials have applied the gene transfer agents directly to the sinopulmonary epithelium via 
aerosols. Therefore, the first step in transfection with functioning CFTR via any vector is to physically reach the target 
host cell. From a structural perspective, the lung is well equipped to defend against particle uptake by a mucus layer 
serving as a primary barrier. The clinical course of CF is characterized by a progressive increase in sputum and airway 
obstruction over time. Thus, the physical barrier is intensified in patients with CF who have a thicker, more viscous 
mucus layer that can impede the uptake of the vector and prevent its delivery to distal airways. There are data to suggest 
that the most commonly used vectors for gene therapy are unable to penetrate CF sputum.28 Thus, current gene therapy 
approaches may only be feasible in early-stage disease before the development of significant sputum accumulation or 
airway changes.

FIGURE 16.1 Residual CFTR function and clini-
cal phenotype. The severity of the clinical phenotype is 
directly correlated with the amount of CFTR expressed 
in tissue. Fifty percent of wild-type CFTR expres-
sion is associated with a normal phenotype as is the 
case with obligate carriers such as parents of children 
with CF. CF-PI = cystic fibrosis with pancreatic insuf-
ficiency, CF-PS = cystic fibrosis with pancreatic suffi-
ciency, CBAVD = congenital bilateral absence of the vas  
deferens.
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Once the epithelial layer has been traversed, there are still immune barriers to overcome. These include innate immunity 
by routine digestion through macrophages and acquired humoral immunity, which is most significant for viral vectors (see the 
following section). Alveolar macrophages have a multifaceted role as the first line of cellular host defense to invading patho-
gens.29 Alveolar macrophages can directly damage invading particles by releasing such substances as lysozyme and proteases 
and by recruiting neutrophils, lymphocytes, and dendritic cells via expression of cytokines and chemokines.30 Experiments 
with adenoviral vectors in immunocompetent and immunodeficient mice have shown that nearly 70% of the vector is lost in 
the first 24 h, a loss that was reduced in the absence of macrophages.31 In addition, the lung is highly immunogenic, and if 
pathogens can evade the primary macrophage-mediated immune barrier, they are still subject to removal by humoral or cellular 
immune systems as a second protective step. Furthermore, humoral immune responses induced by helper T cells targeting the 
viral vector reduce the transfection potential with each subsequent administration of a viral vector.32,33 In addition, pretreat-
ment with cyclophosphamide has been demonstrated to improve transfection efficiency.34 These issues are important consid-
erations with respect to safe use of immunosuppression in CF with its associated chronic airway infection.

16.3.3  Safety Concerns and Duration of Expression in CF

In addition to the technical concerns outlined previously, there are also important safety and efficacy issues that need to 
be considered. Generally, gene therapy runs the risk of an exuberant, potentially fatal immune response, and the risk of 
insertional mutagenesis. The risk of severe cytokine response is greatest in the setting of systemic administration; how-
ever, it is still present with topical administration of a vector. Immunological response to the vector is a well-established con-
cern in gene therapy, with documented cases of death in other disease states directly related to transfection.35 Although 
the risk of a systemic inflammatory response is present in CF, this is mitigated by the topical instillation of vector on the 
airways in all trials to date. Direct application of vector on the airways, however, leads to a transient duration of action 
and often requires repeat administration of vector to maintain effect. The repeat administration of the therapeutic gene 
increases the risk of a heightened immune response of the host toward the gene therapy vector and transgene.

Even if the vector causes no systemic reaction and does not require repeat administration, there is still the risk related to 
the location of the inserted gene and the subsequent host response. Vector integration into the host genome is typically not 
controlled with gene therapy and, therefore, may occur at any place within the genome. If insertion takes place within exist-
ing genes, it may alter their function and lead to new problems. This phenomenon has been well documented in gene therapy 
trials for X-linked severe combined immunodeficiency.36,37 In this instance, the primary disease was essentially cured by 
gene therapy; however, a few years after the trial, two patients subsequently developed leukemia related to interruption of an 
oncogene by the inserted vector. Further reports have shown that integrating vectors used in gene therapy have a predilection 
for regulatory regions of transcriptionally active genes.38 Other potential mechanisms of altered host response include gene 
silencing, horizontal or vertical transmission of therapeutic DNA, and immunotoxicity by the host cell to the vector.

16.4  CF GENE THERAPY IN CLINICAL TRIALS

Despite the theoretical and technical challenges outlined, many investigators have invested significant resources in an effort 
to develop gene therapy as a mutation-independent cure in CF. There has been a great deal of preclinical research and 
early-phase clinical trials investigating viable approaches for gene therapy. These studies have included testing of viral and 
nonviral vectors administered locally and systemically in in vitro and in vivo animal models. Many of these vectors have 
also been tested in CF patients as part of phase 1 and phase 2 studies (Tables 16.3 and 16.4). This chapter will review the 
notable articles in the field, with particular emphasis on the hurdles and limitations of gene therapy in CF and assessment 
of a possible path in the future.

16.4.1  Gene Therapy: Early Studies with Adenovirus Vectors

Adenoviruses, a well-known cause of the common cold, have a natural propensity for infecting sinopulmonary epithelial cells. 
Adenoviruses are primarily taken up by host cells through the coxsackie-adenovirus receptor in the apical surface of airway 
epithelial cells. These receptors are present in many species but notably scarce on the apical surface in the majority of human 
airway cells.64 This limits their uptake in humans compared with animal models. Because of its low transfection efficiency 
and the immunologic response it induces, this vector has shown poor clinical efficacy; thus, there has been limited enthusiasm 
for its continued development. Later generations of these nonenveloped, double-stranded DNA viruses have been modified 
to serve as gene vectors through intricate removal of all viral gene DNA, forming so-called “gutless” viral vectors. When 
coupled with target DNA, such as CFTR, they remain in the cytoplasm of the cell without integrating into the host cell genome. 
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Adenovirus coupled with CFTR DNA was the first viral vector used in clinical trials only a few years after the discovery of 
CFTR. In 1993, Zabner et al. published the first study of three patients in which wild-type CFTR was instilled nasally using an 
adenovirus vector.39 They found no evidence of CFTR expression, but did detect a slight decrease in NPD toward normal val-
ues. This study demonstrated proof of principle that gene therapy was well tolerated and could lead to detectable physiologic 
changes in CF patients. However, the study was limited because there was only a single administration of the CFTR carrying 
viral vector in a very small number of patients and no assessment of long-term sustainability.

The initial study by Zabner et al. was followed by nine additional studies with adenoviruses in the subsequent 8 years.40–48 Most 
of these studies assessed the feasibility of a single administration of adenovirus gene transfer therapy in up to 101 patients. They 
tested a variety of methods including nasal instillation, lung nebulization, and endobronchial instillation. There were, however, 

TABLE 16.3 Viral Vector Gene Therapy Clinical Trials

Reference Vector Route(s) n Safety Concerns Results

Zabner et al.39 Ad Nose 3 No NPD: decreased baseline 
toward normal values
CFTR mRNA and protein: 
not detected

Crystal et al.40 Ad Nose–lung 4 Yes, transient inflamma-
tion at highest dose

NPD: variable
CFTR mRNA: detectable 
in nose but not lung

Knowles et al.41 Ad Nose 12 Local inflammation at 
highest dose

NPD: unchanged
CFTR mRNA: detectable 
mostly at higher doses

Hay et al.42 Ad Nose 9 No NPD: partial correction

Zabner et al.43 Ad Nose 6 No NPD: mild normalization

Bellon et al.44 Ad Nose–lung 6 No CFTR mRNA and protein: 
some detected nose > lung

Harvey et al.45 Ad Lung 14 No CFTR mRNA: partially 
positive but reduced in 
subsequent administration

Zuckerman et al.46 Ad Lung 11 Flu-like symptoms Vector DNA: detectable

Joseph et al.48

Perricone et al.47
Ad Lung 36 Transient fevers,  

myalgias
CFTR mRNA and DNA: 
transient detection noted

Wagner et al.49 AAV2 Nose 10 No NPD: partial correction
CFTR mRNA: none 
detected

Aitkin et al.50 AAV2 Lung 12 Possible mRNA: none detected

Wagner et al.51 AAV2 Nose 23 No NPD: no change
No change in histology 
of IL-8

Flotte et al.52 AAV2 Nose–lung 25 Well tolerated, possible 
side effects reported

NPD: unchanged

Moss et al.53 AAV2 Lung 37 No FEV1: improvement trend
CFTR mRNA:  
undetectable

Moss et al.54 AAV2 Lung 102 No FEV1, sputum  
markers, antibiotic days: 
no improvement

Table of clinical trials using viral vectors in patients with cystic fibrosis. Viral vectors have been the best studied in clinical trials in CF to date.
Ad, adenovirus; AAV, adeno-associated virus; CFTR, cystic fibrosis transmembrane conductance regulator; FEV1, forced expiratory volume in 1 s; NPD, 
nasal potential difference.
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two studies43,45 in which repeated dosing strategies were used. Collectively, these studies demonstrated relative safety of repeated 
administration, with few side effects that primarily included self-limited flu-like symptoms. These studies also highlighted some 
of the difficulties with an adenovirus-based approach in the CF lung. The problems included the following: induction of inflam-
matory responses in host tissues toward the virus; poor penetration in mucus-laden tissue of the lower lung compared with nasal 
epithelium; and transient, low-level CFTR expression. Attempts to achieve a sustained response by repeat administration only 
increased viral antibody responses in the host without an increase in CFTR expression.

16.4.2  Adenovirus-Associated Viral Vectors

The failure of an adenovirus-based approach led to a search for alternative viral vectors in which the virus induces less of an 
immune response. Of these alternatives, adeno-associated viruses (AAV) were the next logical step. These single-strand linear 

TABLE 16.4 Nonviral Vectors Gene Therapy Clinical Trials

Reference Vector Route(s) n Safety Concerns Results

Caplen et al.55 DC-Chol/DOPE Nose 15 No NPD: partial  
correction
CFTR mRNA: not 
detected

Gill et al.56 DC-Chol/DOPE Nose 12 Possible NPD: partial  
correction

Hyde et al.57 DC-Chol/DOPE Nose 11 No NPD: partial  
correction
CFTR mRNA: 
detected in some

Porteous et al.58 DOTAP Nose 16 No NPD: partial  
correction
CFTR mRNA: 
detected in some

Noone et al.59 EDMPC Nose 11 No NPD: unchanged
CFTR mRNA: 
undetectable

Zabner et al.60 GL67 vs naked pDNA Nose 12 No NPD: significant 
response with both 
vectors
CFTR mRNA: non 
detected

Alton et al.61 GL67 Nose–lung 16 Flu-like symptoms NPD: significant 
correction
CFTR mRNA: 
undetectable
CFTR DNA: 
detectable

Ruiz et al.62 GL67 Lung 8 Flu-like symptoms CFTR mRNA:  
partially detectable

Konstan et al.63 DNA nanoparticles Nose 12 No NPD: partial  
correction
CFTR DNA: 
detectable in  
treatment and 
some controls

Table of clinical trials using nonviral vectors in patients with cystic fibrosis. Nonviral vectors offer advantages to viral vectors with less severe immune 
response and better tolerance to repeated administrations.
CFTR, cystic fibrosis transmembrane conductance regulator; DC-Chol, 3b-[N-(N9,N9-dimethylaminoethane)-carbamoyl]-cholesterol; DOPE, 1,2-dioleoyl-
sn-glycerol-phosphoethanolamine; DOTAP, 1,2-dioleoyl-3-trimethylammoniopropane; NPD, nasal potential difference; pDNA, plasmid DNA.
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DNA viruses are similar to adenoviruses but are not pathologic to humans and have a longer duration of exogenous gene 
expression. In late 1999 to the early 2000s, AAV2 was used in multiple clinical trials49–53 involving a total of 209 patients and 
making it the most well-studied gene therapy vector in CF patients to date. The first of these were phase 1 safety studies testing 
single inoculations in patients with CF. Significant findings from these studies were that the AAV2 vectors were generally well 
tolerated with variable detection of transfected CFTR expression and unclear clinical implications.

Only two of the phase 1 AAV-CFTR trials led to phase 2 studies in which repeat administration of AAV2-CFTR was 
evaluated.53,54 The first study published in 2004 evaluated 37 CF patients who received either three doses of AAV2-CFTR 
or placebo spaced 30 days apart. After the final instillation, vector DNA was detectable in all samples tested; however, 
CFTR mRNA was not detected. A trend in forced expiratory volume in 1 s (FEV1) improvement was noted in the treatment 
arm compared with placebo, although the differences were not statistically significant. In addition, evidence of AAV2-
mediated antibodies in treated patients suggested limitations on its use. This was followed by a phase 2B study54 in which 
102 patients were randomized to treatment with either nebulized AAV2-CFTR or placebo administered in two doses given 
30 days apart. The safety profile was similar in both groups, though there was again a significant humoral immune response 
with 100% of the treatment group having a fourfold increase in AAV2 antibody titers compared to only 2% in the placebo 
group. There were no significant improvements in endpoints such as FEV1, sputum inflammatory biomarkers, or days of 
antibiotic use. Given the need for repeat administration, absence of improvement in clinical endpoints, and viral-associated 
antibody response, evaluation of alternative viruses as vector choices has been pursued.

16.4.3  Additional Viral Vectors

Other viruses that have been explored as CF gene therapy vectors include simian vacuolating virus 40 (SV40), RNA viruses, 
and lentivirus. Simian vacuolating virus is a circular DNA virus with the ability to integrate into the host cell genome. There 
was initial optimism that SV40 may be a better alternative to adenoviruses; however, it has had limited utility because of its 
relatively smaller size, which has made the packaging of the large CFTR transcript challenging. In in vivo experiments with CF 
mouse models, transfection with rSV40CFTR demonstrated a modest improvement in chloride channel function at the apical 
surface compared with empty vector.65 This study also examined CFTR null mice transfected with rSV40/CFTR after Pseudo-
monas aeruginosa challenge and reported improvements in weight and inflammatory markers such as bronchoalveolar lavage 
fluid neutrophil counts, interleukin (IL)-1β, and IL-8. However, the in vivo responses in mice were not expanded to humans.

RNA viruses have negative strands and remain in the cytoplasm without integration into the host cell genome. Examples 
include parainfluenza virus, respiratory syncytial virus, and Sendai virus (SeV). Of these, the only vector that has been used in 
animal models is SeV. In a study by Griesenbach et al., mice were transfected through nasal instillation of an F-protein-deleted 
SeV viral vector (ΔF/SeV) coupled to a luciferase reporter gene with either a single or repeat administrations.66 The results 
demonstrated a robust response to initial administration at 2 days after instillation; however, there was a 60% decline in target 
gene expression when empty vectors were administered for two doses before luciferase instillation. This suggests a vector-
related immune response that modulates target gene expression. The lower response to repeat dosing was similar to response 
levels seen with nonviral vectors. With its very short time (days) for gene expression and difficulty with repeat administration 
because of neutralizing antibody responses,66 translation of SeV viruses to human trials would be challenging.

Lentiviruses are viruses that are currently being evaluated most actively as gene therapy vectors in CF. They are linear 
RNA viruses that have the capability of integrating into the host genome and offer the potential of sustained CFTR expres-
sion. There are, however, still limitations to overcome with this virus because it has relatively poor uptake in airway epithe-
lium. For this reason, adjunct use of tight junction modulators such as lysophosphatidylcholine has been used to facilitate 
transfer into host progenitor cells in the deeper epithelium.67,68 Nasal expression of CFTR in CF knockout mice has resulted 
in partial correction of chloride transport, which was sustained for up to 12 months after a single administration of modified 
lentivirus.69 Subsequent studies have shown persistent luciferase reporter expression up to 18 months after transduction of 
Sendai virus-F/HN pseudotyped lentivirus after lysophosphatidylcholine pretreatment in CF mice.70 Follow-up work by 
this same group recently reported that, in CF mice, a single dose with this regimen showed sustained luciferase activity for 
the lifetime of the mouse. CFTR expression was increased with repeated monthly inoculation and sustained tolerance was 
also demonstrated.71 For these reasons, lentiviruses are the current vector of choice for ongoing viral-based studies in CF, 
although no human trials are currently under way.

16.4.4  Nonviral Vectors in CF Gene Therapy

An alternative to viruses are nonviral vectors that typically comprise plasmids or carrier molecules made of cations or 
lipids that can deliver target DNA into a cell. The potential advantage of nonviral vectors compared with viral vectors is a 
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decreased immunomodulatory response and better tolerance to repeat administration. One of the theoretical disadvantages 
of nonviral vectors is lower efficiency of transfection, owing in part to the absence of functional proteins that aid with 
intracellular transport and integration. It has been demonstrated in a small number of CF patients that repeated nasal admin-
istration of DNA liposome complex, DC-Chol/DOPE, led to detectable CFTR expression and no evidence of an immune 
response. However, the transfection rates were low and there was minimal change in chloride transport as measured by 
NPD.57

Additional data come from work performed in the 1990s when there was significant enthusiasm for nonviral vectors. 
There were nine separate phase 1 clinical trials examining five different nonviral vectors, each tested in a small number of 
CF patients. The studies using nasal administration showed reasonable tolerability; however, in the two studies in which 
lower respiratory tract administration was performed,62,72 the majority of patients were found to have significant inflam-
matory responses. Both of these studies used the nonviral vector GL67A coupled to plasmid CFTR, and work has been 
ongoing to modify the vector to improve tolerability and efficacy. A clinical trial in 35 CF patients was recently completed 
in which a single nebulized treatment of GL67A (pGM169/GL67A) was administered at variable doses. The investigators 
found evidence of CFTR mRNA in bronchial lining cells and improved NPD in the majority of patients. This was most pro-
nounced with the mid-level dose, which had a favorable safety profile.73 A randomized, double blind, multidose, placebo-
controlled clinical trial is currently under way in which CF patients will undergo repeat instillations every month for 1 year. 
This study design was recently published; however, the results of the trial are likely several years off.74

16.4.5  Stem Cells to Restore CFTR Function

There has also been significant interest in the use of stem cells as a therapeutic option for restoring functional CFTR in 
patients with CF. This includes the use of early progenitor or bone marrow-derived cells in which CFTR function has been 
restored and administered to the host intratracheally or systemically. This field is only beginning to emerge and its merits 
and potential limitations have recently been reviewed by several authors.23,75 Mice lacking CFTR have been tested with 
the use of autologous bone marrow cells that have had CFTR function restored in vitro. Some of these studies have used 
direct instillation of early stem cells similar to methods used in viral vector transfection as described previously. However, 
murine studies have also used systemic administration of early progenitor cells, in the absence of irradiation or immunosup-
pression, with salutatory effects on P. aeruginosa lung infection.76 This approach shows promise with several early animal 
models demonstrating engraftment of donor cells. However, the efficiency of engraftment has been low raising the question 
of whether clinically significant correction is possible in humans with this approach.

16.5  MUTANT PROTEIN REPAIR

After its discovery as the cause of CF, CFTR was identified as a member of the traffic ATPase family and a chloride chan-
nel.11,12,77 Subsequently, it was shown to transport other anions (e.g., thiocyanate, bicarbonate) and to regulate ion trans-
porters such as the epithelial sodium channel and alternative chloride channels.74–81 This work provided a new perspective 
for relationships between CFTR mutations and the molecular mechanism of their associated dysfunction. The breakdown 
of mutations into five classes based on mechanism of protein dysfunction provides a useful approach to therapy because 
it allows the potential of designing interventions targeting mutant CFTR function based on mutation class. Using support 
from the CF Foundation, multiple pharmaceutical companies have undertaken separate high-throughput screening efforts 
that address three different CFTR mutation targets, including (1) suppression of premature termination codons (PTC), (2) 
“potentiation” of mutant CFTR at the plasma membrane (e.g., G551D CFTR), and (3) “correction” of CFTR trafficking 
defects (F508del CFTR). Before and in parallel to these efforts, proof of concept studies in independent laboratories dem-
onstrated that mutant CFTR function could be improved by a variety of small molecules in preclinical model systems and 
in vivo.19,82–85

16.5.1  CFTR Potentiators

Potentiators are CFTR modulators that increase the time CFTR spends in the open channel configuration and thereby lead 
to increased chloride transport. Ivacaftor, the first potentiator to gain Food and Drug Administration approval, is indicated 
for CF patients with the G551D mutation.82 Though it is the second most common cause of CF, G551D is present in only 
about 4% of CF patients.14 Ivacaftor has been studied in one phase 286 and two pivotal phase 3 trials.87,88 In all three studies, 
ivacaftor treatment led to rapid, dramatic, and sustained improvements in FEV1 and biomarkers of CFTR function (e.g., 
sweat chloride values below the 60 mmol CF diagnostic threshold). In the larger phase 3 trial in adults, ivacaftor-treated 
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patients demonstrated more than a 10% absolute improvement in FEV1, which was highly significant. There were also 
clinically significant improvements in weight, quality of life measures, and pulmonary exacerbation frequency. Similar 
findings were seen in the phase 3 trial of patients aged 6–11 years.88 The responses in younger CF patients were particularly 
noteworthy, confirming the suspicion of “silent” disease in seemingly normal CF patients, and providing support to the 
notion that early disease is reversible (and potentially preventable). In a more recent phase 2 trial of patients with milder 
lung disease (FEV1 > 90%), ivacaftor treatment reduced ventilation inhomogeneity, as assessed by the lung clearance index, 
and improved sweat chloride and FEV1.89 It remains to be seen whether patients with other gating mutations (class III) 
or conductance mutations (class IV) can benefit from ivacaftor, but preclinical studies indicate reduced chloride transport 
caused by other CFTR-gating mutations can be increased by ivacaftor.90 Clinical trials have been completed in both cat-
egories of patients with results pending. Based on submitted though unpublished data, the Food and Drug Administration 
approved ivacaftor for seven additional low-prevalent mutations.

16.5.2  PTC Mutation Suppressors

PTCs result when single base-pair substitutions create an erroneous stop codon within the open reading frame of a gene. 
Suppressors of PTCs, such as aminoglycoside antibiotics, are able to bind eukaryotic ribosomes and cause the insertion of 
a near cognate amino-acyl transfer RNA into the ribosomal A site.91 This process can allow the ribosome to “readthrough” 
the PTC and produce some full-length protein and has been extensively tested in proof-of-concept studies using aminogly-
cosides to suppress PTCs (gentamicin, amikacin, geneticin).91 There has been demonstrated efficacy in in vitro studies, in 
animal models of CF and muscular dystrophy, and in small numbers of CF patients. Currently, there is one oral compound, 
ataluren (PTC Therapeutics), in clinical trials to treat CF caused by PTCs. Ataluren was studied in three phase 2 random-
ized, dose-ascending, open-label trials in CF.83,92,93 Each study demonstrated short-term tolerability of ataluren, and two 
studies demonstrated improvements in CFTR function (across a number of PTC mutations) as measured by NPD. One 
study also demonstrated improvements in CFTR localization to the nasal cell membrane, whereas another demonstrated 
improvement in cough over 3 months.83,92 The third study failed to demonstrate improvements in NPD, and all three stud-
ies were limited by small numbers and absence of placebo groups.94 It was then studied in a large phase 3 randomized, 
48-week, double-blind, placebo-controlled trial designed to test safety, efficacy, and tolerability. The results have only been 
reported in abstracts to date.95,96 The phase 3 study consisted of 232 patients and showed that ataluren was associated with 
a trend toward slower loss of FEV1 (−2.5% ataluren vs. −5.5% placebo) and fewer pulmonary exacerbations (23% decrease 
compared with placebo).97 The primary significant drug-related toxicity was to the kidney.

16.5.3  CFTR Correctors

The F508del mutation disrupts folding of nascent CFTR, causing retention in the endoplasmic reticulum and subsequent 
proteasomal degradation.81 The result is minimal protein escaping intracellular degradation. CFTR correctors induce 
more F508del CFTR protein delivery to the plasma membrane, and Vertex Pharmaceuticals has developed two F508del 
correctors that have advanced to clinical trials. One F508del CFTR corrector (VX-809, Lumacaftor) has been assessed 
in a phase 2, multicenter, randomized, double-blind, placebo-controlled trial in adults homozygous for F508del CFTR. 
Eighty-nine subjects were enrolled to evaluate safety and efficacy of 28 days of VX-809 treatment compared with pla-
cebo across four doses.98 Although VX-809 was found to be safe for patients, there was no impact on any clinically sig-
nificant outcome. There was, however, a dose-dependent reduction in sweat chloride, demonstrating that F508del CFTR 
was a viable drug target and laying the foundation for combinational trials with the CFTR potentiator, ivacaftor. Indeed, 
in vitro results of VX-809 combined with ivacaftor have reported increased F508del CFTR activity relative to VX-809 
alone (as assessed by chloride currents in primary human bronchial epithelial cells).99 In a phase 2 study of 82 F508del 
CF patients, using VX-809 in combination with ivacaftor was associated with an approximately 10 mmol/L reduction 
in sweat chloride compared with placebo. In the subgroup of patients who received the largest dose of VX809, FEV1 
increased by 6.62% more than with placebo.100 A phase 3 study is ongoing and should have results reported in mid- to 
late 2014. In addition, a second F508del CFTR corrector (VX-661) has also entered clinical trials in F508del CFTR 
homozygous adults, which will assess treatment with VX-661 alone and in combination with ivacaftor in a dual-dose 
ascending study format (NCT01531673).

One unanswered question in regard to mutation-specific therapy in CF is whether both mutations need to be targeted in 
patients who are heterozygous for the CFTR genotype. Data from the ivacaftor in G551D study, in which >99% of patients 
were heterozygotes,87 suggest that only one mutation needs to be targeted if the intervention is sufficiently potent. It is 
likely, however, that for less potent interventions, both mutations may need to be targeted to obtain a robust clinical effect.

ctgov:NCT01531673
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16.6  CONCLUSION

The discovery that mutant CFTR is the cause of CF engendered hope that gene therapy would lead to a disease cure. There 
have been substantial gains in the diagnosis and understanding of the basic cellular mechanisms to better characterize the 
disease and assess treatment response. In addition, the breadth of potential gene mutations and subsequent categorization 
into classes has helped to shape the working model of the disease at the molecular level. Replacement of the mutated gene 
with a functional copy has been the hope since the discovery of CFTR more than 20 years ago and still remains elusive. 
Much has been learned in the intervening period with respect to hurdles and limitations of gene therapy. Some of the largest  
obstacles have been the inability to transfect the target cells with an intact copy of the gene because of physical and immuno-
logic barriers. Clinical trials have been conducted using several viral vectors of which the most common have been adeno- 
and adeno-associated viruses with limited success. Even when vector uptake is possible, repeated administration has been  
required with each administration associated with a diminished clinical response. Current gene therapy research is targeting 
use of lentiviruses and nonviral vectors. Additional research using bone marrow-derived stem cells and early progenitor 
cells also provides hope for gene replacement, though this has not been expanded to human trials to date. Newer approaches 
targeting repair of mutant CFTR proteins are a promising alternative to gene therapy. One small molecule potentiator has 
been approved for use in several class III mutations, whereas several other compounds targeting additional genotypes are 
being tested in ongoing clinical trials. Although gene replacement has been sought for many years, the most successful 
approaches have used single and combination small molecule compounds to correct and potentiate protein function with 
moderate success and improved clinical outcomes. Work continues on all fronts to develop a long-term cure that will likely 
require a combination of strategies currently discussed.

GLOSSARY
Obligate heterozygotes Possessing one mutated gene and one functioning gene (i.e., CF carriers or parents of offspring with CF)
Premature termination codons DNA mutations resulting in stop mutations and truncated mRNA
Potentiators Molecule that improves channel function
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Genetic Engineering of Oncolytic  
Viruses for Cancer Therapy
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LIST OF ABBREVIATIONS
BOEC Blood outgrowth endothelial cells
CRAD Conditionally-replicating adenovirus
CEA Carcinoembryonic antigen
eIF4F Eukaryotic initiation factor 4 F
GMCSF Granulocyte-macrophage colony stimulating factor
HSV Herpes simplex virus
HSP70 Heat shock protein 70
IFN Interferon
MV Measles virus
MSC Mesenchymal stem cells
PKR Double-stranded RNA kinase
RR Ribonucleotide reductase
RT3D Reovirus Type 3 Dearing
Rb Retinoblastoma
SCCHN Squamous cell carcinoma of the head and neck
TK Thymidine kinase
VV Vaccinia virus

17.1  INTRODUCTION

Oncolytic viruses are a group of viruses that selectively infect and kill cancer cells while sparing normal tissues. The idea for 
using these viruses as a cancer therapy is not a new one, and is based on patients demonstrating tumor regression after a natu-
ral viral infection. Experimental uses of impure viral products and even infected body fluids have been given to patients in the  
twentieth century as a mode of therapy for cancer patients, often with disastrous consequences. However, serologic techniques 
for purifying viruses and titering viruses has allowed for safer and more precise use of viruses for therapy between 2000 and 
2010. Furthermore, advances in molecular engineering have allowed manipulation of the viral genome to both make them safer 
by deleting viral genes involved in pathogenesis and by insertion of novel transgenes to enhance antitumor activity (Figure 17.1). 
As a result, several viruses have now been tested in clinical trials with varying degrees of success (Table 17.1). These trials have 
led to the licensing in China of an adenoviral vector, H101 (commercially sold as Oncorine), and to late phase clinical trials of 
recombinant herpes virus and reovirus vectors.1–3 The aim of this chapter is to provide a primer for the use of oncolytic viruses for 
cancer therapy focusing primarily on current viruses in clinical use and the therapeutic approaches that are being used to improve 
oncolytic viruses. The list of viruses discussed here is not meant to be exhaustive and there are several other vectors in develop-
ment. This chapter is an update and extension of a review article that was published in Translational Research.4

17.2  CONDITIONALLY REPLICATING ADENOVIRUSES (CRADs)

Adenoviral vectors were one of the first viruses recognized with oncolytic activity and one of the first viral-based cancer 
therapies used in modern clinical testing. The wild-type adenovirus was used as a therapy for patients with cervical cancer 
in the 1950s both by intratumoral and intravenous injections. Although the treatment was found to be safe, it was only 



262 Translating Gene Therapy to the Clinic

modestly effective, and as a result fell out of favor until the 1990s. During this time, nonreplicating adenoviral vectors were 
undergoing testing for cancer gene therapy; however, the efficacy was quite poor due to the limited number of cells that 
could be transduced with a nonreplicating virus. Therefore, the concept of using replicating vectors resurfaced as a way to 
increase the transduction of gene therapy to a larger percentage of a tumor mass by productive infection.

Adenovirus (Ad) is a 36 kb double-stranded DNA virus that is encapsulated by an icosahedral capsid. The capsid struc-
ture is composed of several proteins, perhaps the most important of which are the fiber protein and penton base protein 
(Figure 17.2). The fiber protein projects out from the icosahedral capsid and is a heterotrimer. There are two major domains 
of the fiber protein consisting of the shaft and knob region. The knob region forms the attachment site for the virus on 
the target cell. The majority of oncolytic adenoviruses are of serotype 5. The knob region of Ad5 binds specifically to the 
coxsackie and adenovirus receptor (CAR) on the surface of the target cell, whereas the knob region of other serotypes has 
specificity for alternate receptors. The penton protein is located at the base of each fiber and is composed of an Arg-Gly-Asp 
(RGD) motif, which serves to facilitate internalization of the virus after binding to the target cell. Once a virus has attached 
to the cell, the RGD motif interacts with integrins on the cell surface, which then allows uptake via clathrin-coated vesicles. 
Subsequent acidification of the vesicle then results in release of the genome, which then traffics to the nucleus for replica-
tion. The Ad genome consists of four early genes (E1 through E4) that encode transcriptional regulators and five late genes 
(L1 through L5) that encode structural proteins. The E1A gene product is required for viral replication, and E1B facili-
tates infection of normal healthy tissue. Thus, for engineering oncolytic adenoviruses, approaches to improve therapeutic 
targeting to cancer cells encompass modifications to the early genes, fiber protein, and RGD motif. In addition, oncolytic 
adenoviral vectors have been “armed” with insertion of transgenes aimed at enhancing the therapeutic effect either by caus-
ing expression of a suicide gene or by stimulating an immune response to infected tumor cells. These modifications are 
discussed in the subsequent passages.

FIGURE 17.1 Mechanisms of tumor tropism of various oncolytic viruses. Schematic diagram highlighting the mechanisms of tumor tropism 
employed by several oncolytic viruses in clinical development. Defective antiviral interferon (IFN) responses in cancers are a common mechanism for 
tumor specific viral replication of most oncolytic viruses. DNA viruses have been engineered to rely upon tumor expression of ribonucleotide reductase 
(RR) and thymidine kinase (TK) to retain tumor specificity of viral replication. Additionally, several of the adenovirus vectors are engineered to replicate 
in p53 and Rb defective cancer cells. Inhibition of protein translation is a critical checkpoint to limit viral replication. Efficient reovirus and HSV repli-
cation is enabled by Ras-mediated inhibition of protein kinase of double-stranded RNA (PKR) and enhanced cap-dependent translation, which results 
in constitutive translation in cancer cells. Vaccinia viruses (VV) make vaccinia growth factor (VGF), which stimulates similar signaling pathways and 
increases the pathogenesis of this virus. Deletion of VGF can also result in enhanced tumor specificity as growth factor pathways that are active in cancer 
cells result in efficient replication. MV utilizes CD46 and Nectin4 expressed on many tumor types as its epithelial receptor and accounts for some of its 
tumor tropism. In lung cancer and mesothelioma, MV replication is partly dependent upon aberrant activation of protein translation.
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TABLE 17.1 Clinically Tested Oncolytic Viruses

Virus Cancer Type Modification Response Reference

Adenovirus

ONYX-015
H101

SCCHN
Glioma
Ovarian cancer

E1B-55k deleted PR 1–5

CGTG-401 Solid tumors hTERT promoter
CD40L expression

SD 6

Ad5/3-D24-GMCSF Solid tumors Ad3 fiber
E1A-d24 mutation  
(Rb selective)
GMCSF

SD 7

Ad5-D24-GMCSF Solid tumors E1A-d24 mutation
GMCSF

2 CR
1 PR

8

Ad3-hTERT-E1A Solid tumors E1A-deleted
hTERT promoter
Ad3 fiber

SD 9

ICOVIR-7 Solid tumors E2F promoter controlling  
E1A-d24 mutation
RGD-4C modification

1 PR 10

H103 Solid tumors HSP70 expression 2 PR 11

CV706 (CG7060) Prostate cancer PSA-selective SD

CV787 (CG7870) Prostate cancer PSA-selective
Expresses E3 region

SD

INGN 241 Solid tumors Expresses mda-7 2 PR

Ad5-CD/TKrep Prostate cancer Expresses cytosine  
deaminase and  
thymidine kinase

Herpes Virus

Oncovex-GMCSF Breast, SCCHN,  
melanoma IT
Liver tumors

ICP6 deleted
α47 deleted
γ-34.5 deleted
GMCSF expression

8 CR
13 PR

12–14

NV1020 Liver tumors IA ICP0, ICP4 deleted
γ-34.5 deleted
LAT
TK insertion

1 PR 15

G207 Glioma IT ICP6 deleted
γ-34.5 deleted

8 PR 16,17

Vaccinia Virus

GL-ONC1 Solid tumors GFP expression SD

JX-594 Liver tumors
Solid tumors IV

TK deleted
GMCSF expression

2 PR 18–20

Reovirus Type 3 Dearing Solid tumors IV
SCCHN IT
Colon cancer IV
Combination with 
chemotherapy

N/A SD
3 PR

21,22

Continued
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17.2.1  Modifications to Improve Tumor Tropism

The initial adenoviral vector used in clinical trials employed recombinant engineering to delete the E1B-55K gene and 
thereby make adenoviral replication conditional. This approach relies on one of the major cellular defenses against adeno-
viral infection: activation of cell cycle checkpoint proteins, such as p53, to prevent viral replication. Virulent strains of 
adenovirus have evolved to express the E1B-55K protein to bind and inactivate p53, allowing for progression through the 
cell cycle and subsequent viral replication. Because p53 is inactivated or mutated in a large majority of tumor types, the 
deletion of E1B-55K attenuates the virus for normal cells with intact p53, but allows viral replication in cancer cells lacking 
functional p53. ONYX-015 is an adenoviral vector that was designed to be replicated conditionally in p53-negative cells. 
The deletion of E1B-55K resulted in a markedly attenuated virus for normal cells, while retaining replicative capacity in 
p53-null cancer cells. However, E1B-55K deletion was observed to reduce viral replication compared to the wild-type virus 
in many models both in vitro and in vivo. In addition to its role as a p53 inhibitor, E1B-55K is involved in mRNA transport 
functions. Deletion of E1B-55K may have reduced the efficacy of ONYX-015. There are now adenoviral vectors that have 
been constructed with a more precise mutation in E1B-55K that eliminates the p53-binding site, but maintains its function 
in mRNA transport. This viral vector is less attenuated compared to wild-type adenovirus.

Virus Cancer Type Modification Response Reference

Measles Virus

MV-CEA Ovarian Ca IP CEA expression SD 23

MV-NIS Ovarian Ca IP
Myeloma IV
Glioma IT
Mesothelioma IPl

Sodium-iodide symporter 
expression

SD Unpublished

Vesicular Stomatits Virus

VSV-IFN-β Liver tumors IFN-β Unpublished

IT: Intratumoral, IV: Intravenous, IP: Intraperitoneal, IPl: Intrapleural, IA: Intra-arterial. SCCHN: head and neck cancers. Responses are according to RECIST 
criteria: CR = complete response, PR = partial response, SD = stable disease.

TABLE 17.1 Clinically Tested Oncolytic Viruses—cont’d

FIGURE 17.2 Adenovirus structural modifications. The adenoviral particle consists of an icosahedral capsid with a penton base at each vertex. A 
fiber structure projects from the penton base with a knob structure attached at the end. The knob/fiber region is critical for cell attachment and deter-
mines binding specificity. Serotype 5 Ads bind to coxsackie and adenovirus receptors (CAR), which are not highly expressed on most tumors. Therefore, 
modifications to the knob region have been generated to enhance tumor specificity. An arginine-glycine-aspartic acid (RGD) motif can be added to the 
C-terminus of the knob structure, which mediates binding to cellular integrins (top). Ad3 serotype knobs have been incorporated with the Ad5 fiber; this 
allows the chimeric virus to utilize both CAR and non-CAR receptors to attach to cells (middle). Knob-less Ads have been generated with a single-chain 
variable fragment (scFV) or an affibody display that directs attachment to its target receptor (bottom).
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Similar to ONYX-015, the delta-24 adenovirus (Ad-D24) was engineered to encode an adenoviral E1A protein that 
lacks the retinoblastoma (Rb) binding site. The Rb pathway is a major inhibitor of cell cycle progression and its inactiva-
tion is important for DNA synthesis required for viral replication and the uncontrolled growth of many cancers. Ad-D24 is 
markedly attenuated in cells with wild-type Rb, however, this modification does not affect viral replication in cancer cells 
with an inactivated Rb pathway.

An alternate approach to control viral replication in tumor cells is to design vectors in which genes essential for viral 
replication are under the control of tissue-specific promoters that restrict viral replication to cancer cells. Several viral con-
structs have been made that incorporate this strategy, including human telomerase (hTERT), prostate-specific antigen (PSA), 
survivin, alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA), and others as activators for tissue specificity. While these 
have all been demonstrated to improve tumor selectivity, only the PSA- and hTERT-targeted viruses have gone on to clinical 
testing in patients (DeWeese, 2001 #94924) (Yu, 1999 #95025) (Nemunaitis, 2010 #95126) (see below for further details).

17.2.2  Improving Transduction of Adenoviral Vectors

The vast majority of adenoviral vectors used as oncolytic viruses are serotype 5, which utilize the coxsackie and adenovirus 
receptor (CAR) for entry into the cell. Many tumor types do not express the CAR receptor, and importantly, this receptor 
is expressed highly in liver tissue resulting in potential liver toxicity. Thus, fiber modifications have been made that allow 
binding of adenovirus to tumor cells in a CAR-independent manner as well as limit off-target transduction of normal liver 
tissue (Figure 17.2). Initial attempts modified the fiber protein, which is responsible for cell binding, to the serotype 3 fiber 
(Ad3), which is superior to wild-type Ad5 in transduction of many tumor types including melanoma, ovarian cancer, and 
others.5,27 Interestingly, a chimeric Ad5/3 vector that incorporates a truncated fiber shaft of Ad5 with Ad3 knob structure 
results in enhanced infection compared to wild-type Ad5 and has the advantage of infecting in a CAR-dependent and CAR-
independent manner, broadening its specificity to tumor cells that do not express CAR.28 Further modifications could be 
made to the knob region of the fiber protein to alter the targeting of adenoviral vectors. Introduction of an RGD motif in 
the knob region results in targeting directly to integrins. This particular modification is now being tested in several clinical 
evaluations of replicating Ads.

Another approach to retarget adenoviral vectors has been to use adapters to eliminate the binding of the knob region 
to CAR and replace that with a tumor-specific ligand or single chain variable fragment (scFv) of an antibody. The adapter 
approach uses an external adapter that binds to the knob region on one end and on the other binds to a tumor-specific 
receptor. These adapters are just that and are not permanent modifications to the virus, but are admixed with virus prior to 
treatment. This has been accomplished using chemical conjugation of a Fab fragment specific for the knob region on one 
end and with a ligand such as fibroblast growth factor 2 (FGF2). More recently, bispecific adapters have been genetically 
fused to create a single fusion protein, which simplifies the manufacture of these molecules.29 This approach depends upon 
an adapter binding to the knob region to eliminate binding to cellular CAR. An alternate approach is to genetically alter the 
virus such that instead of displaying the knob region, the adenovirus is genetically constructed to display a peptide ligand, 
Affibody, or scFv.6–8 Probably the best example is a knob-less adenoviral vector expressing an Affibody against Her2/neu 
that effectively retargets adenovirus to infect Her2-positive cells.9

17.2.3  “Armed” Adenoviral Vectors

One of the conceptual approaches to viral cancer gene therapy has been to introduce a gene into cancer cells that results 
in cell death. The difficulty with this approach is that the transduction efficiencies are so low that the number of infected 
cells is fairly small, and the cells that do not receive the gene of interest are not affected. The use of replicating viruses can 
overcome some of these limitations because viral replication can amplify the number of cells that are infected. Moreover, 
the introduction of a suicide gene can induce a bystander effect in which surrounding cells can be exposed to the lethal gene 
product, causing cell death. These so-called “armed” adenoviral vectors have been employed in several models and have 
now undergone early clinical testing. Multiple armed adenoviral vectors have been constructed with numerous therapeutic 
transgenes; these have exhibited preclinical efficacy compared to parent vectors. One approach to suicide gene therapy is to 
enhance apoptosis by introduction of a proapoptotic protein such as tumor necrosis factor-related apoptosis inducing ligand 
(TRAIL)10,30 or socs3.11 Another approach is to introduce a tumor suppressor such as mda-7.31 Alternately, adenoviral 
vectors have been armed with a transgene that enhances sensitivity to combination therapy with chemotherapeutic agents. 
Introduction of cytosine deaminase using adenoviral vectors enhances the conversion of 5-fluorocytosine into the cytotoxic 
drug, 5-fluorouracil, and has been shown to increase cell death in vitro and improve tumor control in animal models of 
colon and breast cancers.16,32 Despite promising preclinical data, only Ad-mda-7 (INGN 241) and Ad-cytosine deaminase 
have gone on to clinical testing in patients.
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Perhaps the most promising approach to modification of oncolytic viruses in general has been the introduction of armed 
viruses to enhance immune-mediated killing of cancer cells. Several adenoviral vectors have been constructed with this 
goal in mind and have shown the greatest promise so far. The introduced transgene is designed to recruit immune effector 
cells such as cytotoxic T cells, NK cells, or dendritic cells to enhance therapy and ultimately to create a long-term adaptive 
immune response against tumors. The introduction of granulocyte-macrophage colony-stimulating factors (GM-CSF) into 
adenoviral vectors has been particularly promising. These vectors have been seen to eradicate tumors in several preclinical 
models and have shown recruitment of immune mediators into the tumor microenvironment.15,17 Expression of CD40L 
by oncolytic adenoviral vectors also results in enhanced immune response through activation of a T-helper type 1 (Th1) 
response, leading to activation of cytotoxic T cells. This approach has been effective in immune competent mouse models 
of bladder cancer and melanoma. Furthermore, this improvement was dependent on the presence of T cells demonstrating 
the immunotherapeutic effect.12 The expression of interleukin-12 (IL-12) to enhance the antitumor activity of NK cells 
and T cells has been shown to enhance therapy in an immune-competent Syrian hamster model of pancreas cancer. This 
is significant because Syrian hamsters are possibly the only small animal model that is permissive for adenovirus replica-
tion.33 The above viruses have now entered clinical testing with promising early results (see below). Numerous additional 
immunotherapeutic approaches have been tried and are in various stages of preclinical development.

17.2.4  Clinical Observations

In clinical testing, ONYX-015 was shown to be safe at doses up to 1011 plaque forming units (pfu); however, it demonstrated 
limited activity by itself.13,34 Tumor response was seen after intratumoral injection in patients with accessible head and neck 
cancer, which led to trials using ONYX-015 in combination with chemotherapy.14 A phase II study suggested improved 
outcomes compared to what was expected with chemotherapy alone and tumor biopsies showed evidence of tumor-specific 
viral replication.18 A Chinese company used an identical virus (H101) in a randomized phase III trial in 160 patients with 
nasopharyngeal carcinoma in combination with platinum and 5-fluorouracil.19 The addition of H101 to chemotherapy 
resulted in a more than doubling of the response rate. On the basis of these results, Chinese authorities licensed H101. The 
results obtained in China have not been duplicated and further clinical development of ONYX-015 was abandoned at the 
time, in part because of the low objective response rates of 15%. Since then, numerous iterations of conditionally replicat-
ing adenoviruses (CRADs) have been developed and tested in preclinical models and early clinical trials incorporating one 
or more genetic modifications. These modifications attempt to enhance tumor specificity of viral replication either through 
targeting viral entry to tumor-specific receptors or by engineering viral gene expression under the control of tumor-specific 
promoters.20,35 For example, 20 men with biochemical local recurrence of prostate cancer were treated with CV706, a PSA-
selective adenoviral vector. Treatment was safe with no dose-limiting toxicity by intratumoral injection. PSA decreases of 
up to 73% were seen in the highest dose cohorts.24 CG7870 was similarly targeted to PSA expressing cancer cells but also 
expressed the adenoviral E3 region, which was thought to play a role in evading the immune response.25 CG7870 was given 
to 23 patients with metastatic hormone refractory prostate cancer through intravenous injection. Though stable disease was 
the best response, there were PSA responses seen at the higher dose cohorts. Telomelysin is an hTERT targeted adenoviral 
vector that has been tested clinically in a phase I study by intratumoral injection. One patient with melanoma had a 56% 
reduction in the size of a cutaneous lesion.26 Additionally, engineering of adenovirus to express genes designed to aug-
ment antitumor immunity has now been tested.21,36 One in particular, Ad5-D24-GMCSF, has been engineered to express 
granulocyte-monocyte colony stimulating factor (GM-CSF). In 21 heavily pretreated patients with advanced cancer, two 
complete responses and one partial response were observed. Furthermore, evidence of antitumor activity at sites distant to 
the injection site and induction of tumor-specific immunity were observed.17,21 Several others have now advanced to phase 
I clinical trials. These trials have demonstrated safety and feasibility for adenoviral-based virotherapy and have shown some 
evidence of activity.17,21,22,37–39

17.3  HERPES SIMPLEX VIRUS (HSV)

HSV is a double-stranded DNA virus and a well-known human pathogen. The genome of HSV is large consisting of 
>150 kbp and encoding over 84 polypeptides, several of which are essential for viral replication. The HSV-1 genome sits 
inside a capsid structure that is surrounded by a fibrous constituent called the integument. The entire virus is encapsulated 
within a glycolipid envelope structure that has glycoproteins attached to the surface. Four glycoproteins (GA-D) mediate 
attachment to the target cell through heparan sulfate (HS). Subsequently, the virus envelope binds to specific cellular recep-
tors leading to fusion of the viral envelope with the cellular membrane. The capsid then undergoes transport to the nucleus 
where the genome is released. Immediate-early genes are the first to be expressed and serve to initiate transcription of both 
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early and late genes. Early genes encode for infected cell proteins (ICP) that include viral ribonucleotide reductase (ICP6), 
thymidine kinase (TK), and DNA polymerase (UL30), which initiate DNA synthesis. Late genes include γ-genes, which 
are structural proteins that are involved in capsid assembly. In addition, several late genes are virulence genes that inhibit 
cellular defenses against viral replication and spread. HSV-1 infections in humans often can be latent related to transcrip-
tion of latency-associated transcript (LAT) proteins. Though the mechanism of latent infection is not clear, these transcripts 
allow the viral genome to remain in the nucleus and often can result in recurrent infections throughout a person’s lifetime.

17.3.1  Attenuation of HSV-1

As a human pathogen, HSV-1 requires attenuation of its virulence genes. Many oncolytic HSV-1 vectors have had the LAT genes 
deleted to prevent latent infections. Other nonessential genes that predominantly mediate virulence but are not strictly required 
for replication have also been an area of major focus. The viral γ-34.5 gene is thought to be the principal neurovirulence gene as 
deletion of this gene results in abrogation of encephalitis in animal models. Expression of the γ-34.5 genes is required to inhibit 
the double-stranded RNA kinase (PKR) antiviral response and to inhibit the shut off of host protein synthesis.40 This is one of 
the chief innate cellular defenses against viral infection. As many cancer cells already have attenuated PKR responses because 
of activation of upstream signaling, deletion of this gene does limit viral replication within tumor tissue. Virtually all of the HSV 
vectors for therapeutic use have had this critical neurovirulence factor deleted. Additionally, pathogenic strains of HSV express 
the ICP6 gene, which encodes for viral ribonucleotide reductase (RR), which is required for DNA synthesis. The deletion of 
this gene from the viral genome results in restriction of viral replication within cancer cells that express homologs of RR at high 
levels.41 Several vectors have been developed on the platform of deletion of γ-34.5. G207 is deleted for γ-34.5 and ICP6, while 
NV1020 is deleted for γ-34.5, ICP0, ICP4, and LAT genes. As both of these vectors have now been tested in clinical trials (dis-
cussed below), they serve as the backbone template from which further modifications have been made.

17.3.2  Enhancing Antitumor Immune Responses with HSV Vectors

Early experiences with HSV vectors showed that they were strongly immunogenic and could induce antitumor immune effects. 
Thus, several attempts have been made to augment the immune response to boost antitumor activity and potentially improve 
durability of responses by creating a memory T cell response. The α47 gene of HSV functions to inhibit the transporter protein 
associated with antigen presentation (TAP) to prevent immune recognition of virally infected cells. Deletion of the α47 gene from 
the G207 virus (G47Δ) resulted in enhanced MHC-I expression on tumor cells and enhanced recognition of virally infected cells. 
This gene deletion also resulted in enhanced viral replication due to the juxtaposition of the US11 gene to the α47 promoter, lead-
ing to early expression of the US11 gene.42 Through unclear mechanisms, this resulted in protein synthesis inhibition necessary 
for attenuating viral replication. Nonetheless, in animal models, G47Δ was as safe as its parent vector G207 (γ-34.5 mutant).

Similar to adenoviral vectors, several HSV vectors have been armed with therapeutic transgenes aimed at improving 
the tumor kill above and beyond the effects of viral replication. Talimogene laherparepvec (formerly known as Oncovex-
GMCSF) is an armed HSV vector with a GM-CSF transgene inserted in the deleted γ-34.5 locus. Viral expression of 
GM-CSF results in enhanced efficacy compared to the parent virus in immune-competent animal models, and mice that 
were cleared of tumors displayed evidence of antitumor immune responses as well as resistance to further rechallenge with 
syngeneic tumor cells. Thus, this showed proof of principle that talimogene was able to not only induce tumor regression, 
but also lead to antitumor immunity. As a result, this virus has been taken to clinical testing and has nearly completed a 
phase III registration trial (discussed below). Similarly, armed HSV vectors have been constructed on the backbone of G207 
or NV1020 virus with the transgene inserted within loci of deleted genes. Several vectors have been engineered to express 
numerous immune cytokines including IL-12 (NV1042), IL-4, and CD40 ligand. While it is not clear that these vectors are 
more efficacious than talimogene, they each have shown some promise in preclinical studies.42

17.3.3  Other Armed HSV Vectors

Transgenes that have been inserted into HSV vectors include antiangiogenic genes such as thrombospondin-1 or platelet 
factor 4.43,44 These vectors demonstrate enhanced antitumor efficacy compared to the parent virus. Alternatively, HSV vec-
tors have been armed with a gene designed to enhance chemosensitivity of infected tumor cells. Expression of CYP2B1, a 
cytochrome P450 enzyme needed for conversion of cyclophosphamide to its active metabolite, and intestinal carboxylester-
ase (needed for activation of irinotecan), dubbed MGH2, resulted in enhanced activity in a glioma model when combined 
with the two chemotherapy agents. The combination of MGH2 with irinotecan was lethal to mice at viral doses greater 
than 106 pfus. However, below lethal doses, all mice were able to survive the treatment without significant toxicity.45 At this 
time, clinical trials are being planned utilizing this combination.
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17.3.4  Clinical Observations

G207 is an HSV vector with the γ-34.5 and ICP6 genes deleted. Twenty-one patients with recurrent gliomas were given 
intratumoral injections of G207 in a phase I dose-escalation trial.46 Overall, the treatment was safe and no cases of encepha-
litis were reported. By imaging, eight patients responded to treatment. HSV DNA was demonstrated in two out of six post-
inoculation biopsy specimens suggesting virus-mediated cell death. G207 has completed a phase Ib trial of intratumoral 
treatment followed by inoculation of the tumor bed after resection of target lesions.47 Once again, the treatment was safe; 
however, one patient seemingly had inadvertent inoculation of the cerebral ventricle resulting in detectable HSV replication 
in the cerebrospinal fluid. None of the patients on this trial had a response at tumors distant to the injected tumor. Injected 
tumors were resected and evidence of viral replication was seen in only 2/6 patients treated.

NV1020 is a recombinant HSV virus in which the γ-34.5, ICP0, ICP4, and LAT genes have been deleted. It also has an 
insertion of an exogenous copy of the HSV-1 thymidine kinase (TK) gene making it highly sensitive to the antiviral drug, 
acyclovir. This virus was tested in a phase I trial of intrahepatic arterial infusion to patients with colorectal cancer with liver 
metastasis.48 Twelve patients were treated with a single dose of NV1020 at four separate dose levels. This treatment was 
followed by placement of an intra-arterial pump to deliver chemotherapy locoregionally. Although all patients developed 
transient fever, the treatment was safe and no patient developed systemic viral infection, encephalitis, or other major toxi 
city. There were two patients treated on the study who had an objective tumor response; however, because of the concomi-
tant delivery of regional chemotherapy, it is not clear that NV1020 played a substantial role. A subsequent phase I/II study 
was done with NV1020 given into the hepatic artery weekly for four doses followed by two cycles of systemic chemo-
therapy chosen by the investigator.49 Similar toxicity was seen and no dose-limiting toxicity was found. Of the 22 patients 
treated at the highest dose, 1 × 108 pfu, there was one objective responder and 14 patients with stable disease.

Similar to the case with adenovirus, the insertion of a granulocyte-monocyte colony stimulating factor (GMCSF) 
expression cassette has been used with some success. OncovexGM-CSF® is an HSV virus with deletions of ICP6 and 
γ-34.5 and insertion of GMCSF. A two-part phase I study was conducted using intralesional injection for patients 
with accessible cutaneous melanoma, breast cancer, head and neck cancer, and GI cancer.50 The first part was a dose- 
escalation design in which four patients were treated per dose cohort. In the second part, each patient was administered 
with three injections and the dose was determined based on their pretreatment HSV serology status. Treatment-related 
toxicity was mild, and all of the toxicity was grade one and two. No complete or partial responses were seen in this study; 
however, tumor biopsies obtained after treatment revealed evidence of tumor necrosis in 14 of 19 biopsies. Furthermore, 
several patients experienced flattening of injected lesions, expression of GMCSF, and viral replication at the tumor site. 
A phase II trial in cutaneous melanoma further employed OncovexGM-CSF at doses of 108/mL by direct intralesional 
injection every 2 weeks for up to 24 doses to 50 patients.51,52 There were 13 objective responses and eight complete 
responses in this trial with examples of distant visceral disease responding to intratumoral injection at cutaneous sites. 
Two cases of autoimmune vitiligo developed after treatment in responding patients. The median overall survival was 
16 months, and one-year survival for patients where an initial response was 93%. Evidence of a melanoma-specific 
cytotoxic T cell response was demonstrated.51 A phase III randomized study has now been completed and achieved its  
primary endpoint of durable response rate. However, overall survival data are not yet mature and final results are expected 
soon. If OS data are positive, it is very likely that Oncovex (now called talimogene laherparepvec) would likely be the 
first oncolytic virus therapy licensed in the United States.53

The same virus has been tested in combination with chemotherapy and radiation therapy for head and neck cancers. 
The virus was injected four times during the course of concurrent cisplatin-based chemoradiotherapy in a dose-escalation 
design.54 Pathologic complete remission was obtained in 93% of patients and evidence of viral replication was detected in 
tumors at the time of planned neck dissection. While there were only 17 patients treated on this trial, the rate of complete 
pathologic response was higher than historical rates of anywhere between 60 and 75%. As a result, a large multicenter 
randomized phase III trial has begun.

17.4  VACCINIA VIRUS (VV)

VV is a double-stranded DNA virus that has found prominent use in medicine as the vaccine for smallpox. Despite the fact 
that VV is a DNA virus, it is somewhat unique in that viral replication occurs entirely in the cytoplasm in viral factories. 
The VV genome is 200 kb in length and encodes approximately 200 genes. One of the unique aspects of VV is that it exists 
within the host in several forms (Figure 17.3). The mature virion (MV) is found within the cytoplasm and is released only 
upon cell lysis. It is a biconcave particle surrounded by a membrane. There is also a wrapped virion (WV) that is wrapped 
in the Golgi body with an additional membrane layer. This form is also exclusively found within the cell cytoplasm.  
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The extracellular virion (EV) results from the transport of WV to the plasma membrane. Through fusion with the plasma 
membrane, the EV acquires an additional outer lipid layer. The EV is found outside the cell and is thought to play an impor-
tant role in systemic dissemination of VV throughout the host. The EV, by virtue of being encapsulated by the host cell 
membrane, also allows VV to avoid recognition by complement or neutralizing antibodies. To initiate infection, the MV is 
able to fuse with the host plasma membrane and release its core into the cytosol. The viral core contains all the necessary 
enzymes for synthesis of early mRNA including an RNA polymerase, a viral early transcription factor (VETF), an mRNA 
capping enzyme, as well as a poly(A) polymerase. The viral early genes encode genes for DNA replication, and therefore, 
viral replication occurs within the cytoplasm at sites termed “viral factories.” An endoplasmic reticulum-derived membrane 
surrounds these factories within the cytoplasm. While detailed mechanisms of the structure of the vaccinia virus remain par-
tially unknown, the first signs of replication are the formation of crescents that expand to become enclosed circles of lipid 
membrane termed the immature virion (IMV). Around the same time, the IMV acquires a nucleoid body, which contains 
the viral genome. Thereafter, proteolytic cleavage occurs and MV is discharged from the viral factories. These MVs are 
fully infectious; however, a portion of these undergo wrapping in the Golgi body to form WV, and these can be extruded by 
fusion with plasma membrane to become an EV. The detailed mechanism of how these steps occur is beyond the scope of 
this chapter, but it is a highly orchestrated and complex process.

VV has many features that make it an attractive vector for oncolytic therapy. VV expresses a viral thymidine kinase 
(TK) gene, which is required for DNA replication in quiescent cells. However, viral TK is dispensable in rapidly pro-
liferating cancer cells with a high pool of available nucleotides. One of the VV virulence factors is the vaccinia growth 
factor (VGF), which is a ligand for the epidermal growth factor receptors (EGFRs). The production of VGF stimulates 
cell signaling pathways that prevent host shut-off of protein synthesis. In many tumor types, VGF is unnecessary because 
of the constitutive activity of these signaling pathways. Therefore, engineering of VV with deleted TK and VGF genes 
has resulted in selective VV replication within tumors. Perhaps the most important feature of VV is the ability to encap-
sulate itself within a host cell-derived envelope. As a result, this virus is able to traffic within the blood stream allowing 
for distribution to metastatic tumor sites and avoid neutralization by complement or the humoral immune response. 
Furthermore, the genome of VV is relatively flexible and can accommodate insertion of large transgenes to complement 
antitumor activity.

FIGURE 17.3 Oncolytic vaccinia virus life cycle in cancer cells. Viral attachment leads to uptake of the viral particle and uncoating of the envelope. 
Early viral mRNA encode for VGF, which is dispensable in cancer cells that possess constitutive activation of the EGFR/Ras pathway. Furthermore, viral 
TK is not necessary in cancer cells because of the presence of a high nucleotide pool. Viral replication occurs entirely within viral factories in the cytosol. 
Some mature virions (MV) emerge from viral factories and are released from the cell, whereas other immature virions (IMV) are transported to Golgi 
apparatus and acquire another envelope, termed wrapped virion (WV). This then fuses with the host cell membrane to form the extracellular virion (EV), 
which allows VV to disseminate systemically.
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17.4.1  Clinical Observations

GL-ONC1 is an attenuated vaccinia virus in which the viral F14.5, TK, and hemagglutinin genes are replaced with Renilla 
luciferase/green fluorescence protein (RLuc/GFP) fusion gene, LacZ, and β-glucoronidase genes, respectively. A phase I 
dose escalation trial of intravenous injections of GL-ONC1 in patients with solid tumors was presented at the annual Ameri-
can Society of Clinical Oncology meeting in 2012.55 One patient had a dose-limiting toxicity of transient AST elevation at the 
1 × 109 pfu dose. The best response was stable disease in nine of 27 patients treated. Four of these had durable disease stability 
>24 weeks. In one patient with head and neck cancer, a posttreatment biopsy documented vaccinia virus in the primary tumor 
by IHC staining, thus showing proof of principle of the ability of vaccinia virus to traffic to tumor sites.

JX-594 (now called Pexa-vec) is another TK-deleted vaccinia virus with a GM-CSF insertion cassette. It has been tested 
in three phase I clinical trials thus far.23,56,57 Fourteen patients were treated with JX-594 by intratumoral injection into pri-
mary or metastatic liver tumors. Dose escalation was done up to 3 × 109 pfu in a standard 3 × 3 design. Treatment was given 
every three weeks for up to a total of eight cycles in responding patients. The maximally tolerated dose was 1 × 109 pfu. 
The dose-limiting toxicity was hyperbilirubinemia resulting from tumor swelling and biliary obstruction occurring at the 
highest dose level. As in previous examples, toxicity was mainly constitutional symptoms and these were transient. Only 
patients treated at high doses had detectable levels of GM-CSF in the blood. Remarkably, viral replication was observed at 
distant tumor sites, suggesting systemic spread to metastatic tumor sites. For example, one patient had viral DNA detected 
in malignant pleural effusion and ascites. A second patient had histologically identified replicating virus in a neck lymph 
node that had a 57% decrease in diameter of the lesion.23 A dose-finding randomized phase II trial using JX-594 was 
recently completed in patients with hepatocellular carcinomas delivered intratumorally using image guidance. Similar anti-
tumor activity was seen in both dose cohorts (108 or 109 pfu) with antitumor responses at both local and distant tumor sites 
seen in 15% by RECIST criteria but 62% by Choi criteria. Furthermore, there was evidence of antitumor humoral immune 
responses and activation of cellular immunity in these patients. The treatment was safe, and there were no dose-limiting 
toxicities; however, the higher dose cohorts did have significantly more anorexia (30% vs 0) than the low-dose group. 
Perhaps the most striking result was the overall survival, which was significantly better for the high-dose group. In multi-
variate analysis, the only parameters that were associated with overall survival were high dose (14.1 months vs 6.7 months, 
p = 0.02) and viral levels in the blood, suggesting that viral dissemination was an important factor in determining outcome.58 
A second phase I trial employed intravenously delivered JX-594 to patients with advanced cancers.57 Again, a dose-escala-
tion design was used. One patient with mesothelioma had a partial response to treatment. Twelve of 23 patients had stable 
disease. Importantly, this study demonstrated that intravenous virus delivery to tumors was achievable in the presence of 
neutralizing antibodies and was dose dependent. Greater than 85% of biopsies obtained posttreatment showed evidence of 
viral replication at the tumor sites using doses above 109 pfu. Though these results are exciting, a recent press release by the 
manufacturer revealed that a phase IIb randomized trial compared to best supportive care failed to meet its overall survival 
endpoint. Though randomized phase III trials are being planned, these results have somewhat dampened enthusiasm for 
this virus. On the basis of prior data indicating that JX-594 might be a vascular disrupting agent, it is now being tested in 
combination with the angiogenesis inhibitor, sorafenib, for patients with hepatocellular carcinoma.59,60 Preclinical and pilot 
clinical data have now been published highlighting the potential of this approach.60

17.5  REOVIRUS TYPE 3 DEARING (RT3D OR REOLYSIN®)

RT3D is a nonenveloped double-stranded RNA virus that is ubiquitous in the environment. It is a common isolate from 
the respiratory tract of people; however, it is not known to cause any human disease. The genome of reovirus consists of 
10 discrete segments that encode for structural proteins and replication machinery. The viral structure consists of the inner 
capsid, which contains the genome, and five associated proteins, which function as the transcription unit. There is also an 
outer capsid that is composed of proteins that function to allow binding to the target cell and invasion. The virus binds to 
sialic acid or junction adhesion molecule on the cell surface and is internalized by endocytosis into a lysosome where it 
requires an acidic pH to activate proteolytic enzymes. After proteolysis of the outer capsid, the inner capsid then binds to 
the endosomal membrane, which activates its RNA-dependent RNA polymerase resulting in primary RNA transcription. 
Within the inner capsid, early translation occurs as well. The resulting RNA and protein then become associated into RNA 
assortment complexes followed by secondary RNA transcription and translation. Finally, these complexes associate into 
viral factories and final virion assembly takes place leading to cell death and release of progeny virions.61 It is important 
to note that the process is dependent upon host cell ribonucleotides as well as host translational machinery. As a result of 
its double-stranded RNA, reovirus is a potent activator of antiviral mechanisms including the antiviral PKR, which recog-
nizes double-stranded RNA leading to autophosphorylation and host translational shut off. This is probably one reason that 
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reovirus is nonpathogenic to humans. The Ras signaling pathway is active in the majority of human cancers and results in 
inhibition of PKR antiviral mechanisms, thus resulting in efficient viral replication within cancer cells. Especially consid-
ering that RT3D is not a human pathogen, there has been a great deal of interest in human trials with this virus.62 Notably, 
because its genome is divided into 10 distinct segments and it has a highly rigid outer capsid, reovirus is fairly difficult 
to manipulate even with advanced bioengineering. Thus, while a few recombinant reoviral vectors have been successfully 
generated,63 they have not yet been used clinically and much of the preclinical and clinical investigation has been done with 
the natural virus.

Despite the engineering constraints, RT3D has shown remarkable activity in vivo against a variety of tumor types, 
including tumors harboring mutant Kras and those not. It should be pointed out that, despite lack of Kras mutations, the 
majority of tumor types have activation of Ras pathways by upstream or downstream signaling.64 Complete tumor regres-
sions have been observed in glioma models and in immune competent murine tumor models. In models of melanoma, RT3D 
has also been demonstrated to be a potent activator of the host immune system and this may augment therapy. Furthermore, 
preclinical work has shown that RT3D can work synergistically with both chemotherapy and radiotherapy. This has been 
repeatedly shown in numerous tumor models including non-small cell lung cancer, head and neck cancer, prostate, and 
melanoma.65–68 These results have driven clinical trials that have been done using combination therapies (discussed below).

17.5.1  Clinical Observations

The initial phase I clinical trial in patients with advanced malignancies administered the virus directly into accessible 
tumors.69 The maximally tolerated dose was not reached at the highest dose level of 1010 pfu. Three of 19 tumors injected 
showed an objective response and 37% of patients had stable disease or better. Toxicities were mild with only mild flu-like 
symptoms and local transient erythema at injection sites. Subsequently, a phase I study of reovirus by intravenous injection 
was completed for patients with solid tumors.70 Most of the patients treated on this study received reovirus on days one 
to five every four weeks with a dose-escalation up to 3 × 1010 pfu. While no objective responses by RECIST criteria were 
seen in this study, several patients had a slight decrease in tumor size and one patient had a 20% reduction in tumor burden. 
Toxicity was mild with two patients at the highest dose level experiencing grade three neutropenia. Most patients did have 
grade one to two fever and headache, but no dose-limiting toxicity was seen. In patients who had a posttreatment biopsy, 
replicating reovirus was detected. Neutralizing antibody titers against reovirus increased in every patient treated.

As a result of the excellent safety profile, reovirus has now been tested in three phase I clinical trials in combination 
with systemic chemotherapy.71–73 Overall, the toxicity of combined therapy was predictable across trials. The combination 
with gemcitabine resulted in toxicity when reovirus was administered for five consecutive days. Therefore, the majority of 
patients on that trial were treated with one injection per three-week cycle. Interestingly, concomitant gemcitabine treatment 
had an impact on the neutralizing antibody response in which the fold increase from baseline and the peak levels were less 
than that seen on previous clinical trials. This was not observed when reovirus was combined with docetaxel. The response 
to reolysin may be independent of the presence of neutralizing antibodies. Evidence from an interesting translational study 
in patients with metastatic colorectal cancer undergoing planned surgery showed that host leukocytes could take up the 
virus in the circulation and carry the virus to tumor tissue perhaps shielding it from neutralization.74 Combination reovirus 
with carboplatin and taxol resulted in delay to development of peak neutralizing antibodies, but all patients did develop a 
robust increase in the antibody response from the baseline. The carboplatin/taxol study was weighted to include patients 
with metastatic squamous cancer of the head and neck (SCCHN). In this heavily pretreated group of patients who had 
received prior platinum therapy, nine out of 14 patients had a response to treatment with one complete response. Certainly, 
some of this could be attributed to chemotherapy; however, objective responses to chemotherapy in SCCHN are historically 
10% or less. Therefore, based on these promising data, a phase III randomized trial for patients with metastatic or locally 
recurrent SCCHN has been undertaken. While this study has not been published, the company, Oncolytics Biotech, issued 
a press release indicating that there was a signal of a progression-free survival advantage in an unplanned subset of patients 
with loco-regional recurrence.75 There has been no further guidance regarding statistical analysis or the primary endpoint 
of overall survival. Nonetheless, there are 16 planned or ongoing clinical trials utilizing reovirus alone or in combination 
with chemotherapies.

17.6  VACCINE STRAINS OF MEASLES VIRUS (vMV)

Measles virus is a single-stranded negative sense RNA virus and the wild-type (wtMV) virus is a well-known pathogen. A 
number of anecdotal case reports described spontaneous regressions and/or sustained complete remissions following a natu-
ral wtMV infection in patients with hematological malignancies.76–79 These observations and the generation of an attenuated 
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vMV with an excellent safety profile triggered scientific interest in the therapeutic use of modified vMV for cancer therapy.80 
vMV are attenuated strains that were derived through serial passages of wtMV in the laboratory. These strains have evolved to 
utilize a different cellular receptor than the wild-type virus. While the wtMV utilizes the SLAM receptor (CD150) targeting 
viral infection of T and B cells and marked immune suppression of infected patients, the vMVs utilize CD46 expressed on 
epithelial cells and overexpressed on many tumors.80 Recently, nectin-4 has also been identified as an epithelial receptor for 
vMV viral entry.81,82 Nectin-4, which is normally expressed in fetal tissue, is also overexpressed in many tumor types.83–85 
The importance of nectin-4 is not entirely clear but appears to be context-dependent. While wtMV is able to inhibit interferon 
signaling, vMV is not able to, thereby conferring tumor tropism on interferon defective cancer cells.

MV is a member of the paramyxoviridae family of viruses. The structure of the virus is similar to other members of the 
family. The viral particle is enveloped by a lipid bilayer consisting of glycoproteins. The 15.5 kb genome is associated with 
ribonucleoprotein primarily consisting of the negative sense RNA and nucleocapsid protein (N) and the L protein which per-
forms all the functions of RNA synthesis and posttranscriptional processing of viral mRNA including 5′ capping and addition 
of a polyA tail. The envelope contains viral H and fusion (F) proteins that mediate attachment and fusion to target cells, respec-
tively. Expression of F protein on infected cells also mediates fusion of cells to adjacent cells resulting in large multinucleated 
cells, termed syncytia. Cell fusion results in cellular necrosis and also likely contributes to the spread of viral infection.

vMV is highly immunogenic and as a result has been very successful in preventing illness due to wtMV infections. Sev-
eral lines of evidence suggest that the immune response to MV therapy likely plays a role in antitumor efficacy. vMV infec-
tion results in a large burst of interferon α production likely related to activation of toll-like receptors on dendritic cells.86 As 
a result, MV infection of mesothelioma cells can activate plasmacytoid dendritic cells from human sera and cross-present 
tumor antigens to mesothelioma-specific CD8+ T cells, leading to the potential for adaptive antitumor immunity.87 While 
activation of pDCs in the tumor microenvironment plays a role in developing an antitumor immune response, it is also likely 
that interferon also has an antitumor effect. A recombinant MV engineered to express mouse interferon β given to immune 
deficient mice bearing mesothelioma xenografts showed infiltration of macrophages to the tumor and prevention of neo 
angiogenesis in the tumor.88 Thus, in a model devoid of T cells, innate immune and antiangiogenic effects of interferon 
likely play an independent role in MV efficacy.

Preclinical models of a variety of human malignancies, including MPM, demonstrate the efficacy of measles.89–96 Since 
murine tissue is not within the host range of vMV, these models do not reflect the potential for decreased activity in the set-
ting of immune competent models or human tumors (neutralizing antibodies and memory T lymphocytes). Indeed, in pas-
sively immunized mice, vMV activity is very much curtailed particularly when delivered via the intravenous route. Since 
95% of the Western population has preexisting neutralizing antibodies, most animal models fail to account for this. As a 
result, much of the development of MV as a cancer therapy has been aimed at tumors in which intra/peritumoral injection 
would be feasible. Preclinical work has delineated a potential therapeutic benefit of lymphodepletion using cyclophospha-
mide to enhance MV replication when delivered systemically. Studies in squirrel monkeys and engineered mice that can 
be infected with MV have demonstrated enhanced viral titer when vMV is given concomitantly with cyclophosphamide.97 
Thus, this strategy has been taken forward into clinical trials of patients with myeloma, a disease in which the humoral 
immune response is already somewhat suppressed.

One advantage of vMV as a platform for cancer therapy is the relative flexibility with which it can be manipulated. 
Numerous recombinant vectors have been generated including retargeted MV as well as armed MV expressing enzymes 
to allow concurrent chemotherapy similar to approaches used with other viruses.98–104 Somewhat unique to oncolytic virus 
research is the aim to create a recombinant virus with transgenes to allow noninvasive monitoring of viral replication and 
imaging. Thus, MV carrying insertion of sequences encoding for carcinoembryonic antigen (CEA) has been generated to 
allow for detection of viral transgene by simple ELISA assay. MV-CEA was used in the first clinical trial using vMV in 
patients with ovarian cancer. Subsequently, MV encoding for the sodium iodine transporter (MV-NIS) has been generated 
that expresses the NIS protein on the surface of infected cells allowing anatomical localization of MV replication noninva-
sively using radioiodine single positron emission computed tomography (SPECT) scans. This modification also will make 
possible the adjunct use of radioablative iodine (I131) to kill infected tumor cells that express NIS allowing uptake of this 
radiotoxin.105 MV-NIS is now being used in ongoing phase I studies in myeloma and in mesothelioma.

17.6.1  Clinical Observations

The results of the first clinical trial employing intraperitoneal delivery of a modified vMV carrying the human CEA gene 
(MV-CEA) in patients with refractory ovarian cancer were published.106 Despite suboptimal viral replication as suggested by 
undetectable serum and peritoneal CEA levels in 17 of 21 patients, the majority of the patients (14 of 21) had prolonged peri-
ods of disease stability. The median overall survival was 12 months (range 1.3–55.8 months), which compares very favorably 
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with the expected median survival of 6 months for this patient population.106–108 Though there were no objective responses, 
there were some patients who had a biochemical response with decreases in ovarian tumor marker, CA-125. Furthermore, 
there was an indication that there might have been an antitumor immune response. This potential immune mechanism of MV 
therapy is supported by in vitro observations demonstrating that dendritic cells (DC) cocultured with MV infected mesothe-
lioma cells acquire a mature phenotype and are capable of expanding tumor specific CD8+ T cells from PBMC.109,110

MV that expresses the sodium-iodide symporter (MV-NIS) has been generated to allow noninvasive monitoring of viral 
replication. Infected cells can take up radioiodine and thus can be imaged using SPECT scans. MV-NIS is currently being 
examined in two additional phase I clinical trials. MV-NIS will be administered intravenously and into the pleural space of 
patients with myeloma and mesothelioma, respectively. To inhibit the neutralizing antibody response during intravenous 
administration, treatment will be given with and without cyclophosphamide to see if immune suppression might enhance 
viral replication as was seen in primate studies.97 Both trials will utilize radioiodine uptake as a noninvasive method of 
monitoring the anatomical sites of viral replication.

17.7  VESICULAR STOMATITIS VIRUS (VSV)

VSV is another single-stranded RNA virus of the rhabdoviridae family, which includes the rabies virus. Because it is 
closely related to rabies in structure and biology, yet less pathogenic, it has been studied as a proxy to understanding rabies 
biology. In the wild, VSV is a known cause of outbreaks in animal livestock. It causes oral ulcers in cattle and horses, which 
is typically a self-limiting illness. There have been documented exposures in people, particularly among livestock workers. 
Several cases of documented infection have been described from Central America where VSV can be carried by sandflies. 
By and large, the infection in humans is self-limiting without any sequelae; however, there has been one case reported in 
the literature of an encephalitis-like syndrome in which VSV was isolated from a throat culture but not from cerebrospinal 
fluid.111 Several series have described the accidental infection of laboratory workers in which all of them suffered from a 
febrile illness that was self-limited and without clinical sequelae.112,113 VSV has a broad host range and can infect mice, 
dogs, and other vertebrates, making preclinical models more pertinent to clinical translation. However, it certainly seems to 
cause less severe disease in humans than other species.

VSV structure is a bullet-shaped virus. The single-stranded negative sense RNA genome is associated with nucleopro-
tein (N), phosphoprotein (P), and RNA-dependent polymerase (L). The genome is arranged in a helical fashion and can 
accommodate insertion of one or more transgenes. A lipid-glycoprotein envelope surrounds the nucleoprotein core. This 
is composed of glycoprotein (G) protein, which serves to attach to target cells, and the matrix (M) protein that not only is 
a structural protein, but also likely plays a role in pathogenesis by inhibiting innate interferon responses. VSV life cycle is 
extremely rapid and progeny virion can be detected as early as six hours after infection. VSV replication can be thwarted 
effectively by the production of type I interferon such that normal cells with intact innate interferon signaling pathways 
quickly inhibit the spread of infection. However, VSV spreads and replicates very efficiently in tumor cells lacking inter-
feron responses.114 As mentioned above, VSV is readily manipulated through reverse genetics techniques similar to other 
RNA viruses without significantly altering its infectious capacity. For clinical translation, fears of neurovirulence have led 
to the development of attenuated recombinant viruses that express interferon-β. The reason for expressing this transgene 
is to limit viral spread in normal cells while allowing for replication within tumor cells lacking interferon responsiveness. 
In mice, VSV-IFNβ protects mice from lethal neurotoxicity up to three logs of infectious dose higher than parent VSV. 
Despite this attenuation, VSV-IFNβ retains similar antitumor activity against several nude mouse xenograft models includ-
ing mesothelioma, myeloma, and liver cancers.115,116 In immune competent mice, VSV-IFNβ has been observed to be more 
efficacious than the immune deficient model.117,118 At least in the mesothelioma model, this effect was dependent upon the 
presence of CD8+ T cells suggesting that enhanced efficacy was a result of raising an antitumor immune response.

As a result of the above, the first phase I trial of VSV encoding human interferon-β is now underway for treatment of 
hepatocellular carcinomas. The VSV will be delivered by hepatic artery infusion with a careful dose escalation design to 
evaluate toxicity. Though still very early, the results of this trial will guide future development of VSV-IFNβ for clinical 
translation and could be applied to multiple tumor types.

17.8  CHALLENGES TO ONCOLYTIC VIROTHERAPY

The early clinical experience with oncolytic viruses has largely been very promising. Fortunately, many patients have been 
treated with oncolytic viruses and toxicity has been extraordinarily minor. There are only scant reports of grade four tox-
icities so far. As a result several clinical trials are now open for enrollment or in the planning phase using novel viruses or 
novel combination therapies.
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Though there have been glimmers of success, the results thus far fall well short of the dramatic preclinical results in 
animal models. This is no doubt due, in part, to differences in viral infection in animals and humans. Pertinent preclinical 
studies of vMV are difficult, as there are no immune-competent animal tumor models that suitably model MV infection in 
humans. Adenovirus suffers from the same problem. As a result most of the preclinical work is done in immune-deficient 
xenograft models, which cannot approximate either the negative or potentially positive effect of an intact immune system. 
On the contrary, vesicular stomatitis virus, which has broad tumor tropism and antitumor activity, has substantial toxicity 
in mice, but is not known to be pathogenic to humans. Ultimately, even if there are suitable immune competent models, the 
differences between murine and human immune systems are significant, and it is not always clear that data from mouse 
studies will yield meaningful responses in humans. Thus, reproducing preclinical data in clinical trials has remained a chal-
lenge. Now that trials are ongoing in humans, it will be imperative to learn about the complex biology behind the antitumor 
activity in humans. Carefully designed translational studies of early phase trials have already shed some light on mechanis-
tic aspects of oncolytic viruses in humans.57,74

Clearly, the other major challenge to successful implementation of viral therapy is the neutralizing antibody response. 
For many of the above-mentioned viruses, most people have been previously exposed to the virus through previous vac-
cination or infection. Therefore, circulating antibodies can limit the potential of the virus ever reaching the tumor site. 
Even if a person is naïve to the virus, neutralizing antibodies inevitably develop. Therefore, there is only a narrow window 
to achieve oncolytic activity. Faced with that problem, there are potentially two approaches for success: immune suppres-
sion or evasion. Immune suppression with cyclophosphamide or gemcitabine has been used to suppress the neutralizing 
antibody response with success in preclinical models.119–122 The use of gemcitabine was associated with increased toxicity 
in combination with reovirus.72 B cell depletion is a potential strategy for overcoming the neutralizing antibody response 
and has been used in animal studies.123 Highlighting this point, one study employed several immune suppression tactics 
similar to that used in organ transplantation with glucocorticoids, mycophenolate mofetil, and tacrolimus in combination 
with poxvirus infection in preimmunized mice bearing murine tumors. In this setting, immune suppression was insuffi-
cient to allow recovery of replicating virus from tumors, and the virus was only recovered from transgenic B cell knockout 
mice.123 The anti-CD20 monoclonal antibody rituximab could be employed to inhibit humoral immunity, but thus far has 
not been successfully applied to oncolytic virus therapy. Rituximab has been shown to decrease neutralizing antibody titers 
to adeno-associated virus in patients with rheumatoid arthritis and allowed for enhanced gene therapy in a primate model 
of hemophilia B.124,125

Another intriguing method to overcome the neutralizing antibody response is to “hide” the virus from exposure to 
antibodies. For the most part, this approach relies upon use of an immunologically inert cell carrier that is infected ex vivo 
followed by administration to the mouse. During the time that the virus is within the cell and replicating, it remains hidden 
from the antibody response, allowing the cell suitable time to traffic to tumor sites and deliver its payload through lytic infec-
tion of the carrier cell. The efficacy of this approach has been demonstrated in several preclinical models using a variety 
of cell types.126–132 While tumor-specific T cells have been successful in mouse models, clinical translation is potentially 
challenging as obtaining these cells in sufficient numbers remains a challenge.133 Mesenchymal stem cells (MSC) and blood 
outgrowth endothelial cells (BOEC) have been used successfully in preclinical models and have the advantage of being easy 
to obtain and culture from a variety of donors including the patient themselves.131,132,134–138 The groundwork has been laid 
for the first clinical trial utilizing MSCs to carry vMV for intraperitoneal delivery for patients with ovarian cancer.139

17.9  CONCLUSIONS AND FUTURE DIRECTIONS

Early clinical trials have demonstrated the proof of principle that replicating viruses have antitumor efficacy in humans. 
Cautious early trials have proven that the vast majority of oncolytic viruses are safe. Though there have been instances 
of efficacy, the results so far have fallen short of what was expected after more dramatic results in preclinical models. An 
intriguing finding from early trials is the suggestion that oncolytic virotherapy might be an important vehicle for immuno-
therapy. This has now been repeatedly demonstrated with numerous viruses. Just as live virus vaccines are somewhat more 
immunogenic than killed vaccines, data suggest that the awakening of the antitumor immune response may be an important 
mechanism by which tumor control is achieved. Data from preclinical studies show that NK cells and CD8+ T cells are 
required for effective tumor control in immune-competent animals.116,140 As mentioned above, the expression of GM-CSF 
has enhanced the therapy of VV and HSV therapy. MV has been shown to activate tumor-specific CD8+ T cells through 
maturation of plasmacytoid dendritic cells in mesothelioma.87 MV and VSV engineered to produce interferon-β (IFNβ) can 
augment innate and adaptive immunity, respectively, in mesothelioma models and, as a result, augment virotherapy.88,116 
Results from clinical trials suggest that an antitumor immune response plays a role in MV efficacy. Recent immunotherapy 
successes in melanoma and lung cancer targeting immune checkpoints have spawned attempts at exploiting the immune 
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system to augment virotherapy.140,141 The downside, of course, remains antiviral immune responses which can thwart the 
spread and replication of the therapeutic agent. Thus, future work will need to elucidate ways to tip the balance of immunity 
towards antitumor activity and away from antiviral activity; this approach will be critical for improving therapy. Given the 
limitations of animal models described above, it will be critical to design early phase trials with strong correlative science 
so that we can learn detailed information about the biology of these agents in humans. Fortunately, ongoing clinical trials 
will provide a wealth of information in that regard.
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LIST OF ABBREVIATIONS
aAPC Artificial antigen presenting cells
APC Antigen presenting cell
CAR Chimeric antigen receptor
CDRs Complementarity determining regions
CRS Cytokine release syndrome
scFv Single chain variable fragment
GM-CSF Granulocyte macrophage–colony-stimulating factor
GVHD Graft versus host disease
HAMA Human–anti-mouse antibodies
IFN Interferon
IL-2 Interleukin-2
MART1 Melanoma antigen recognized by T cells-1
PBMC Peripheral blood mononuclear cells
TALEN Transcription activator-like effector nuclease
TCR T cell receptor
TIL Tumor-infiltrating lymphocytes

18.1  INTRODUCTION: T CELL-BASED IMMUNOTHERAPY

T lymphocytes are multifunctional effector cells with exquisite antigen specificity and a crucial role in protection from 
infection and malignancy. The importance of T cells in the control of malignancy is inferred from studies showing increased 
susceptibility to cancer in immunodeficient patients and experimental animals, and from decades of experience with allo-
geneic stem cell transplantation that have established the central role of T cells in the graft-versus-tumor response.1 Many 
cases of progressive human tumor are heavily infiltrated with T cells, and the implication that such infiltrating T cells fail 
to recognize the tumor effectively or are functionally impaired in some manner has been experimentally validated.2–5 Over 
the years, considerable effort has been invested in attempts to (re)activate or otherwise trigger such T cells to mediate an 
antitumor effector activity via a plethora of vaccine-based approaches.6–8 With few exceptions, these approaches have 
failed to fulfill the promise of activating potent antitumor T cell immunity, at least in part because they fail to effectively 
address the issue of immune tolerance, whether at the level of the available repertoire (central tolerance) or at the level of 
tumor-induced immune suppression (peripheral tolerance). More recently, approaches to reverse the functional impairment 
of T cells have been developed, with dramatic clinical outcomes in a subset of patients with selected malignancies, further 
highlighting the ability of an unleashed T cell response to effectively mediate potent antitumor immunity.9

The adoptive transfer of T lymphocytes after ex vivo expansion is an alternative approach long thought to hold promise as 
a strategy to overcome the fundamental issue of immune tolerance. Initial approaches to apply adoptive T cell transfer to target 
malignancy involved leukapheresis of peripheral blood mononuclear cells (PBMC) from patients followed by ex vivo expan-
sion and reinfusion along with exogenous cytokine stimulation using interleukin-2 (IL-2). However, randomized clinical trials 
showed this approach to be no more effective than IL-2 infusion alone and this approach has been essentially abandoned.10,11

The Rosenberg group at the National Cancer Institute pioneered the harvest, expansion, and adoptive transfer of 
tumor-infiltrating lymphocytes (TIL). The premise was that most T cells infiltrate a tumor because of recognition of 
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tumor-associated peptides via their T cell receptor (TCR), and hence expansion of TIL rather than PBMC should select for 
tumor-reactive T cells without a priori knowledge of their cognate tumor antigen. Although infusion of TIL has induced 
remissions in a substantial percentage of patients with melanoma, this approach comes with a caveat: It appears that 
myeloablative chemoradiotherapy is necessary for maximal clinical activity, which makes it difficult to ascribe the clinical 
responses to the TIL infusion alone.12 Nonetheless, this appears to be a promising approach for the treatment of selected 
patients with melanoma, with up to 28% of patients achieving a complete response. These studies highlighted an important 
concept in adoptive cellular immunotherapy, specifically the correlation of response with prolonged T cell persistence.12

Recent technological advances have facilitated efficient expression of transgenes in T cells, enabling the redirection of T cells 
to target antigens of choice by introduction of a predetermined immunoreceptor. Whereas the ability to redirect T cell specific-
ity to target antigens of choice has perhaps been the most obvious development in the field of T cell-based gene therapy, clearly 
other aspects of T cell biology are amenable to genetic manipulation and could have an important role in the success of adoptive  
immunotherapy. These elements include long-term functional persistence, trafficking of effector cells and accumulation at the tumor 
site, and engagement of co-stimulatory receptors to mediate a robust effector response. In addition, infused T cells must be able to  
resist mechanisms of exhaustion, senescence, and immunosuppression by the tumor microenvironment, avoid the host humoral 
and cellular immune responses, and be amenable to deletion on demand to mitigate potential toxicity issues (Figure 18.1).

This chapter will focus on a discussion of results from the published literature that provide insights about these aspects of 
T cell biology, with the objective of identifying specific biological parameters that can be manipulated to engineer biologically 
enhanced and more potent T cell products.

18.2  EX VIVO T CELL EXPANSION

Like any pharmaceutical product, genetic modification of T cells for clinical use must occur ex vivo in a good manufacturing 
practice (GMP)-grade laboratory. Viral-based gene transfer occurs more efficiently in proliferating cells, particularly when using 
gamma retroviral vectors.13 Hence, the requirement for stimulation of T cells to induce proliferation and enhance gene transfer 
provides a dual opportunity to infuse into the patient T cells that are not only gene-modified but augmented in number. Methods 
for transfer of genetic material to redirect T cells will be discussed in a subsequent section. Methods for T cell expansion are 
discussed here.

The optimal dose for T cell infusion is unknown. Unlike small molecules or antibodies, T cells are living drugs that 
have the capacity to replicate and expand in vivo, and hence it may not be possible to demonstrate a strict dose–response 
relationship. Nonetheless, early trials in which unmanipulated, nonexpanded, nonredirected T cells from allogeneic stem 
cell donors were infused into recipients (so-called “donor lymphocyte infusions”) showed that as few as 1 × 107/kg T cells 
could induce complete remission in some patients with leukemia.14 As will be discussed later in this chapter, clinical trials 
of genetically engineered T cells have employed a wide range of doses for modified cells, with minimal and maximal doses 
specified by individual protocols and often dependent on the employed manufacturing process.

Methods for ex vivo T cell expansion are summarized in Table 18.1. The results of a typical T cell expansion using 
the anti-CD3/CD28 bead system is shown in Figure 18.2. Schemata for ex vivo expansion of T cells vary but rely on the 

FIGURE 18.1 Requirements for successful adop-
tive cellular therapy. After infusion, effect or cells 
must proliferate, traffic, recognize target, recruit effec-
tor functions, and avoid rejection, exhaustion, and 
senescence to persist until tumor elimination.

1. Trafficking 2. Accumulation 4. Effector function3. Recognition,
stimulation &
activation
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TABLE 18.1 Methods for Ex vivo Expansion Used in Clinical Trials of Genetically Engineered T Cells

Method Typical Culture Time Comments References

Anti-CD3/CD28 beads 12 days Typical expansion of T cells 26- to 525-fold 15,16

Anti-CD3/CD28 beads + IL-2 11–17 days Typical expansion of T cells 49- to 385-fold 17,18

Virally infected APC + IL-2 5–6 weeks EBV-transformed LCL pulsed with CMV and 
adenoviral peptides 21 ± 10-fold

19

Anti-CD3 and IL-2 with irradiated 
feeder cells

6 weeks 20,21

Anti-CD3 and IL-2 ± irradiated  
feeder cells

8–26 days 22,23

Artificial APC 10 days to 2 months as 
required

K562 cell line coated with anti-CD3,  
anti-CD28 antibodies and expressing CD137 
ligand;
Typical expansion 150-fold

24,25

K562 cell line expressing CD19, CD137 
ligand, CD86, CD64, and membrane-bound 
IL-15 and IL-21;
Up to 40,000-fold expansion

26

IL, interleukin; EBV, Epstein–Barr virus; APC, antigen presenting cell; LCL, lymphoblastoid cell lines; CMV, cytomegalovirus.

FIGURE 18.2 Typical growth expansion curve for ex vivo T cell expansion using the anti-CD3/CD28 bead system.

provision of a combination of signal 1 (TCR–mediated signaling using agonistic anti-CD3 antibodies such as clone OKT3), 
signal 2 (co-stimulation provided by agonistic anti-CD28 antibodies), and cytokine signaling (IL-2, IL-15, and IL-21).

The anti-CD3 and anti-CD28 signals can be delivered by soluble, plate-bound, or bead-based approaches, with some 
suggestion that immobilization of the antibodies is superior.27 These approaches do not faithfully recapitulate the physi-
ologic immune synapse between a T cell and its antigen presenting cell (APC). Therefore, methods using artificial antigen 
presenting cells (aAPC) have been developed. Here, the K562 tumor cell line is transduced to express a variety of stimula-
tory molecules such as CD137 ligand, CD86, or membrane-bound IL-15. T cell expansion after aAPC stimulation may 
yield higher numbers and more favorable T cell phenotypes than expansion after bead-based stimulation, but it is more 
complicated from a regulatory viewpoint because of the requirement for a tumor cell line as the APC. This is reflected in 
the fact that no trials of adoptive T cellular therapy clinical trials using aAPC-based expansion have been approved to date. 
The production of a master cell bank for K562 aAPC may be helpful in this regard.24,26

18.3  MODIFICATION STRATEGIES FOR T CELL REDIRECTION

In nature, antigen recognition by T cells occurs via the TCR, a complex composed of the highly variable α and β chain (or γ and 
δ chain) recognition domains that interact with the dimeric signal transduction machinery of the CD3 complex, including the 
CD3 γ, δ, ε, and ζ chains. Antigen recognition specificity is provided by the hypervariable complementarity determining regions 
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(CDRs) of the α and β chains, although TCR–target interaction is degenerate; that is to say, a given target may be recognized by 
several different TCRs and a given TCR could recognize several different targets. The TCR recognizes peptide fragments that 
are embedded within the groove of a major histocompatibility complex (MHC) molecule. In contrast, antibody-based recogni-
tion relies on interactions between some or all six CDRs in the heavy and light chains of the antibody and their cognate antigen; 
unlike the TCR–peptide–MHC interaction, antibodies bind to the surface of antigens, recognizing amino acid sequences that 
may be discontinuous in the primary structure but contiguous in the folded, tertiary structure of the protein. This means that 
antibody recognition, unlike TCR recognition, does not depend on intracellular processing and MHC-based presentation of 
antigen. Conversely, only TCR can recognize intracellular antigens (after these are processed and presented on the appropriate 
MHC molecule). The affinity of antibody binding tends to be higher than that of TCR binding, although the strength of T cell 
binding to its target cell is enhanced by the summation of multiple TCR–antigen forces resulting in enhanced avidity. These 
considerations are important in the selection of antibody-based or TCR-based tumor antigen targeting approaches.

18.3.1  Approaches to Impart Antigen Specificity

Imparting antigen specificity to T cells requires the transfer of genetic material encoding a functional receptor into primary 
human T cells. Successful transfer of genetic material encoding α and β chains of a particular TCR into a heterogeneous 
population of T cells means that all of the T cells are now redirected to recognize the new target, although these T cells 
still express their endogenous TCR, which may compete or mis-pair with the introduced TCR with deleterious conse-
quences.28,29 T cells can also be redirected by the introduction of genetic material encoding a chimeric molecule composed 
of the antigen-recognition domains of an antibody and the signal transduction domains of a TCR. These chimeric mol-
ecules are termed chimeric antigen receptor (CAR), chimeric immunoreceptor, or T body. Studies have been published 
using both these approaches to generate a novel immunoreceptor.30,31 TCR redirection requires the transduction of genetic 
material encoding TCR α and β chains of the desired specificity. CAR-based redirection involves the transfer of genetic 
material encoding a single chain variable fragment (scFv) based on an antibody of desired specificity.32,33 The introduced 
antigen-binding domains (scFv) are fused to T cell signaling domains and associate with the native TCR signal transduction 
machinery leading to T cell activation, induction of effector functions, and antigen-driven proliferation. The differences 
between transgenic TCR and CAR approaches are summarized in Table 18.2 and Figure 18.3.

Advances in gene transfer (outlined in a subsequent section) have allowed the field to develop rapidly, and clinical 
results using both TCR-redirected22,35–37 and CAR-redirected38–40 T cells have been published (Table 18.3).

TABLE 18.2 Comparisons of CAR- and TCR-Based Targeting Strategies

CAR TCR

Antigens targeted Surface only Surface or intracellular

Requirement for antigen  
processing and presentation

No Yes

Generation of new  
specificities

Relatively easy, dependent on the  
availability of antibodies

More challenging, depends on the identification of 
relevant tumor-specific TCR-a/b sequences

Ligand density Correlates with target antigen expression Dependent on target antigen expression and processing

Signal potency High and can be further enhanced with 
co-stimulatory molecules

Relates to the affinity of the native TCR complex but 
can be enhanced by mutagenesis

Surface expression Stable Depends on efficient a/b chain pairing and potentially 
interacts with the native TCR chains to induce mis-
pairing

Potential immunogenicity High if sequences are derived from  
heterologous species; sequences can be 
easily humanized

Low if sequences are of human origin

Off-target effects Can target normal tissues with low levels 
of expression; there are few surface  
markers with truly tumor-restricted  
expression

High if mis-pairing occurs or there is degeneration of 
specificity during affinity enhancement
Can potentially target normal tissues with low levels of 
expression even without degeneration of specificity
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FIGURE 18.3 Diagrammatic rep-
resentation of transgenic TCR and 
CAR structures. TCR, T cell receptor; 
CAR, chimeric antigen receptor; scFv, 
single chain variable fragment. From 
Ref. 34, with permission.
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TABLE 18.3 Some Potential Methods for Gene Transfer into T Cells

Gene 
Transfer 
Method Principle

Payload 
Size Target

Integration into 
Genome Comments

Used in  
T Cell 
Immuno-
therapy

Viral Vector Mammalian Viruses have Evolved to Transfer RNA or DNA into Mammalian Cells

Gamma  
retroviral

Use of the VSV G  
glycoprotein allows 
viral entry into host 
cells via membrane 
fusion rather than via 
specific co-receptors

∼6.5 kb Dividing cells only 
(pre-integration  
complex cannot 
enter the nucleus 
of non-dividing 
cells)

Yes; stable  
integration of 
reverse- 
transcribed viral 
RNA
Random  
integration sites

Oncogenic 
transformation 
observed when 
viral genomes  
integrate near  
cellular oncogenes
Silencing has 
been observed

Yes

Lentiviral Use of VSV G 
glycoprotein allows 
viral entry into host 
cells via membrane 
fusion rather than via 
specific co-receptors

∼8 kb Dividing as well as 
nondividing cells

Yes; stable  
integration of  
reverse-transcribed 
viral RNA

No genotoxicity 
observed, despite 
preferential 
integration into 
transcriptionally 
active sites

Yes

Adenoviral Infection of target 
cell with some tis-
sue tropism based 
on cell surface 
receptors

∼36 kb Dividing as well as 
nondividing cells

No; episomal Host immune 
response is 
stimulated, lead-
ing to rejection

No

Adeno-
associated 
virus

Infection of target 
cell with some  
tissue tropism based 
on cell surface 
receptors

∼4.8 kb Dividing as well as 
nondividing cells

No; episomal, 
incapable of pro-
longed high-level 
expression in 
dividing cells

Require a 
helper virus 
 Nonpathogenic

No

Nonviral

DNA EP Electroporation of 
linearized plasmid 
DNA leads to 
chromosomally 
integrated vector in 
some T cell clones

No 
practical 
limitation

T cells must be 
carefully cloned 
and expanded 
under drug  
selection

Random Yes

Continued
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Gene 
Transfer 
Method Principle

Payload 
Size Target

Integration into 
Genome Comments

Used in  
T Cell 
Immuno-
therapy

mRNA EP Electroporation of 
in vitro-transcribed 
mRNA encoding 
desired sequence

No 
practical 
limitation

Any cell No; translated  
protein expres-
sion is lost as 
cells divide and 
mRNA levels 
decline owing to 
normal cellular 
processes

Allows a  
transient  
biodegradable 
expression of 
desired sequence

Yes

Transposon DNA plasmids 
encoding transposon/ 
transposase system 
(e.g., Sleeping 
Beauty) are electro-
porated into cells

No 
practical 
limitation

Any cell Yes; random sites Lower efficiency 
than lentiviral 
techniques

Yes

TABLE 18.3 Some Potential Methods for Gene Transfer into T Cells—cont’d

Because of the impact of central tolerance on the T cell repertoire to self-antigens, tumor antigen-specific T cells 
isolated from cancer patients or from healthy volunteers typically are of low affinity. Attempts to overcome this issue 
have included the isolation of T cells in a xenogeneic setting (e.g., vaccination of mice transgenic for human leukocyte 
antigen-A2)4 or allogeneic setting (during graft versus host disease (GVHD)),41 or by generating T cells to gender-
restricted antigens (such as prostate or ovary) from peripheral blood cells of the opposite gender.42 An alternative 
approach involves the engineering of high-affinity TCR by directed evolution of isolated tumor antigen-specific TCR-
α/β chains using any one of a number of elegant genetic approaches, such as phage display libraries, or alternatively by 
strategies to enhance avidity by improving the steric behavior of the TCR.42–46 Naturally, such efforts must be carefully 
controlled to ensure retained specificity for the target antigen,47 and could theoretically introduce neoepitopes that 
could be targeted by the recipient’s immune system, leading to rejection of the infused product. An additional drawback 
to TCR-based approaches is the potential for mis-pairing between the introduced TCR-α/β chains and the endogenous 
α/β chains, leading to decreased expression of the introduced TCR, or the generation of novel TCR complexes with 
undesired (autoreactive) specificities.

In the first clinical trial using the TCR transduction approach, melanoma patients were treated with gp100-specific 
T cells, and although there was no toxicity, the surface expression of the transgenic TCR was surprisingly low.37 
These complications could be averted by knockdown of the endogenous TCR chains or by introducing cysteine  
residues to facilitate preferential pairing between the transferred TCR chains.48 Subsequent trials using melanoma 
antigen recognized by T cells-1 (MART1)-specific TCR-transgenic T cells for melanoma led to a 30% objective 
response in patients, along with off-tumor on-target toxicity manifesting as destruction of normal melanocytes in the 
skin, eye, and ear.22

A particularly instructive but unfortunate result of TCR engineering to enhance affinity is off-target toxicity, as has been 
demonstrated in two patients treated with T cells transduced with a high-affinity TCR to the cancer-testis antigen MAGE-
A3. Both patients had lethal cardiac complications, retrospectively ascribed to cross-recognition by the transgenic TCR of 
a peptide derived from an unrelated muscle protein, titin,49 accompanied by significant infiltration of CD3+ lymphocytes 
and diffuse myocyte necrosis (Figure 18.4).

CARs are essentially a chimeric TCR-antibody molecule, also known as a T body.50 CARs are composed of an extra-
cellular target-binding module, a transmembrane domain anchoring the CAR into the cell membrane, and an intracellular 
signaling domain. The target-binding domain is usually derived from scFv determinants isolated from antibodies linked in a 
single chain through a linker polypeptide sequence. The transmembrane domain is typically derived from the CD8 hinge or 
from the immunoglobulin-4 hinge regions. The intracellular region is usually composed of the ζ chain of the TCR complex 
and is responsible for transmitting the TCR engagement signal to the intracellular machinery. Recent studies established 



T Cell-Based Gene Therapy of Cancer Chapter | 18 287

FIGURE 18.4 Infiltration of CD3+ lymphocytes in myocardium biopsy 
tissue from two patients who received TCR-engineered lymphocytes. 
Top panels: Hematoxylin–eosin. Lower panels: Immunohistochemical (IHC) 
staining with anti-CD3. This research was originally published in Blood. 
Linette et al.49 © The American Society of Hematology.

that the incorporation of co-stimulatory or activating molecules such as CD28, CD134, or CD137 can augment ζ chain 
signaling with important effects on cell proliferation and response.51

Construction of a CAR relies on identification of a suitable antibody to a cell surface molecule of interest, as described 
below. Because CAR recognition does not rely on peptide processing or presentation by MHC, the number of target epitopes 
is stoichiometrically equal to the number of target antigen molecules on the cell surface, and every target molecule expressed 
on the membrane represents a potential CAR-triggering epitope, contributing to the potency of this approach. Conversely, a 
major limitation of CAR-based approaches is that only cell surface molecules can be targeted. Furthermore, because there are 
nonhuman sequences in the scFv domain of mouse antibodies, there is a potential for CAR T cells to be immunogenic.

18.3.2  Gene Transfer into T Cells

T cells can be genetically engineered at the DNA or RNA level. Scientific considerations include the size and number of 
transgenes to be transferred, and the requirement for permanent or transient expression. Practical considerations include 
the cost of manufacturing and whether clinical-grade vector systems are available. These considerations inform the ideal 
characteristics of the cellular product, which depend on the required setting. For example, parameters for the treatment of a 
life-threatening malignancy may differ from those for correction of a genetic defect or for the treatment of an incurable but 
manageable chronic disease. These approaches are summarized in Table 18.3.

18.3.3  Viral Approaches

Gamma retroviral or lentiviral vectors can integrate into the host genome leading to permanent transgene expression and 
have low intrinsic immunogenicity. These are therefore the most commonly used approaches. Gamma retrovirus-based 
transduction requires replicating cells for viral integration and retroviral transduction of hematopoietic stem cells has 
been associated with insertional oncogenesis52; in contrast, lentiviral vectors can integrate into nondividing cells, are less 
susceptible to silencing by host restriction factors, and can deliver larger DNA sequences than retroviruses.13,53–55 Despite 
the concern about insertional mutagenesis when using integrating viral vectors, long-term follow-up of clinical studies sup-
ports the safety of using these vectors in T cells,56 at least in part because lentiviral integration sites are not random and do 
not favor proto-oncogenes.57 A new system that has not yet entered clinical trials is based on foamy virus vectors, which 
possess favorable integration properties and are not pathogenic in humans.58 Where transient gene transfer is sufficient, 
nonintegrating viruses such as the adenovirus-based Ad5–35 vectors can be used and achieve high efficiency; an example 
of this application is in the transient expression of zinc-finger nucleases to permanently delete genes of interest.59

18.3.4  Nonviral Approaches

Nonviral approaches benefit from a lower manufacturing cost and are in principle less immunogenic than viral approaches. 
Although such approaches are perceived to be safer because they are not dependent on stable integration of transgene 
sequences into host DNA, their safety record is shorter than that of retro- or lentiviral vectors. DNA electroporation 
achieves efficient transient transgene expression but long-term expression is rare. A clinical trial with an anti-CD20 
CAR demonstrated feasibility of production but poor engraftment and antitumor efficacy in the engineered cells.39 Using 
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transposon/hyperactive transposase technology such as the Sleeping Beauty system, it is possible to deliver a large pay-
load with persistent high-level transgene expression and clinical testing is under way.60–63

18.3.5  RNA Electroporation

Electroporation of lymphocytes using in vitro transcribed RNA can lead to transient protein expression for up to 1 week and 
is associated with efficiencies approaching 100% with much lower toxicity than electroporation with DNA plasmids. RNA 
electroporation has been used to deliver messages for TCR or CAR, chemokine receptors, or cytokines.64–68

18.3.6  Novel Approaches

A number of novel technologies to disrupt specific target genomic sequences have been developed. Such technologies, which 
include innovative platforms based on zinc-finger nuclease and transcription activator-like effector nuclease (TALEN) tech-
nology, allow for the ability to engineer T cell populations that are bi-allelically disrupted for specific genes.69,70 Although 
appropriate implementation of such technologies will require more complete understanding of gene activity in a systems 
biology-based context, such technologies offer a tremendous potential to interrupt T cell expression of particular proteins 
that may be deleterious to therapeutic function.

Efforts to optimize gene delivery must go hand in hand with optimized expansion techniques using GMP.17,24,71–73 The 
parallel development by several different groups of multiple gene transfer methods provides flexibility in terms of our 
future ability to tailor different gene transfer modalities to the various treatment settings. It makes most sense to investigate 
novel therapeutics with untested toxicity profiles using T cells with transient expression, such as after RNA electropora-
tion.74 In contrast, when investigators have gained experience with the toxicity profile and behavior of a novel genetically 
engineered T cell product, a permanent gene transfer system such as lenti- or retroviral transduction may be employed.75

18.3.7  Definition of Appropriate Target Antigens

A major focus of immunotherapy-based strategies to target cancer has been the identification of antigens uniquely expressed 
or overexpressed by tumor cells and to use those antigens as immunogens to trigger antigen-specific T cell responses 
in patients.7,76 A multitude of candidate antigens and immunologically relevant epitopes have been identified over the 
years.77 It would be overly simplistic to expect that one or even a few candidate antigens might be expressed uniquely on 
tumors compared with normal tissue yet broadly expressed across tumor types; however, several candidate antigens have 
been identified that are either overexpressed or aberrantly expressed by tumors: in particular, antigens that are expressed  
developmentally (e.g., the cancer-testis antigens such as MAGE or NY-ESO-1) or dramatically overexpressed in tumors 
compared with normal tissues (such as Her-2/neu or EpCAM).78,79

Most results published to date have targeted cancer-testis antigens such as MAGE-A3 (myeloma and melanoma),  
NY-ESO1 (melanoma and synovial sarcoma),35 CEA (colorectal carcinoma),80 MART1, and gp100 (melanoma).22 As men-
tioned, despite the perceived advantage that these targets are tumor-specific, results have clearly illustrated the complexity 
of target selection, with both on-target off-tumor and off-target effects reported.22,49 These issues merit significant consid-
eration and concern as the breadth of affinity-enhanced TCR in clinical evaluation increases.

As mentioned, the use of an antibody-derived, scFv-based CAR for T cell redirection is limited to the targeting of 
cell surface antigens. There are few instances of truly tumor-specific expression of a cell surface antigen, and one of the 
challenges of CAR-based T cell immunotherapy is to find a suitable antigen. Most clinical trials to date have focused on 
antigens such as CD19 or CD20 in which the antigen is specific to B cells and in which extensive experience with antibody-
based B cell depleting therapy (for example, Rituximab) has shown that prolonged iatrogenic B cell depletion is well tol-
erated. Results from clinical studies that have targeted B cell lineage antigens have highlighted the considerable promise 
of CAR-based approaches, with strong clinical responses including long-lasting and ongoing remissions in a number of 
cases.15,18,23,75 The use of differing CAR delivery systems (retrovirus, lentivirus, plasmid electroporation, or others), co-
stimulatory domains (none, CD28, CD137, or a combination thereof), ex vivo expansion approaches (aAPCs or anti-CD3 
antibody based) may in part account for the differing efficacy and toxicities observed. Beyond targeting B cell lineage 
surface antigens, there has been considerable interest in targeting solid tumors using CAR technology and clinical efforts 
to this end are under way (see below). Collectively, these studies indicate that the targets of CAR-based therapy must be 
carefully selected to avoid unwanted adverse effects.81 An additional observation from collective experience with CART-19 
therapy in B cell acute and chronic lymphoid leukemias is that serious toxicity can arise owing to tumor lysis or a cytokine 
release syndrome (CRS) as the result of the robust proliferation and activation of T cells.15,75
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Based on the recent success of CAR trials, the next few years are likely to see a dramatic expansion of clinical trials 
targeting a broad range of malignancies. Each trial is likely to have to contend with potential toxicities specific to the target 
antigen and/or tissue. For example, trials of T cells redirected to acute myeloid leukemia antigens are likely to be associated 
with significant myeloid toxicity or granulocytopenia, attempts to target epithelial cancers are likely to be associated with 
tissue-specific epithelial toxicity, and a unique and creative solution will have to be found to circumvent T cell fratricide in 
any approach to the treatment of T cell malignancies with CAR T cells.

18.4  APPROACHES TO ENHANCE T CELL ACTIVITY

18.4.1  Selecting the Right T Cell Population

T cells for use in cellular therapy have been derived from peripheral blood16,82,83 or the tumor bed84–86 and have been 
infused fresh or more commonly after ex vivo stimulation or enrichment for virus specificity.87,88 T cells exhibit many of 
the features required for adoptive cellular therapy, as defined above (Figure 18.1). After infection or immunization, antigen-
specific T cells typically undergo expansion, plateau, and contraction phases. A long-standing objective of adoptive T cell 
therapy has been to recapitulate this vaccine effect with robust T cell expansion, antitumor activity, contraction, and long-
term functional persistence of a memory T cell subset. During the effector phase, T cells employ multiple effector mecha-
nisms that may be contact-dependent (granule based or death-receptor mediated cytotoxicity) or noncontact-dependent 
(cytokines). Polyfunctionality—that is, T cells exhibiting multiple different effector functions simultaneously—appears to 
correlate with enhanced in vivo function in infective models89 and can also be demonstrated for engineered T cells.90 After 
exerting their function, T cells acquire a memory phenotype with the capacity for recall response91,92 and this persistence 
allows them to participate in the control of future infections or malignant relapse. Adoptively transferred T cells have now 
been empirically shown to persist long term as memory cells after a single infusion.56,75

GMP laboratory-based manipulation of the T cell product before infusion introduces the potential for further engineer-
ing of the product by selecting specific T cell subsets to infuse. Preclinical nonhuman studies have shown that adoptive 
transfer of younger, less differentiated CD8 T cells derived from the TCM compartment leads to superior persistence com-
pared with the transfer of more differentiated memory cells derived from the TEM compartment.93 However, whether this 
manipulation is superior to the transfer of T cells that have been expanded from a bulk population of cells has not been 
established. Notably, the phenotype of cells that have been expanded ex vivo tends to be homogeneous and consistent with 
activated, effector memory T cells.

Segregation of T cells into CD4 helper or CD8 cytotoxic, naive, central memory, effector memory, and other subtypes 
has allowed the assignment of a division of labor to the different subsets. Although it is tempting to try to select a particu-
lar subtype (for example, CD8 cytotoxic lymphocytes) for adoptive cellular therapy, there is a risk inherent in applying a 
reductionist approach to the immune system. For example, there is compelling evidence that CD4 T cells are required for 
CD8 memory formation, clearly an important quality in the control of tumor.94,95 Nonetheless, animal studies have clearly 
shown that some T cell subtypes possess desirable qualities in vivo such as enhanced engraftment, antitumor effect, or sur-
vival, and have led to promising reports on the adoptive transfer of central memory T cells,96–99 Th17 cells,100 or so-called 
memory stem cells.101 Cell culture conditions can be optimized to promote the expansion of T central memory cells.102 
Despite these interesting preclinical observations, there are as yet no published clinical comparisons of the infusions of  
T cell subsets alone or as a bulk population.

18.4.2  Enhancing T Cell Proliferation and Survival

Elimination of viral pathogens by T cells requires proliferation, expansion, and contraction, and is usually followed by 
long-term persistence of T cells in the form of memory cells for ongoing surveillance. Although most clinical trials using 
engineered T cells reported to date have been beset by poor persistence of the infused product and thus the failure of some 
trials could be the result of inherently poor proliferative capacity or rejection by the host of the transferred product,99,103,105 
a report documented long-term persistence of T cells engineered to target CD19, fundamentally recapitulating what occurs 
after a viral infection.75 It is now well recognized that stimulation of T cells via their TCR without a second co-stimulatory 
signal induces tolerance. Thus, whereas first-generation CARs relied solely on intracellular transduction of the recognition 
signal via the CD3ξ-chain, second- and third-generation CAR constructs have incorporated a second signal in the form of 
CD28, CD134, or CD137 signaling domains. Such domains have been shown to enhance T cell persistence and/or func-
tion.90,106–108 These co-stimulatory molecules are usually transduced in cis as part of the CAR complex; expression of 
co-stimulatory molecules in trans on the same cell but not in series with the receptor (whether chimeric or native) has also 
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been performed successfully using CD28.109 Ongoing efforts have focused on evaluation of signaling domains that have 
the potential to generate qualitatively unique T cell populations, such as signaling domains from inducible T cell costimu-
lator (ICOS) that have the potential to drive T cells to differentiate into unique subsets. With few exceptions, the optimal 
co-stimulatory domain(s) have not been determined and, indeed, the optimal co-stimulatory signals to be provided may 
depend on the T cell expansion strategy, use of exogenous cytokines, and characteristics of the tumor model.51 Figure 18.5 
illustrates the stimulatory and inhibitory molecules involved in T cell responses. To date, only a minority of these molecules 
have been explored in terms of their potential role in enhancing genetically engineered T cell immunotherapy.

Since the discovery of IL-2 as T cell growth factor,111 other gamma-chain cytokines have been shown to be important for 
T cell expansion and activation. IL-7 and IL-15 may have differential roles on T cell effector mechanisms and, indeed, on 
T cell polarization; immunosuppressive regulatory T cells are particularly sensitive to IL-2 stimulation owing to their high-
level expression of CD25, the IL-2 receptor α chain.112 There are few reports of exogenous administration of cytokines after 
transfer of redirected T cells,37 but advanced molecular techniques allow the co-delivery of cytokines or cytokine receptor 
on T cells such that they are supercharged to proliferate. For example, transduction of the T cells with chimeric granulocyte 
macrophage–colony-stimulating factor (GM-CSF)-IL-2 receptors that deliver an IL-2 signal upon binding GM-CSF113 
leads to an autocrine IL-2-mediated proliferative response. Transduction of IL-15 into T cells appears to induce particularly 
robust proliferation that is autonomous of exogenous cytokines and is associated with constitutive telomerase activity and 
with clonal growth, hence with a potential for malignant transformation.114 Therefore, despite the elegance of a genetic 
approach in which a bicistronic vector encodes both the transgenic immunoreceptor and autocrine cytokine provision, it 
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may be that exogenous, at-will administration of selected cytokines may be a safer option. ILs-7, -15 or -21 have been 
shown to have particularly attractive properties in stimulation of T cell proliferation in the non-transgenic setting, with pref-
erential expansion of naive cells (IL-7),115 CD8+ central memory cells (IL-15),116 or an early memory phenotype (IL-21).26

Enhanced survival can be mediated by overexpression of pro-survival signals such as telomerase,117 antiapop-
totic genes such as Bcl2 or Bcl-xL,118,119 or the downregulation of proapoptotic molecules such as Fas.120 Resistance to  
suppression via inhibitory receptors can be imparted via expression of a dominant negative transforming growth factor-β 
receptor,121,122 or potentially a dominant negative PD1 receptor.

It is important to note however that any technique that leads to a significant uncoupling of T cell survival or proliferation 
from an antigen-specific signal may induce a risk of uncontrolled lympho-proliferation and thus parallel approaches must 
be developed to both monitor and deal with this potential unintended complication.

18.4.3  Trafficking and Homing to Tumor Tissue

Unless they encounter tumor during their initial journey through the bloodstream after intravenous injection, T cells must 
have a mechanism to traffic to the site of disease, arrest there, and accumulate by proliferation and persistence. The recep-
tors and mechanisms for endogenous T cell trafficking have been identified and are probably similar for genetically engi-
neered T cells.123 Innovative work to transduce in chemokine receptors has allowed increased local accumulation and 
enhanced tumor rejection by T cells in published studies.66,124 The identification of specific barriers to T cell trafficking into 
solid tumors will likely lead to further progress in this area.125,126

18.4.4  Overcoming Exhaustion and Host Immunosuppression

Early attempts to generate T cells for use in adoptive transfer depended on the use of prolonged ex vivo expansion protocols 
that resulted in the generation of terminal effector cells with poor ability to survive in vivo. More recent expansion approaches 
have resulted in the generation of T cells with the ability to functionally persist long-term in patients with phenotypic features 
of memory T cells and residual capacity to recognize and respond to tumor.75 In contrast, antigen-specific T cells infused into 
melanoma patients showed high expression of inhibitory receptors and low proliferative capacity, which likely explain the 
inability of the cells in this study to mediate regression of melanoma.98 Careful study of the mechanisms of failure as well as 
success of T cell-based adoptive therapy trials will lead to rational problem-solving; for example, antibody-based or genetic 
blockade of inhibitory signals may enhance the function of infused T cells. This remains an important area of active investiga-
tion with the potential to lead to strategies that overcome peripheral tolerance and immune suppression.

18.4.5  Avoiding Rejection by the Native Immune System

Ex vivo manipulation of the T cell product to enhance its potency has the potential to make the product more immunogenic 
after transfer. Use of serum-free cell culture techniques has reduced the potential immunogenicity associated with the use 
of xenobiotic sera, but there is still the potential for nonself-translated open reading frames present in vector sequences 
leading to rejection of infused cells. This phenomenon has been demonstrated in a number of cases.20,127 Similarly, because 
most CARs are derived from murine antihuman scFV, there is the potential for development of both humoral and cellular 
responses against CAR sequences or epitopes from the retroviral vector backbone and these responses correlate with rejec-
tion and disappearance of the infused cells from the circulation.128,129

18.5  MITIGATION OF ADVERSE EVENTS AND SAFETY CONSIDERATIONS

Clinical adverse events related to the infusion of T cells may be caused by nonspecific infusion reactions, unanticipated cross-
specificity or recognition of low levels of target antigen on normal tissues, or genomic insertional events as a result of vector inte-
gration. Even the transfer of autologous non-modified lymphocytes can lead to infusion reactions related to robust cytokine release 
or the presence of trace contaminant carryover from the manufacturing process, with occasional tissue-specific immune reactions 
noted, such as vitiligo, thyroiditis, or colitis.83 It is therefore not surprising that the transfer of tumor-specific T cells could lead to 
infusion reactions and a CRS. Patients across several clinical studies have experienced this complication,15,18,23,130 manifesting 
high fevers, hypotension, and hypoxemia and laboratory evidence of macrophage activation. The severity of the reaction may 
be associated with the magnitude of subsequent response. Transgene-related, on-target toxicity occurs as a result of recognition 
of the target molecule by modified T cells. Well-documented instances of this phenomenon include the recognition of MART1-
expressing skin and eye tissues in patients receiving MART1-specific TCR-transgenic T cells for the treatment of melanoma as 
well as severe liver toxicity in patients receiving carbonic anhydrase IX-redirected T cells for the treatment of kidney cancer.37,131 
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TABLE 18.4 Selected Methods to Eliminate Introduced T Cells

System Principle Advantage Disadvantage

Used in 
Transgenic  
T Cell Trials?

Routine Clinical Practice for T Cell Depletion

Steroids Induction of T cell apoptosis, inhibition 
of proliferation and reduction of IL-2 
production

Well studied and readily 
availably

Insufficiently active against 
highly activated T cells

15

ATG Polyclonal anti-T cell antibody leads 
to T cell apoptosis and elimination by 
immune system

Well studied and readily 
available

Nonspecific depletion of all 
T cells; prolonged half-life; 
infusion reactions; immuno-
suppressive

No

Alemtu-
zumab

Monoclonal anti-CD52 antibody 
depletes T cells and other immune 
effector cells

Well-studied and readily 
available

Nonspecific depletion of 
all T cells, B cells, NK cells; 
prolonged half-life; infusion 
reactions; immunosuppressive

No

Suicide Gene Systems

HSV TK Gene for herpes simplex virus thymidine 
kinase is transduced into T cell product, 
making T cells susceptible to subsequent 
administration of antiviral drug  
ganciclovir

Well studied system;  
ganciclovir is readily 
available

Subject to anti-transgene 
immune response and  
subsequent elimination of 
infused T cell product; less 
active in nonproliferating cells

20,127,135

iCasp9 Gene for caspase-9 is fused to modi-
fied human FK-binding protein that is 
activated upon exposure to synthetic 
dimerizing drug. This initiates a caspase 
cascade downstream of initial  
mitochondrial apoptosis pathway

Rapid, profound T cell 
elimination within  
minutes to hours

Incomplete eradication of  
T cells may occur, requiring 
repeated administration

132,133

Fas Gene for intracellular death signaling 
domain of Fas is fused to modified human 
FK-binding protein that is activated upon 
exposure to a synthetic dimerizing drug

Rapid elimination within 
hours

Insufficient transgene  
expression in some resting 
cells leads to failure of 
elimination of small fraction 
of T cells

136

Antibody-Based

CD20 Extracellular portion of CD20 is  
incorporated into gene-modified  
T cells, rendering them susceptible to 
elimination by clinically used  
anti-CD20 antibodies

Requires addition of small 
sequence encoding  
extracellular portion of 
CD20 receptor; can be 
used as selection marker

Relies on presence of intact 
immune system for elimina-
tion; kinetics may be slower 
than that of suicide genes

137,138

EGFR Extracellular portion of EGF receptor is 
incorporated into gene-modified T cells, 
rendering them susceptible to elimination 
by clinically used anti-EGFR antibodies 
(Erbitux)

Requires addition of small 
sequence encoding  
extracellular portion of 
EGF receptor; can be used 
as selection marker

Relies on presence of  
intact immune system for  
elimination; kinetics may be 
slower than that of suicide 
genes

139

IL-2, interleukin-2.

These instances of on-target off-tissue toxicity parallel the ablation of normal B cells that is seen after the infusion of anti-CD19 
gene-modified T cells.75 Engineering mechanisms to eliminate T cells or suppress T cell function on demand is a critically impor-
tant and active area of investigation, and is of particular importance because of the observation that high-dose steroids do not ade-
quately reverse a florid CRS.130 Inhibition of IL-6 signaling appears to be particularly useful for ameliorating CRS.130 Elimination 
of introduced haploidentical T cells after hematopoietic cell transplantation can be achieved in the setting of GVHD132 using an 
inducible caspase-9 system that allows the conditional delivery of apoptotic signals to the transduced cells, representing an elegant 
improvement on the previous suicide gene methodologies.133,134 Selected methods to eliminate introduced T cells are outlined in  
Table 18.4.
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18.6  TRANSLATION OF ENGINEERED T CELL THERAPY TO THE CLINIC

A summary of selected clinical studies of CAR and TCR-based T cell therapy for cancer is presented in Table 18.5.

18.6.1  Optimizing Preconditioning and Infusion Schedule

Both clinical and preclinical data suggest that pre-infusion lympho-depletion enhances the proliferation and survival 
of adoptively transferred T cells.18,145 Lympho-depletion is thought to create homeostatic space, deplete cytokine 
sinks (in the form of other immune cells competing for the cytokines), and increase homeostatic cytokines produced 
by the inflammatory reaction to chemo- or radiotherapy; these changes lead to the induction of a memory phenotype 
after homeostatic proliferation of naive T cells and to enhanced effector function.85,146,147 No clinical trials com-
pare outcomes after genetically engineered T cell infusion following lympho-depletion or no lympho-depletion, or 
whether particular chemotherapeutic or radiation regimens should be used. Some data suggest that some regimens 
can preferentially induce immunogenic cell death,148,149 and the inclusion of radiation has been found to induce 
higher levels of the homeostatic cytokine IL-15.150 Whether T cells should be infused in one dose or in a fractionated 
schedule is currently unknown, although data from the bone marrow transplantation literature suggest that the latter is 
safer; for practical reasons, fractionation provides the opportunity to withhold doses in case of severe infusion-related 
toxicity.151,152

18.6.2  Response Assessment and Biomarkers of Activity

The principal questions to answer in cancer therapy are ultimately disease response and toxicity of treatment. Beyond 
those measures, critically important information about treatment can be derived by employing broad, quality supported, 
and integrateable platforms to evaluate patient samples.153 Unlike traditional pharmaceuticals, T cell products are viable 
biological entities that can expand in vivo, and over time manifest variable phenotypes and functional activities and 
potentially unpredictable pharmacokinetics. Therefore, T cell immunotherapy trials require the development and evalu-
ation of biomarker platforms and assays that describe the biological properties of the cell product. These classes can 
be broadly divided into (1) quantity of infused cells, (2) phenotype and functional competence, (3) impact on patient 
biology, and (4) recipient’s immune response to the infused product.154 Peripheral blood is clearly the most accessible 
tissue for these assays, but it may not reflect the true T cell number or activity at the level of the targeted tissue; ideally 
the involved site should be sampled.155

Quantitative assessment of the presence of infused T cells relies on flow cytometric antibody-mediated detection of a 
unique surface molecule. This molecule can be the idiotype of the scFv used to create a CAR, MHC class I multimers to 
detect TCR transgenic T cells of known specificity, TCR-β chain family antibody panels, or a reporter molecule introduced 
as part of the transgenic receptor.75,154,156 Reliable flow cytometric detection requires that the frequency of the cells of inter-
est be at least 0.2–0.5% of total T cells. An important caveat of this methodology is that activation-induced internalization 
of the TCR or CAR complex can lead to underestimation of the number of genetically modified T cells. Genetic engineer-
ing of the T cell product introduces transgenes or selection markers that can be detected by qualitative polymerase chain 
reaction (such as the TCR, CAR, or HSV thymidine kinase) and has been used in a number of clinical trials.20,75 Although 
polymerase chain reaction is considerably more sensitive than flow cytometry, this approach lacks the power of flow cytom-
etry to interrogate single cells for additional phenotypic or functional markers. The infused product may represent a small 
fraction of the total patient T cell load (perhaps 0.1% or less), but homeostatic or antigen-driven proliferation can lead to 
substantial in vivo expansion.

Detection of cell surface expression of CAR or TCR allows a direct evaluation by multicolor flow cytometry of markers 
of T cell differentiation, activation, and functional status. For example, memory T cells demonstrate enhanced persistence 
and have been shown to be associated with efficacy.93,157,158 Other markers of differentiation such as CD45RA, CD45RO, 
CD62L, CCR7, CD27, and CD28, as well as activation markers such as CD25, CD127, CD57, and CD137 and inhibitory 
markers such as PD-1 and CTLA4, can be used to gain insight into the functional capacity of the infused T cells.159,160 The 
importance of persistence and the establishment of memory are highlighted by relevant clinical observations and may be 
associated with telomere length and with particular T cell memory subsets.161,162 More direct measures of T cell functional 
capacity can be detected by analyzing production of cytokines such as interferon (IFN)-γ, TNF-α, IL-2, degranulation by 
CD107a mobilization, and the levels of perforin and granzyme.163–165 Efforts to validate and optimize strategies to evaluate 
the phenotype and functionality of antigen-specific T cells are ongoing.166 It may be that upstream detection of the phos-
phorylation of key signaling molecules is equally important in detecting T cell activation.167 These and other assays may be 
performed on serial blood samples from the patient infused with the T cell product and will likely inform our future ability 
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TABLE 18.5 A Summary of Selected Clinical Studies of CAR and TCR-Based T Cell Therapy for Cancer

Target 
Antigen Patients (n)

CAR or TCR/
Delivery 
System/
Co-stimulatory 
Molecules/
Other

Lympho-
depletion Efficacy Toxicity Comments

Carbonic Anhydrase (CAIX)

Lamers131/
Lamers129

Renal cell 
carcinoma 
(11)

CAR/retroviral/
none

No No objective 
responses  
Limited  
persistence

Hepatotoxicity  
owing to 
expression of 
CAIX on biliary 
epithelium

Humoral and/or 
cellular responses 
against CAIX CAR 
and/or vector 
epitopes in most 
patients

CD19

Jensen19 
(CD19 or 
CD20)

Diffuse 
large B cell 
lymphoma 
or follicular 
lymphoma 
(4)

CAR/retroviral/
none/thymidine 
kinase suicide 
gene

Yes (treated 
3–4 weeks after 
autologous 
transplant or 
chemotherapy)

No objective 
responses; 
progression 
in all patients 
Limited  
persistence

Grade 3  
lymphopenia 
in 2 patients

Cellular  
anti-transgene 
responses in  
2 patients

Porter15/
Kalos31

CLL (3) CAR/
lentirviral/4-1BB

Yes CR (2), PR (1) Cytokine storm 
(fever,  
hypotension)

Complete 
response persists 
at >2 years (MK, 
unpublished)

Brentjens18 CLL (8)
ALL (2)

CAR/retroviral/
CD28

4 CLL with  
lympho- 
depletion

Response  
correlated 
with lympho-
depleting 
chemotherapy 
Best response 
was marked LN 
reduction for 
3 months

Fever, chills, 
hypotension

Most responses 
were stable 
disease;  
persistence 
enhanced in 
patients receiving 
lympho-depleting 
chemotherapy

Savoldo140 B-NHL (6) CAR/retrovirala No No objective 
responses

None reported Persistence was 
limited to T cells 
transduced with 
CD28-containing 
construct

Kochenderfer23 B-NHL (8) CAR/retroviral/
CD28

Yes PR (5), CR (1), 
SD (1)

Fever,  
hypotension, 
renal failure

Long-term  
persistence (2)

Grupp130 ALL (2) CAR/lentiviral/ 
4-1BB

Yes CR (2) Severe  
cytokine storm

CR 2 years (1)
Relapse with 
CD19-leukemia (1)

Brentjens141 ALL (5) CAR/retroviral/
CD28

Yes MRD Hypoxia,  
hypotension

NA (went on to 
allo-hematopoietic 
cell transplanta-
tion) (4)
Relapse at 
1.5 months (1)

CD20

Till 39 B-NHL (7) CAR/plasmid 
electroporation/
none

No PR (1), SD (4) Grade 1–2 
toxicity  
associated 
with IL-2 
administration

Persistence up to 
9 weeks
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Target 
Antigen Patients (n)

CAR or TCR/
Delivery 
System/
Co-stimulatory 
Molecules/
Other

Lympho-
depletion Efficacy Toxicity Comments

CEA

Parkhurst80 Colorectal 
cancer (3)

TCR/retroviral/
NA

Yes PR lasting 
6 months (1)

Severe  
transient colitis 
in all patients

Development of 
HAMA

ErbB2

Morgan142 Colorectal 
cancer (1)

CAR/retroviral/
CD28 and 
4-1BB

Yes NA Fatal, early lung 
inflammation

Recognition of 
normal lung cells 
expressing target

Folate Receptor

Kershaw103 Ovarian 
cancer (14); 
6/14 received 
allogeneic 
cells

CAR/retroviral/
none

No No objective 
responses

Toxicity mostly 
associated with 
IL-2 injection

Limited  
persistence and 
lack of trafficking 
of CART cells to 
tumor

GD2

Pule38,143 Neuroblas-
toma (26)

CAR/retroviral/
none

No CR in 3/11 
patients with 
active disease

Pain at site of 
tumor deposits

Long-term  
persistence noted; 
both activated  
T cells and  
EBV-specific  
T cells were used

Lewis Y

Ritchie144 Acute 
myeloid 
leukemia (4)

CAR/retroviral/
CD28

Yes Stable  
disease (2)
Transient 
response (2)

Fevers and 
rigors (1)

Relapse in 3 of 4 
within 1–5 months

L1 Adhesion Molecule

Park104 Neuroblastoma 
(6)

CAR/retroviral/
none/thymidine 
kinase suicide 
gene

No PR (1/6) Cytopenias, 
pneumonitis

Limited  
persistence in 5  
of 6 patients

MART1, gp100

Morgan37/
Johnson22

Melanoma 
(43)

TCR/retroviral/
NA

Yes PR (8), CR (1) Destruction of 
melanocytes in 
skin, eye,  
and ear

Long-term  
persistence in all

NY-ESO1

Robbins35 Synovial cell 
sarcoma;
Melanoma 
(22)

TCR/retroviral/
NA

Yes Objective 
responses, (9) 
including CR (2)

None

CAR, chimeric antigen receptor; CR, complete response; EBV, Epstein–Barr virus; HAMA, human anti-mouse antibodies; LN, lymph node; NA, not 
applicable; PR, partial response; SD, stable disease.
aTwo patients received two different T cell products, one of which had been transduced with an anti-CD19 CAR alone, and the other with an anti-CD19 CAR 
along with the CD28 co-stimulatory molecule.

TABLE 18.5 A Summary of Selected Clinical Studies of CAR and TCR-Based T Cell Therapy for Cancer—cont’d
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to prospectively define the salient features on characterization and release testing of manufactured product before infusion 
into patients.

Insights about product bioactivity can be obtained by evaluating the impact of the treatment on patient biology. A 
classic example is the vitiligo and ocular toxicity associated with the destruction of normal melanocytes after mela-
noma T cell therapy.168,169 In the case of genetically engineered T cells, serious or fatal adverse effects have been 
noted.130,142,170 These highlight the challenges of potent T cell-based therapies and underscore the need to identify and 
develop early biomarker signatures to predict and track pathologic consequences of T cell reactivity before they become 
clinically relevant. For instance, the development of severe cytokine storm (elevation of IFN-γ, TNF-α, GM-CSF, IL-6, 
and IL-10) after T cell infusion was detectable by multiplex serum cytokine assessment and associated with severe clini-
cal illness142 and delayed tumor lysis correlated with robust in vivo expansion of CAR T cells with dramatic and tran-
sient increases in serum proinflammatory cytokines along with rapid clinical response.15,130,154 Even broader analyses of 
T cell bioactivity can be performed using molecular array and proteomics-based approaches171,172; evaluation of the role 
of these methodologies in T cell immunotherapy biomarker discovery is a nascent and exciting field.

The observation that a patient with B cell acute lymphoblastic leukemia relapsed with CD19 disease after anti-CD19-
redirected T cell therapy simultaneously highlights both the power of this technology and a potential drawback: Antigen-
loss escape mutants can occur in rapidly proliferating malignant cells under the specific selective immune pressure of the 
engineered T cell.130 This concept is familiar to treating oncologists who rarely, if ever, use a single drug to treat cancer, and 
presages the development of combination therapies employing multiple targets for T cell therapy.

18.7  CONCLUSIONS AND FUTURE DIRECTIONS

The significant potential of T cell-based gene therapy as an effective approach to target cancer is beginning to be realized. 
However, a number of important challenges should be addressed before the broader application of these approaches.

For CAR-based approaches, an important issue still to be resolved involves the nature and complexity of a co- stimulatory 
molecule or molecules to be included in the construct. Most clinical studies have employed the TCR-ξ chain alone or with 
CD28 or CD137, because these co-stimulatory molecules have shown increased potency in animal models.51,90,173 How-
ever, it is not yet known which co-stimulatory domain (or combination thereof) would be expected to deliver the optimal 
activating and pro-proliferation signal. A study goes some way toward this by directly comparing two constructs with dif-
ferent signaling domains, demonstrating that CD28 co-stimulation induces superior expansion and persistence compared 
with no co-stimulatory domain.140 This approach provides a powerful and compelling mechanism to evaluate CAR with 
related but unique structural determinants to identify modules that mediate superior homing or other functionally relevant 
properties to impart to genetically engineered T cells. Although CAR constructs with 4-1BB and TCR-ξ signaling domains 
have demonstrated remarkable efficacy to target leukemias, it may be that the targeting of solid tumors will require addi-
tional yet-undefined signaling functions.

The observation that a relatively small dose of CART-19 cells could eradicate pounds of tumor suggests that geneti-
cally engineered T cells can function as serial killers.15 The mechanism by which T cells first bind with high affinity to 
their target, then disengage and move on to a second and third target is at present unknown but is important to understand 
to facilitate engineering of these properties into T cell products. Other important biologic insights include the resistance or 
susceptibility of genetically engineered T cells to the induction of anergy, apoptosis, or activation-induced cell death and 
their relative sensitivity to inhibition by the immunosuppressive tumor microenvironment.174,175

The use of murine antihuman scFv to generate CAR constructs may lead to clinically significant human–anti-mouse 
antibodies (HAMA) with subsequent rejection of the infused engineered T cells. There are reports of HAMA formation 
after CAR-based T cell therapy176 and patients may need to be specifically immunosuppressed (as, for example, is the case 
with many patients receiving anti-CD19 T cell therapy, whose humoral immune systems are impaired at baseline) or that in 
future greater effort should be made to employ humanized antibodies.

With regard to TCR-based approaches, reports on rapid cloning and functional testing of TCR receptor chains 
from T cells with biologically relevant antitumor activity should enable rapid progress, and the application of these 
technologies to tumor-infiltrating T cells may allow us to identify relevant and useful TCR specificities for novel 
tumor antigens.177,178

To date, the optimal methodology for delivering genetic material into T cells has not been determined. Both retroviral 
and lentiviral technologies result in high transduction efficiency, but clinical-grade production is costly and time-consuming  
and they are limited by the total size of DNA that can be included in the viral vectors, as well as by the theoretical potential 
for insertional oncogenesis. An exciting alternative to virus-based approaches is RNA electroporation, which is cost-effective  
and efficient, and allows for the co-transfer of genes that promote co-stimulation, homing, accessory effector function, or 
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combinatorial targeting of more than one antigen.179 In addition, because the transferred RNA does not integrate stably 
but rather remains episomal, the transferred specificity is temporary, limited to the biological half-life of RNA, and thus 
represents an important safety feature in the case of unanticipated toxicity.

Finally, one of the most important issues to resolve is that of off-tumor on-target and off-tumor off-target specificity. 
This issue is practically impossible to address in preclinical studies, because animal models are generally uninformative 
for species-specific toxicity and furthermore toxicity has the potential to be patient-specific. Comprehensive repositories of 
normal human tissue could be used in functional screening for off-target toxicities by genetically engineered T cells. The 
design of innovative molecular switches to modulate T cell function on demand will likely be instrumental in effectively 
dealing with this ongoing issue.

The past decade of progress has provided fascinating observations and a tantalizing view of the future of T cell-based 
therapy. Results from CAR-based clinical trials at the University of Pennsylvania unequivocally demonstrated that the 
potential for engineered T cells to mediate dramatic antitumor activity is a reality; successfully treated patients remain in 
sustained complete responses for more than 3 years after treatment. CAR-based clinical trials at other institutions provide 
independent evidence to further support the promise of CAR-based approaches.180 In parallel, engineered T cell strategies 
are also being developed to target viral disease, most notably HIV, with promising early clinical results reported using  
T cells engineered to express HIV-inhibitory elements181 or T cells engineered to be genetically edited for the CCR5 
locus.182 The field is now poised for larger trials with sufficient power to rigorously test these observations, as well as for 
the development of more industrialized strategies to support the commercialization of these approaches.183 We expect that 
the coming decade will provide much excitement, fresh insights, and new hope in our quest to successfully apply adoptive 
T cell therapy to treat disease.
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GLOSSARY
Allogeneic stem cell transplantation Transfer of healthy hematopoietic stem cells from a normal donor into a recipient by intravenous injection to 

reconstitute a healthy immune and blood-forming system. Also known as bone marrow transplantation, this is a clinical procedure that is used 
to treat some patients with leukemia.

CD3 A pan-T cell antigen that is part of the normal T cell receptor complex. Ligation of CD3 using activating antibodies leads to nonspecific T cell 
activation.

CD28 An activating molecule on the surface of T cells. Its natural ligands are CD80 and CD86 on the surface of antigen presenting cells.
Good manufacturing practices (GMP) A set of principles or guidelines to ensure that pharmaceutical products are safe and of high quality, and 

include hygiene, controlled environmental conditions, standard operating procedures, consistency, clear labeling, record taking and annotation, 
and the ability to track specific batches.

Leukapheresis Removal of large numbers of white blood cells from the circulation by placement of a large-bore intravenous cannula in one vein, 
allowing the diversion of blood flow through a machine that separates the blood components using centrifugal forces, followed by a return to the 
patient of the remaining constituents of the blood.

Major histocompatibility molecule (MHC) A set of cell surface molecules on the surface of all cells (MHC class I) or on antigen presenting cells 
(MHC class II). T cells recognize antigenic peptides that are presented on the MHC molecules.

Myeloablative chemoradiotherapy Treatment of the patient with high doses of chemotherapy and/or radiotherapy, leading to irreversible suppres-
sion of the blood-forming ability of the marrow.

Neoepitope A new epitope: that is, a region of an antigen that is generated by modification of the original antigen. This can lead to recognition of 
a self-antigen as foreign.
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LIST OF ABBREVIATIONS
Ad Adenovirus
BBB Blood–brain barrier
CAR Chimeric antigen receptor
CD Cytosine deaminase
CEA Carcinoembryonic antigen
CED Convection-enhanced delivery
CPA Cyclophosphamide
CRAd Conditionally replicative adenovirus
5-FC 5-Fluorocytosine
Flt3L Fms-like tyrosine kinase 3 ligand
GBM Glioblastoma
GCV Ganciclovir
GM-CSF Granulocyte macrophage colony stimulating factor
GSCs Glioblastoma stem cells
HSV Herpes simplex virus
i.c. Intracerebral
IFN Interferon
MLV Murine leukemia virus
MSCs Mesenchymal stromal (stem) cells
MV Measles virus
MYXV Myxoma virus
NIS Sodium iodide symporter
NDV Newcastle disease virus
NSCs Neural stem cells
OV Oncolytic virus
PNP Purine nucleoside phosphorylase
PV Poliovirus
RCR Replication-competent gamma-retrovirus
s.c. Subcutaneous
sCE Secreted carboxylesterase
TK Thymidine kinase
TRAIL Tumor necrosis factor-related apoptosis-inducing ligand
VSV Vesicular stomatitis virus
VV Vaccinia virus

*This chapter is based on a published review.1



306 Translating Gene Therapy to the Clinic

19.1  INTRODUCTION

Brain tumors encompass a range of neoplasms that occur in the central nervous system, with primary tumors arising in the 
brain and metastatic tumors infiltrating from distal organs. Brain metastases occur about 10 times more frequently than 
primary tumors, with approximately 10% of cancer patients developing brain metastases, which significantly decrease sur-
vival.2 Primary tumors range from benign low-grade tumors, which in adults are the majority, such as meningioma, pituitary, 
and nerve sheath tumors, to malignant, high-grade tumors, such as glioblastoma (GBM), other gliomas, and lymphoma. 
GBM is the most common and deadliest primary brain tumor in adults. While the incidence of GBM is relatively low, about 
3.2/100,000 in the United States compared to 124, 49, and 21/100,000 for breast cancer, colon cancer, and melanoma, respec-
tively, the survival rate is exceedingly poor, 14% at 2 years.3 This low survival rate persists despite multimodal therapy (maxi-
mal surgical resection, radiation, and temozolomide chemotherapy), which has had limited impact on disease progression.4

There are a number of factors that contribute to this grim outcome for GBM patients. (1) Surgery and radiation are often 
limited by proximity to critical functional structures in the brain. (2) The tumor cells tend to be highly invasive, migrat-
ing into the brain parenchyma, and along blood vessels and white matter tracks, so the tumor margin is rarely defined and 
recurrences typically occur within a few cm. (3) The presence of glioblastoma stem cells (GSCs) that are tumor initiating 
and propagating, and in some cases radio- and chemotherapy resistant, provide seeds for recurrence. (4) The heterogeneous 
histopathology and genotype complicate targeting specific oncogenic pathways. (5) The blood–brain barrier (BBB), even 
though diminished in tumors, limits therapeutic delivery. (6) The immune-privileged status of the brain and immune-sup-
pressive features of the tumor limit systemic immune responses. Thus, there is an urgent need for new therapeutic strategies 
that can overcome these barriers to treatment, and gene therapy may hold promise for the treatment of GBM.

Gene therapy originated with the concept of replacing a mutated or deleted gene with a normal functional version that 
could correct the clinical disorder arising from the loss of the gene product. This strategy is beginning to bear fruit for a 
number of monogenic diseases such as severe immunodeficiencies and hereditary blindness. Although cancer is a genetic 
disease, it is almost never a monogenic disease. The genetic alterations involve not only loss-of-function but also gain-of-
function, and the genetic-epigenetic landscape is constantly evolving. Thus, the strategy for gene therapy of cancer, and 
brain tumors, has shifted from gene correction to cancer cell destruction, targeting not just the cancer cells but also “nor-
mal” cells within or recruited to the tumor. GBM is a good candidate for gene therapy because: tumors remain local within 
the brain and very rarely metastasize to other tissues, so local administration is appropriate; the brain is physiologically 
isolated from the rest of the body, which limits potential systemic toxicities; tumors can often be neurosurgically accessed 
for vector administration; sophisticated imaging paradigms are available in the clinic; and the majority of cells in the brain 
are postmitotic, which allows for specific targeting of dividing tumor cells.

In considering a gene therapy strategy for brain tumors, two basic questions need to be addressed: Which gene or 
sequence should be delivered, and how should it be delivered? The types of genes and their mechanisms of action can be 
grouped into: (1) oncolytic viruses (OVs) that selectively replicate in and kill tumor cells while sparing normal cells; (2) 
cytotoxic and suicide genes whose gene products convert nontoxic prodrugs to cytotoxic metabolites; (3) immunomodula-
tory genes for activating or enhancing antitumor immune responses, i.e., inhibiting innate and regulatory immune cells, 
and/or promoting tumor migration and proliferation of antigen-presenting cells and adaptive immune cells; (4) genes that 
disrupt the tumor microenvironment, such as inhibiting angiogenesis; and (5) interfering RNAs (siRNA, shRNA, RNAi, 
miR, miRi) to silence protumorigenic genes. Like most cancer therapies, combinations of these approaches should improve 
potency, and delivering multiple genes is relatively easy compared to developing new drugs. This chapter will describe 
these strategies in detail for the treatment of brain tumors, focusing on GBM, and current preclinical and clinical studies.

19.2  GENE DELIVERY VEHICLES FOR BRAIN TUMORS

Efficient delivery of genetic materials to the tumor is vital for successful gene therapy. There are a variety of delivery 
vehicles available for gene therapy in the brain; nonreplicating viral vectors, replication-competent OVs, cell-based (stem, 
progenitor, or immune cells), and synthetic vectors (liposomes, nanoparticles), with pros and cons for each.

19.2.1  Replication-Defective Viruses

Viruses have evolved as effective vehicles for horizontal gene transfer and therefore have been a preferred approach for gene 
therapy. Replication-defective or nonreplicating virus vectors are deleted for genes essential for viral replication or, in some 
cases, all open reading frames. This limits toxicity due to lack of virus replication, expression of viral genes, and antivector 
immune responses, and provides space for therapeutic transgenes. Two viruses have been predominantly used for glioma 
gene therapy; adenovirus (Ad) and retroviruses.5 Specificity for tumor cells can be improved by additional modifications: 
retargeting virus receptor-binding proteins to cancer selective cell-surface molecules (transductional targeting) through 
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physical mechanisms (i.e., bispecific adapters, antibodies, avidin-biotin) or genetic mechanisms (i.e., envelope pseudotyp-
ing, fiber modification, artificial ligands); and targeting therapeutic gene expression (i.e., transcriptionally regulated gene 
expression).6 The genetic payload for each virus is limited by the inherent packaging constraints of the virus capsid and the 
extent of deletion of the virus genome. The administered dose of a replication-defective vector corresponds to the maximum 
number of gene-transduced cells possible. Unfortunately, virus infectivity and spread in the tumor tends to be poor due to 
low efficiency of infection, physical barriers that limit virus dispersion, and rapid clearance by innate immune cells, so the 
proportion of transduced tumor cells is small compared to the input virus. Thus, any effects of the delivered and expressed 
gene(s) must be amplified so they affect nontransduced cells, so-called bystander effects (Figure 19.1).

19.2.2  Oncolytic Viruses

OVs are selectively replication-competent in cancer cells and, thus, able to amplify themselves after initial administration 
and potentially spread throughout the tumor (Figure 19.1).6,7 The genetic engineering of herpes simplex virus (HSV) for 
selective replication in glioma cells opened the door for the modern development of OVs.7 The genetic payload in this case 
is the viral genome, driving replication and cytotoxicity. The selectivity of OVs for cancer cells is premised on the altered 
cellular physiology arising from defects commonly found across many cancer types, such as lack of antiviral responses, 
activation of oncogenic pathways, loss of tumor suppressors, and defective apoptosis.

Some viruses―Newcastle disease virus (NDV), reovirus (RV), myxoma virus (MYXV), and measles virus (MV)―
have an inherent proclivity to specifically target cancer cells, and upon virus replication cause significant cell death and 
tumor regression. Other viruses (HSV, Ad, vaccinia virus (VV), vesicular stomatitis virus (VSV), and poliovirus (PV)) 
need to be genetically engineered to engender oncolytic activity and safety.7 It is especially important in the brain that 
OVs be highly attenuated for neurovirulence and nonpathogenic. In most cases, this involves additional mutations or the 
use of vaccine strains (i.e., MV, PV, VV). In addition to their inherent cytotoxicity, OVs often induce antitumor immune 
responses.8 Strategies to improve virus spread and persistence include: combinations with drugs that reduce innate immune 
responses, “cloaking” viruses inside carrier cells, infusion via convection-enhanced delivery (CED) or ultrasound; and 
engineering OVs to express genes that facilitate their physical dispersal. OVs tested for the treatment of GBM include both 
DNA (HSV, Ad, VV) and RNA viruses (NDV, MV, RV, VSV, PV) (Table 19.1).19,40,41 In addition to direct cytotoxic and 
inflammatory effects, OVs can also act as gene therapy vectors, delivering therapeutic transgenes to the tumor.8 So-called 
armed OVs contain therapeutic transgenes inserted into their genome, which are then expressed in infected tumor cells42 
(Table 19.2).

FIGURE 19.1 Gene therapy strategies for brain tumors; oncolytic versus suicide gene. Viruses used for gene therapy can be divided into two 
general categories; replication-competent oncolytic viruses (OVs) that selectively replicate in tumor cells and are typically cytotoxic (left) and replication-
defective virus vectors that deliver therapeutic transgenes to infected cells for cytotoxicity (right). Because OVs replicate in tumor cells, they can be 
amplified in situ and can potentially spread throughout the tumor. Replication-defective viruses are dependent upon the activity of the delivered gene(s), 
often a “suicide gene,” which encodes a drug-activating enzyme (i.e., thymidine kinase (TK)), that converts a nontoxic prodrug (ganciclovir (GCV)) into 
a cytotoxic drug or anabolite (GCV-TP).



308 Translating Gene Therapy to the Clinic

TABLE 19.1 Oncolytic Viruses Used for Brain Tumors

Oncolytic Virus 
Name Virus

Mutations (for Tumor  
Selectivity and Safety)

Model System  
(Mouse or Rat/Cell Type) References

G207 HSV γ34.5Δ, ICP6−, LacZ+ Nude, i.c. U87 9,10

G47Δ HSV γ34.5Δ, ICP6−, ICP47Δ, LacZ+ Nude, i.c. U87, GSC 9,11

MG18L HSV US3−, ICP6− Nude, i.c. GSC 12

Δ68H-6 HSV γ34.5 BDDΔ, ICP6− Nude, i.c. U87, GSC 13

rQnestin34.5 HSV γ34.5Δ, ICP6−, GFP+, nestin  
promoter-34.5

Nude, i.c. U87ΔEGFR 14

R-LM113 HSV gDΔ-anti HER2 scFv SCID, i.c. mGBM-HER2 15

KNE HSV gBmut, gDΔ-anti EGFR scFv Nude, i.c. GBM30 GSC 16

Ad-Δ24RGD Ad E1A24bpΔ, RGD-4C Nude, i.c. U87 17

ICOVIR-5 Ad E1A24bpΔ, RGD-4C, E2F promoter-E1A Nude, i.c. U87MG 18

CRAd-S-pk7 Ad Polylysine modified fiber knob, survivin 
promoter-E1A

Nude, i.c. U87 19

Ad5/35.GΔ-Ki Ad GFAP promoter-E1A, Ki67 promoter-
E4, Ad 35 fiber knob

Nude, i.c. U251 20

vvDD VV TKΔ, VGFΔ Rat, i.c. F98 & RG2 21

GLV-1h68 VV F14.5L−, TK−, HA− Nude, s.c. C6
Nude, i.c. U87

22
23

LIVP 1.1.1 VV TK− Nude, i.c. U87 23

vMyxgfp MYXV VV promoter-GPF SCID, i.c., human GSCs 24

H-1PV Parvo Nude rat, i.c. U87
Wistar rats, i.c. RG2

25

LuIII Parvo SCID, s.c. U373/U87 26

PVS-RIPO PV HRV2 IRES
Sabin vaccine strain

Nude rat, intrathecal U87MGΔEGFR;
Nude, i.c. U-118

27

V4UPM NDV V4 vaccine variant Nude, s.c. U87 28

Hitchner B1 NDV SCID, s.c. U87 29

MV FmiR7 MV Edmonston-B vaccine strain, miR7+ NOD/SCID, s.c. U87 30

MV-GFP-HAA-IL-13 MV Edmonston-B vaccine strain, hIL13+, 
Hblind (CD46−, SLAM−), EGFP+

Nude, i.c. GSC 31

MV-141.7
MV-AC133

MV Hblind (CD46− & SLAM−), anti-CD133 
scFv, EGFP+

SCID, i.c. infected GSC  
NCH644

32

MV-CEA MV Edmonston-B vaccine strain, CEA+ Nude, i.c. GSC GBM6, 12 33

VSVΔM51 VSV ΔM51 Nude, i.c. U87 34

VSV-M51R VSV M51R Nude, s.c. U87 35

VSV-rp30 VSV Pmut, Lmut (VSVwt serial passage) SCID, i.c. U87 36

srVSV VSV VSV-ΔL + VSVΔG SCID, s.c. G62 37

Reovirus serotype 3 RV Dearing strain Fischer rats, i.c. RG2 and 9L
Nude, i.c. U87 and U251

38
39

The mutations listed endow tumor selectivity that is not necessarily limited to brain tumors. The model systems involve the implantation of glioma cells 
(human, except for mouse mGBM-HER2 and rat C6, F98, and RG2) into mice (nude or SCID) or rats. Abbreviations: Ad, adenovirus; BDD, γ34.5 beclin-1 
binding domain; CEA, carcinoembryonic antigen; EGFR, epidermal growth factor receptor; GBM, glioblastoma; GFP, green fluorescent protein; GSC, 
glioblastoma stem cell; HA, hemagglutinin; HRV2, human rhinovirus type 2; HSV, herpes simplex virus; i.c., intracerebral; IRES, internal ribosomal entry 
site; MV, measles virus; MYXV, myxoma virus; NDV, Newcastle disease virus; PV, poliovirus; RV, reovirus; s.c., subcutaneous; scFv, single-chain variable 
fragment; TK, thymidine kinase; VGF, vaccinia growth factor; VSV, vesicular stomatitis virus; VV, vaccinia virus.
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19.2.3  Cell-Based Delivery Vehicles

Many adult stem or progenitor cells (neural stem cells (NSCs)) and mesenchymal stromal (stem) cells (MSCs) have an 
inherent ability to migrate to tumors in the brain, likely due to “injury” signals, thus they provide an attractive vehicle for 
gene therapy.63 NSCs are multipotent progenitors of neural cells (neurons, astrocytes, oligodendrocytes), thus endogenous 
to the brain. They were the first stem/progenitor cells tested for homing to brain tumors and can migrate toward the tumor 
and cross the BBB even when injected peripherally. From a safety standpoint, stem cells must be nontumorigenic and non-
immunogenic, and should not differentiate into functional cells that could interfere with normal brain activity. MSCs are 
nonhematopoeitic progenitor cells that play an important role in tissue repair.

TABLE 19.2 Gene Therapy Vectors “Armed” with Therapeutic Genes

Vector Name Vector Type Transgene(s)
Model System  
(Mouse or Rat/Cell Type) References

ACE-CD MLV CD/5-FC Nude, i.c. U87
Rat, i.c. RG2

43

Toca 511 MLV Yeast optimized CD/5-FC Balb/c, i.c, CT26; and  
B6C3F1, i.c. Tu-2449

44

ACE-PNP MLV PNP/F-araAMP Nude, i.c. U87 45

MGH2.1 HSV CYP2B1/CPA
shiCE/CPT-11

Nude, i.c. Gli36ΔEGFR 46

CRAdRGDflt-IL24 Ad mda7/IL-24 Nude, i.c. D54MG 47

Ad5/35.IR-E1A/TRAIL Ad Ad 35 fiber knob, E1BΔ, TRAIL SCID, s.c. U87 48

CRAd5/11-D24.TRAIL/
arresten

Ad Ad 5/11 chimeric fiber E1A24bpΔ, 
TRAIL, arresten

Nude, s.c. U87 49

oHSV-TRAIL HSV (G47Δ) HSV IE4/5 promoter-secreted TRAIL SCID, i.c. LN229 50

JX-594 VV (TK−) Murine GM-CSF Rat, i.c. RG2;
C57BL/6, i.c. GL261

51

G47Δ-Flt3L HSV Flt3L C57BL/6, i.c. CT-2A 52

M002 HSV Murine IL-12 B6D2F1, i.c. 4C8;
SCID, i.c. D54MG

53

G47Δ-mIL12 HSV Murine IL-12 Nude, i.c. human GSC MGG4
C57BL/6, i.c. murine GSC 005

54,55

UCB-MSC-IL12M MSC IL-12p40 N-glycosylation mutant C57BL/6, i.c. GL26 56

AF-MSC-endostatin-
sCE2

MSC Endostatin, sCE2 Nude, i.c. U87MG + CPT11 
prodrug

57

hNSC-aaTSP-1 NSC Secretable TSP-1 (aa412-499), GFP SCID, i.c. Gli36vIII 58

G47Δ-mAngio HSV Angiostatin Nude, i.c. U87 59

34.5ENVE HSV  
(rQnestin)

Vstat120 Nude, i.c. U87ΔEGFR, 
Gli36Δ5, X12-V2

58,60

G47Δ-PF4 HSV PF4 (CXCL4) Nude, s.c. U87 58

Ad-isthmin RD-Ad Xenopus isthmin Nude, i.c. U251 61

MV-NIS MV NIS/131I Nude, s.c. U251
Nude, i.c. primary GBM

62

The model systems involve the implantation of cancer cells (human except for mouse 005, 4C8, B6C3F1, CT-2A, CT26, GL261, and Tu-2449, and rat RG2) into 
mice (nude, SCID, or inbred) or rats. Abbreviations: 5-FC, 5-fluorocytosine; Ad, adenovirus; CPA, cyclophosphamide; CD, cytosine deaminase; GBM, glioblas-
toma; GFP, green fluorescent protein; GM-CSF, granulocyte macrophage colony stimulating factor; GSC, glioblastoma stem cell; HSV, herpes simplex virus; i.c., 
intracerebral; MLV, murine leukemia virus; MSC, mesenchymal stromal (stem) cell; MV, measles virus; NIS, sodium iodide symporter; NSC, neural stem cell; PNP, 
purine nucleoside phosphorylase; RD-Ad, replication-deficient Ad; shiCE, secreted human intestinal carboxylesterase; sCE2, carboxylesterase 2; TK, thymidine 
kinase; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; TSP-1, thrombospondin-1; UCB-MSC, umbilical cord blood-derived MSC; Vstat, vasculo-
statin; VV, vaccinia virus.
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Tumor homing of MSCs relies on the expression of soluble inflammatory mediators that often accompany tumor pro-
gression. One of the limitations of the xenograft model in mice, as opposed to the clinical situation, is that the tumor 
implantation process itself is a tissue injury, which may facilitate homing of administered stem/progenitor cells. MSCs have 
some advantages over other stem cells because they are easily acquired from patients (from bone marrow or adipose tissue) 
and expanded ex vivo.63 However, they carry the risk of adversely contributing to the tumor microenvironment by promot-
ing angiogenesis, stroma formation, and immunosuppressive effects. To act as gene therapy vectors, NSCs and MSCs 
are transduced with therapeutic transgenes, typically using retroviral vectors, delivering cytotoxic, antiangiogenic, and  
immunomodulatory genes.5,63 Because the transgenes are usually expressed constitutively, they are active during cell 
migration and in “normal” tissue environments. For cytotoxic therapies, there is a challenge for the transduced stem/ 
progenitor cells to remain viable long enough to impact the tumor. An NSC expressing cytosine deaminase (CD), HB1-F3.
CD, is currently in clinical trial for GBM (Table 19.3).

In addition to acting as classical gene delivery vectors, stem/progenitor cells are also being used as cell carriers for 
OVs.63 In this case, the OV-infected stem/progenitor cells can either be delivered intravascularly, evading antivirus immu-
nity (innate and adaptive), to extravasate into the brain, or delivered intracranially at a distance from the tumor. Eventually, 
the OV will replicate and eliminate the carrier cells. To be useful as OV cell carriers, the stem/progenitor cells must be 

TABLE 19.3 Recent and Ongoing Gene Therapy Clinical Trials in Patients with Glioblastoma

Vector Name
Vector 
Type Phase Protocol Results

References 
(ClinicalTrials.
gov)

1716 (Seprehvir®; 
Virttu Biologics)

HSV I/II 103 to 105 and 105 pfu intratumoral 
(3 trials; n = 45)

Replication in tumor 41

G207 HSV Ib 1.5 × 108 pfu at time of biopsy; 
1 × 109 pfu into tissue surround-
ing resected tumor 2–5 days after 
biopsy

Median survival 
6.6 mo. from G207.
No toxicity

64

G47Δ HSV I Dose escalation, 3 doses WHO JPRN-
UMIN000002661

M032 (hIL-12) HSV I Dose escalation: 1 × 105–3 × 109 pfu 
(n = 3–6). 15% of MTD through 
catheters implanted in tumor; then 
85% of MTD into resected tumor 
site

Gene transfer pro-
tocol 0801-899

ONYX-015 Ad I 107–1010 pfu into resection cavity 
(n = 24)

No efficacy 
observed

19

Delta-24-RGD-4C  
(DNX-2401;  
DNAtrix)

Ad I Dose escalation—8 doses (n = 3) NCT00805376

H-1PV Parvo I/IIa Dose escalation—intratumoral  
and intravenous followed by into 
tumor margin (n = 18)

NCT01301430

Reolysin® (Oncolytics 
Biotech)

RV I-II Dose escalation up to 1 × 109 
TCID50

Safe, well tolerated NCT00528684

NDV-HUJ NDV I-II  1.  Dose escalation of 0.1, 0.32, 
0.93, 5.9, and 11 BIU IV fol-
lowed by 3 cycles of 55 BIU

 2.  3 cycles of 11 BIU and then 2 
doses of 11 BIU weekly

No MTD, no  
toxicity, 1/11  
complete response

41

MV-CEA MV I  1.  MV administered to resected 
cavity

 2.  MV administered i.t. and then 
resected cavity

NCT00390299

Continued
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susceptible to infection by the OV, virus replication must be arrestable or slow enough for tumor homing, and infection 
should not alter the physiology of the cells during transit. NSCs were first shown to act as carrier cells for oncolytic HSV, 
following mimosine-induced growth arrest.67 However, the bulk of the studies have utilized oncolytic Ad-infected NSCs 
and MSCs, including Ad5Delta24-RGD, which has been in clinical trial (Table 19.3).5,63 When compared directly, human 
NSCs loaded with conditionally replicative adenovirus (CRAd)-S-pk7 (Table 19.1) were significantly better than loaded 
MSCs in extending survival of mice with intracranial gliomas.63 Oncolytic Ad-infected HB1-F3.CD NSCs, in clinical trial 
(Table 19.3), retained tumor homing, supported Ad replication, and delivered infectious virus to tumor cells, including 
GSCs, in vivo.68 To decrease virus toxicity in vitro prior to administration, N-acetylcysteine amide, an antioxidant, was 
added and shown to increase the viability of oncolytic Ad-infected NSCs, virus production, and efficacy in vivo.69

T cells can be genetically reprogrammed with chimeric antigen receptors (CARs) so they recognize specific tumor cell 
antigens and enhance T cell effector functions. CARs consist of an extracellular antigen-recognition domain coupled to an 
intracellular signaling domain, often CD3ζ and CD28. Patient isolated T cells are often transduced with a retrovirus con-
struct containing the genetically engineered CAR.70 In early clinical trials, this strategy has elicited impressive results in 
patients with leukemia and neuroblastoma. For glioma, T cells have been targeted to EphA2,71 IL13Rα2,72 and EGFRvIII70 
receptors.

19.2.4  Synthetic Vectors

Nanotechnology, the use of synthetic vectors or nanoparticles for gene therapy, can overcome a major barrier to drug deliv-
ery in the brain, the BBB, as well as protect genetic material or viruses from degradation or neutralization. The formulations 
for nanotechnology include liposomes (spherical vesicles made up of a lipid bilayer), polymers (natural or synthetic and 

Vector Name
Vector 
Type Phase Protocol Results

References 
(ClinicalTrials.
gov)

PVS-RIPO PV I IT injection through catheters 
(CED) implanted at time of biopsy 
of 1 × 108–1x1010 TCID50

NCT01491893

Toca 511  
(CD; Tocagen)

MLV I-II Dose escalation: Single IT or resec-
tion cavity injection, 3–4 weeks 
later 6-day cycles with oral 5-FC 
(130 mg/kg) repeated monthly

NCT01156584
NCT01470794

Toca 511  
(CD; Tocagen)

MLV I Injection (4 dose levels) into resec-
tion cavity, 7 weeks later 8-day 
cycle of oral 5-FC repeated 3×

NCT01470794

AdV-tk (GliAtak™; 
Advantagene)

RD-Ad Ib/II Dose escalation: 3 × 1010–3 × 1011 
vector into tumor bed at resection 
followed by valacyclovir, radia-
tion, TMZ (Ib; n = 13)

Safe, signs of 
immune cell  
infiltrate

65
NCT00589875

AdV-tk RD-Ad II Survival rate and recurrence-free 
survival rate

NCT00870181

AdvHSV-tk (sitima-
gene ceradenovec; 
Ark Ther)

RD-Ad III Resection, perilesional vector 
(1 × 1012 vp) followed by GCV 
(days 5–19)

Improved time to 
death or reinterven-
tion, but not overall 
survival

66

HB1.F3 (CD) NSC I HB1.F3 into tumor bed following 
resection. Oral 5-FC every 6 h for 
4–10 days

NCT01172964

Abbreviations: 5-FC, 5-fluorocytosine; Ad, adenovirus; BIU, billion (109) infectious units; CD, cytosine deaminase; CEA, carcinoembryonic antigen; CED, 
convection-enhanced delivery; GCV, ganciclovir; HSV, herpes simplex virus; IT, intratumoral; MLV, murine leukemia virus; MTD, maximum tolerated dose; 
MV, measles virus; NCT#, from clinicaltrials.gov; NDV, Newcastle disease virus; NSC, neural stem cell; pfu, plaque forming unit; PV, poliovirus; RD-Ad, 
replication-defective Ad; TCID50, 50% tissue culture infectious dose; TK, thymidine kinase; TMZ, temozolomide.

TABLE 19.3 Recent and Ongoing Gene Therapy Clinical Trials in Patients with Glioblastoma—cont’d

http://clinicaltrials.gov
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biodegradable, often with hydrophobic core and hydrophilic shell), dendrimers (repetitively branched polymers), nanopar-
ticles (inorganic; iron, gold, or silica), and combinations thereof.73 A liposome carrying the interferon β (IFNβ) gene has 
been tested in glioma patients, and IFNβ was found in the resection cavity of some patients.5,74 Cationic polymers form 
nanocomplexes with DNA and RNA, making them attractive for gene delivery. A PEI nanoparticle modified with myristic 
acid for crossing the BBB, efficiently delivered tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) cDNA to 
intracranial gliomas and improved survival.5,75 Delivery is determined by size, shape, charge, and steric stabilization (i.e., 
polyethylene glycol (PEG)), which affects stability, biodistribution, cell penetration, crossing the BBB, and toxicity.73 In 
addition, their surfaces can be modified with ligands for tumor-specific targeting. Recently, Jensen and colleagues reported 
a new spherical nucleic acid (SNA) nanoparticle conjugate, consisting of densely packed siRNA surrounding an inorganic 
gold nanoparticle core that can be labeled with gadolinium for magnetic resonance imaging (MRI) or fluorochromes for 
fluorescent imaging.76 When delivered systemically in mice, the SNA nanoparticles crossed the BBB/blood–tumor barrier 
and were taken up by glioma cells.76 Nanotechnology has many advantages for gene therapy in the brain: (1) the size of 
DNA is not limited as in viruses; (2) any nucleic acid can be packaged in the same carrier; (3) they are biocompatible and 
do not elicit immune responses; (4) they cross the BBB; and (5) they are amenable to a huge variety of modifications and 
engineering. Some of these strategies (i.e., cationic polymer, PEG, dendrimer coating) can also be applied to virus vectors 
to improve their biodistribution.77

19.3  GENE THERAPY STRATEGIES FOR BRAIN TUMORS

We have grouped the gene therapy strategies according to mechanism of action into five broad categories: (1) OVs; (2) 
cytotoxic; (3) immune-stimulatory; (4) tumor microenvironment disrupting; and (5) RNA interference (RNAi). While OVs 
are inherently cytotoxic, they are described separately, except where armed OVs express cytotoxic transgenes. Cytotoxic 
gene therapy includes gene products that are directly cytotoxic and prodrug activating “suicide” genes. Immune-stimulatory 
genes should boost adaptive antitumor immune responses, stimulating tumor antigen recognition and activity of effector 
cells. The tumor microenvironment is composed of “normal” cells and extracellular matrix, and the predominant target is 
angiogenesis. Blocking gene expression of proteins contributing to tumorigenesis can be achieved using RNAi. Combina-
tions of multiple strategies are likely to enhance overall activity, and gene therapy vectors/vehicles easily accommodate 
multiple therapeutic transgenes.

19.3.1  Oncolytic Virus Therapy for Brain Tumors

A large number of OVs have been developed for cancer therapy over the past few decades, many of which have been evalu-
ated in brain tumor models and translated into clinical trials for glioma (Table 19.1). The brain has features that raise unique 
safety concerns, often restricting the range of applicable mutant viruses that can be used. Because OVs are replication-
competent, these concerns are greater than for other vectors that are not able to replicate (i.e., replication-deficient viruses, 
cell-based vehicles, synthetic vectors). Thus, it is important to consider the biology and genetic manipulations of each virus 
to ensure an appropriate balance between safety and efficacy in the brain. There are a number of recent reviews of OV virus 
therapy for glioma that provide different perspectives on this topic.8,19,40

HSV is a human DNA virus with a large genome (∼150 kb) that has great potential for GBM therapy because of its 
natural neurotropism.9 To convert HSV from a human pathogen to an OV, the HSV genome is genetically engineered to 
introduce mutations/deletions in nonessential genes that engender cancer selectivity, such as ICP6, the large subunit of ribo-
nucleotide reductase, Us3, apoptosis inhibitor, and γ34.5, the major neurovirulence gene and inhibitor of protein shutoff 
and autophagy.9,10 Deletion of nonessential genes also provides space for insertion of large and multiple transgenes. The 
ability to eliminate neurovirulence genes and the availability of antiviral drugs means that this lethal pathogen can be used 
safely in the brain.9 Three oncolytic HSVs have been or are in clinical trial for GBM: 1716, G207, and G47Δ10 (Table 19.3). 
They all contain deletions of both copies of γ34.5. In addition, both G207 and G47Δ have a LacZ insertion disrupting the 
UL39 gene, encoding ICP6, which further enhances specificity and safety by limiting replication to dividing tumor cells. 
G207 and 1716 were very efficacious in glioma cell line models and demonstrated safety in clinical trials (Table 19.3).

While the deletion of γ34.5 renders oncolytic HSV tumor-selective and nonpathogenic, it also attenuates replication in 
tumor cells. A more significant problem is that HSVs with deleted γ34.5 have minimal or no replication in GSCs, thought to 
be critical for tumor eradication.11 To overcome these limitations, a number of strategies have been used: (1) a second-site 
suppressor of γ34.5Δ that places the late Us11 gene, a PKR inhibitor, under control of the immediate-early ICP47 promoter, 
in G47Δ11; (2) expressing γ34.5 under control of the glioma-specific nestin promoter, in rQNestin34.514; (3) deleting only 
the beclin1 binding domain of γ34.5 that blocks autophagy but not other functions of γ34.5, in Δ68H-613; and (4) deletion 
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of Us3, an antiapoptotic gene, with γ34.5 in MG18L.12 All these oncolytic HSVs also lacked ICP6, which greatly improves 
safety in the brain (Table 19.1).9 One hallmark of GBM is the presence of hypoxic microenvironments. In contrast to other 
therapies, G207 replicated better in glioma cell lines in vitro under hypoxic compared with normoxic conditions,78 while 
G47Δ replicated similarly in hypoxic and nonhypoxic regions of GSC-derived tumors.79 Targeting virus entry to glioma 
selective receptors is an alternate strategy for endowing oncolytic activity to HSV.9 This requires mutating viral glycopro-
tein gD to block HVEM and nectin1 receptor binding and gB heparan sulfate binding, while maintaining membrane fusion 
activity.9 Retargeting polypeptides like anti-HER2 scFv for HER2 receptor (in R-LM113), anti-EGFR scFV for EGFR  
(in KNE) (Table 19.1), and IL-13 for IL-13Rα2 (in R5111) can be inserted into gD.15,16

Ads are human DNA viruses that have been extensively studied as gene therapy vectors and oncolytic agents. CRAds 
typically have deletions in early genes, E1A or E1B, that inactivate cellular Rb and p53 respectively, to target tumor cells 
which typically have mutations in these tumor suppressor genes or pathways.80 ONYX-015, an E1B-55kD gene deleted 
CRAd was one of the earliest OVs tested in GBM clinical trials, with no toxicity observed; however, there was no signifi-
cant efficacy81 (Table 19.3). Ads with deletions in E1A, especially a 24 base pair deletion (Delta-24), have been developed 
as base vectors to accommodate additional genetic modifications to enhance anti-GBM activity.80 Transcriptional targeting 
can be used to selectively drive expression of early genes (i.e., E1A) in CRAds for tumor selective replication, or therapeu-
tic transgene expression for gene delivery. A number of promoters/enhancers that are active in glioma cells (GFAP, nestin, 
midkine) or cancer cells generally (TERT, survivin, VEGFR-1, E2F, Ki67) have been used to drive E1A expression in 
CRAds and consequently to selective replication in glioma cells80 (Table 19.1).

One of the major limitations with using Ad5 (oncolytic and replication defective) for gene therapy is the limited expres-
sion of coxsackie-adenovirus receptor (CAR) on cancer cells, including GBM. Therefore, a major avenue for improving 
oncolytic Ad is through altering its tropism to more selectively bind to glioma cells. One way is to delete the CAR-binding 
domain in the fiber and replace it with a receptor selective polypeptide, for example: an Arg-Gly-Asp (RGD) peptide that 
binds to integrins ανβ3 and ανβ5 (Delta-24-RGD), an EGFRvIII binding peptide (Delta24-EGFR), or a polylysine motif 
(Ad5.pK7) to bind heparan sulfate proteoglycans80 (Table 19.1). Different Ad serotypes have different cellular receptors, 
so using different serotype or xenotype (species) fiber knobs or chimeric fibers can also alter Ad tropism as well as avoid 
neutralizing antibodies. Using an Ad3 fiber knob, which binds to CD80, CD86, and an unknown receptor, or an Ad5 fiber 
chimera (Ad5/3), generated viruses with greatly increased glioma infectivity and cytotoxicity in vitro. Other Ad5 chimeras, 
with canine Ad1 (CK1) or porcine Ad (PK) fiber, were more efficient than Ad5/3.80 CRAds with Ad16p (binds to CD46, 
overexpressed in GBM) or chimpanzee CV23 efficiently infected GSCs.82 A screen of 16 Ad5 fiber chimeras on primary 
glioma cell cultures identified B-group viruses (Ad11, Ad35, Ad50 (binds to CD46)) as having greatly increased infectivity 
compared with Ad5.83 These same strategies can be used for targeting replication-defective Ad vectors.

Poxviruses. VV, a large DNA virus, is the vaccine agent used in the eradication of smallpox. With a rapid lytic replication 
cycle that occurs in the cytoplasm and high immunogenicity, it has demonstrated success as an OV. Some vaccine strains 
that do not replicate in mammalian cells (i.e., MVA) have been used as replication-defective vectors for cancer vaccines.84 
The ease of genetic manipulation and large genome size allow the incorporation of therapeutic transgenes in armed OVs 
or gene delivery vectors.84 Although the vaccine strains are attenuated, there is still concern about replication-competent 
VV in the brain. Therefore, additional mutations, such as in thymidine kinase (TK) and vaccinia growth factor, have been 
introduced to target cancer cells. A double-deleted VV, vvDD (Table 19.1), was cytotoxic in human and rat glioma cell lines 
in vitro and prolonged the survival of immunocompetent rats bearing intracerebral rat gliomas.21 GLV-1h68 (Table 19.1), 
with reporter genes inserted into VV genes F14.5L, TK, and A56R, was quite attenuated for neurovirulence,22 however, 
systemic delivery to mice with intracerebral U87 xenografts was ineffective.23 The cytotoxicity of JX-594 (Table 19.2) was 
significantly better than RV or VSVΔM51 in mouse GL261 glioma cells, and it extended survival in rat and mouse immuno-
competent glioma models.51 As with other OVs, the combination with radiotherapy significantly improved survival com-
pared with radiation alone, and radiation increased intratumoral replication of single mutant VV LIVP1.1.1 (Table 19.1).23

MYXV is a rabbit-specific poxvirus that has oncolytic activity in mammalian cells deficient in IFN responses, which 
comprises most cancer cells, including human glioma cells. MYXV (Table 19.1) replicated in and killed human glioma 
cell lines and GSCs in vitro, and extended survival of SCID mice bearing three different GSC lines.24 Combination with 
rapamycin increased infection of half of the GSC lines, which correlated with enhanced efficacy in tumor-bearing mice.24 
While rodent glioma cell lines were somewhat sensitive to MYXV in vitro, MYXV was minimally effective in syngeneic 
rodent glioma tumors in vivo, except in combination with rapamycin.85

Autonomous parvoviruses are small single-stranded DNA viruses that preferentially replicate in transformed cells.86 
The viral NS1 protein alone is able to kill oncogene-transformed cells. Rodent parvovirus H-1PV replicates in human can-
cer cells, including GBM, yet is nonpathogenic after experimental infection of humans.86 Intratumoral injection of H-1PV 
was efficacious in human gliomas in immunodeficient mice and rat gliomas in immunocompetent rats25 (Table 19.1). 
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Comparing therapy of RG2 gliomas in immunodeficient and immunocompetent rodents indicated that adaptive immunity 
plays a significant role in antitumor efficacy.86 Unlike other OVs, H-1PV was found to cross the BBB, and cured rats of 
intracerebral gliomas after intravenous administration.25 LuIII (Table 19.1), an autonomous parvovirus of unknown host, 
was shown to have broad glioma specificity in a screen of 12 parvoviruses for oncolytic activity against five glioma cell 
lines, with H-1PV only killing two.26

Retroviruses are positive-strand RNA viruses with an RNA genome that is reverse-transcribed into DNA that is inte-
grated into the host genome. Retroviruses only integrate and replicate in mitotic cells, which provides specificity for 
dividing tumor cells. Typically, retroviruses have been used as replication-deficient gene delivery vectors; however, replica-
tion-competent gamma-retroviruses (RCRs), derived from murine leukemia virus (MLV), provide for amplification of the 
gene delivery vector and spread throughout the tumor.43 RCRs are nonlytic and noncytotoxic, so to be oncolytic, they must 
express therapeutic transgenes, usually cytotoxic or suicide genes (Table 19.2, discussed below). RCRs can incorporate up 
to 8 kb of foreign DNA, and transgenes are stably expressed because of integration.43

PV is a human positive-strand RNA picornavirus that is neurotropic. Its receptor, CD155, is highly expressed on GBM 
cells, but also on normal cells such as motor neurons.27 To eliminate neurotoxicity, its internal ribosomal entry site was 
replaced with a nonneurotoxic internal ribosomal entry site from human rhinovirus type 2. To further improve safety, PVS-
RIPO (Table 19.1), is derived from the Sabin polio vaccine strain.27 Genetic instability of RNA viruses is a serious safety 
concern; however, in vivo serial passage in gliomas did not alter PVS-RIPO specificity. PVS-RIPO replication in glioma 
cells is promoted by activation of Mnk1 and stimulation of cap-independent translation.27

NDV is an avian paramyxovirus with a negative-strand RNA genome and is nonpathogenic in humans. Defects in anti-
viral immunity, resistance to apoptosis, and induction of autophagy, found in many cancers including GBM, endow cancer 
specificity for NDV.87 NDV replicates rapidly in cancer cells and has pleiotropic immunostimulatory effects in vivo, ben-
eficial properties for an OV. It is only recently that reverse genetics has been developed for NDV, so a variety of naturally 
occurring strains have been used as oncolytic NDV against GBM. These range from pathogenic velogenic and mesogenic 
(MTVH68) to nonpathogenic lentogenic (NDV-HUJ, Hitchner B1) poultry strains87 (Table 19.1). Another vaccine strain, 
V4UPM, inhibited tumor growth and induced apoptosis in U87MG subcutaneous tumor-bearing mice.87

MV is a human paramyxovirus with similar oncolytic activities as NDV; however, MV is known to be neurotropic and 
in rare human cases causes encephalitis.62 The attenuated Edmonston vaccine strain has been used as the backbone for most 
recombinant oncolytic MV, and can accommodate up to 6 kb of inserted RNA.62 The MV hemagglutinin (H) protein binds 
to CD46 receptors, often highly expressed in GBM. Unlike other RNA viruses, MV exhibits robust genetic stability after 
passaging in human cells. Oncolytic MV has been shown to infect, replicate in, and kill human medulloblastoma and gli-
oma cell lines,62,88 as well as GSCs, and prolong survival of GSC tumor-bearing mice.33 The MV fusion (F) protein causes 
membrane fusion and syncytia formation, which leads to apoptosis. There are a number of ways to target oncolytic MV 
to GBM. MV replication can be restricted in non-GBM cells by insertion of a brain-specific microRNA (miRNA-7) target 
sequence that is downregulated in glioma62 (Table 19.1). MV can also be retargeted to bind to GBM-specific receptors 
after ablating H binding to CD46 and SLAM, and inserting IL13 for IL13Rα2 binding or anti-CD133 scFv for binding to 
CD133 on GSCs into H31,32 (Table 19.1). Two transgenes (carcinoembryonic antigen (CEA) and sodium iodide symporter 
(NIS)) have been inserted into MV to permit noninvasive monitoring of OV replication in the clinic. MV-expressing CEA 
(MV-CEA) has demonstrated success in several GBM animal models, including intracranial GSC xenografts in nude mice, 
where serum levels of CEA were a measure of virus replication62 (Table 19.1). The safety of MV- CEA was demonstrated 
after intracerebral injection in rhesus macaques,62 in advance of a clinical trial (Table 19.3). An MV expressing the NIS 
(MV-NIS) (Table 19.2) allows for in vivo monitoring of 99mTc or 123I uptake or can be used in combination with 131I for 
radiotherapy.62 The combination with cytotoxic 131I only modestly improved survival in both GBM and medulloblastoma 
models.62,88

VSV is a negative-strand RNA rhabdovirus, with ubiquitous receptor binding and broad species and tissue tropism. VSV 
is highly sensitive to innate type I IFN responses, which are often lacking in tumor cells, including GBM, allowing VSV to 
specifically target tumor cells. Although VSV has not been associated with any human disease, it is neurotoxic in animal 
models so efforts have been made to attenuate its neuropathogenicity.40 Mutations in the VSV-M protein, in particular at 
Met-51, renders the virus unable to block antiviral innate responses, which improves safety but does not affect replication 
in cancer cells. VSVΔM51 is efficacious in killing human glioma xenografts even after systemic delivery,34 and M51R 
VSV was even effective in U87 glioma cells overexpressing antiapoptotic Bcl-X35 (Table 19.1). To further improve glioma 
specificity, screens have been undertaken for VSV mutants with enhanced glioma specificity. VSV-rp30 (Table 19.1), with 
single mutations in the P and L genes, was isolated by serial passage on glioma cells in vitro followed by lack of adsorption 
to fibroblasts. Unfortunately, this virus was still quite cytotoxic to normal human glia.89 VSV-p1-GFP was identified in a 
screen for selective cytotoxicity in glioma cells and not normal glial cells, even in the presence of IFN-α, and found to be 
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nonneurovirulent in mice.89 Recently, a semireplication-competent VSV vector system was created (srVSV; Table 19.1), 
where viruses lacking the viral polymerase (DL) were combined with viruses lacking the glycoprotein (DG) so that only 
cells infected with both viruses could replicate. This virus combination was as efficacious as wild-type VSV in subcutane-
ous human G62 xenografts and, as opposed to wild-type virus, did not cause any neurotoxicity.37

RV is a double-stranded RNA virus that is nonpathogenic to humans. Serotype 3 was shown to have oncolytic activity 
due to a requirement for activated Ras and/or inactive PKR signaling, which are often present in cancer cells including 
GBM.39 All four serotypes of RV have oncolytic activity against primary GBM cells in vitro.90 RV serotype 3 was very 
effective in vitro in 20 of 24 glioma cell lines and in vivo in intracranial glioma models in immunodeficient mice and  
immunocompetent rats.38,39 Interestingly, in rats with bilateral tumors where a single glioma was injected, only the ipsi-
lateral and not contralateral tumor was reduced in size, suggesting no immune-mediated effects.38 After high-dose intra-
cerebral injection of RV into cynomolgus monkeys, some clinical signs were observed and virus RNA was detected in the 
urine.38 RV is one of the only genetically unmodified OVs to enter clinical trial (Reolysin®; Table 19.3).41

19.3.2  Cytotoxic or Suicide Gene/Prodrug Therapy

Cytotoxic chemotherapy and radiotherapy have been the standards of care for GBM patients, with limited success because 
of their negative effects on surrounding healthy tissue, systemic toxicity, and small therapeutic indices. Cytotoxic gene 
therapy is tumor selective and offers a way to overcome some of the limitations of systemic chemotherapy. The earliest gene 
therapy clinical trial for GBM utilized a “suicide” gene therapy strategy, which continues to be one of the most frequently 
employed strategies. Suicide gene therapy involves cancer-selective delivery of a drug-activating enzyme (the suicide gene) 
that converts a systemically administered nontoxic prodrug to cytotoxic metabolites.91 Suicide genes are usually absent or 
expressed at very low levels in mammalian cells, thus the cytotoxic metabolites would be generated locally in the tumor.

The most common and best-studied suicide gene/prodrug combination is HSV TK/ganciclovir (GCV). TK catalyzes 
the phosphorylation of GCV, converting it into GCV-monophosphate, which is subsequently converted by cellular kinases 
to GCV-triphosphate, a cytotoxic nucleoside analog that can be incorporated into the DNA of actively proliferating cells, 
disrupting DNA replication and halting cell division.91 Thus, phosphorylated GCV is only toxic to dividing cells. GCV-
triphosphate was found to kill surrounding tumor cells that had not been transduced with the suicide gene, the so-called 
bystander effect (Figure 19.1), which is an important element of the therapy.91 Unfortunately, GCV-triphosphate cannot 
cross the cell membrane and the bystander effect is dependent upon gap junctions or release from dead cells.

Most of the TK/GCV clinical trials have used replication-defective retroviruses or Ad for gene delivery, and they were 
hampered by poor transduction of cancer cells and low activity of the activated prodrug.4 To overcome these limitations, 
a number of approaches have been described: TK mutants with increased activity, alternate delivery methods, other sui-
cide genes/prodrugs with diffusible and more toxic prodrug metabolites, and combinations thereof.91 Because TK/GCV 
therapy was shown to induce an antitumor immune response, combinations with immunostimulatory genes (more details 
in next section) are an obvious strategy. A promising combination for GBM is replication-defective Ad expressing TK with 
the immune-stimulatory cytokine fms-like tyrosine kinase 3 ligand (Flt3L) to recruit dendritic cells. A bicistronic gut-
less adenovirus vector with inducible Flt3L, HC-Ad-TK/TetOn-Flt3L (Table 19.4), has been generated for clinical use.93 
Helper-dependent, gutless, or high-capacity Ad vectors have all their viral genes eliminated, so they induce only minimal 
anti-Ad immune responses and provide cloning space for up to 35 kb. Intracranial injection of up to 109 viral particles of 
HC-Ad-TK/TetOn-Flt3L followed by doxycycline for Flt3L expression and GCV was safe, whereas 1010 viral particles had 
toxic side effects.93 In contrast, 108 viral particles significantly extended survival of glioma-bearing rats, which was associ-
ated with the development of immune memory against GBM antigens.93

The bacterial or yeast enzyme CD/5-fluorocytosine (5-FC) prodrug system is similar to the TK system, where CD 
converts 5-FC into the cytotoxic metabolite 5-FU that is phosphorylated and inhibits thymidine synthetase.91 In contrast 
to GCV, 5-FU diffuses out of cells. ACE-CD and Toca 511 (Table 19.2), RCRs that express CD, were shown to prolong 
survival in human and mouse immunocompetent glioma models.43,44 Delivery of viral vectors and broad distribution within 
the tumor is a problem with all gene therapy strategies, especially in the brain. One promising technique is CED, using a 
fluid pressure gradient and bulk flow to infuse vectors within the extracellular fluid space. CED of Toca 511 resulted in 
broader distribution within the tumor than direct injection, and enhanced survival after 5-FC administration.106 CD/5-FC 
cytotoxicity can be enhanced by coexpressing uracil phosphoribosyl transferase (UPRT), which phosphorylates 5-FU to 
5-FU-monophosphate.91 Purine nucleoside phosphorylase (PNP), which converts F-araAMP to diffusible toxic 2-FA, was 
inserted into an RCR (ACE-PNP; Table 19.2). ACE-PNP alone had no effect on intracranial glioma growth, while adminis-
tration of F-araAMP significantly extended survival, although all mice eventually succumbed to disease.45 Oncolytic HSV 
MGH2.1, in a G207-like backbone, expresses two prodrug activating enzymes: CYP2B1, converting cyclophosphamide 
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(CPA) into the alkylating agent phosphoramide mustard; and secreted carboxylesterase (sCE), converting irinotecan (CPT-
11) into topoisomerase I inhibitor SN-38.46 A toxicology study, in preparation for a clinical trial, found that MGH2.1 was 
safe after intracranial injection in nontumor-bearing mice, but the combination with CPA and CPT-11 caused some lethality 
at 5 × 106 pfu.46 CPA also inhibits innate immune responses that block virus replication and spread, so its administration 
improves HSV oncolytic activity.46 Other cytotoxic strategies include secreted proapoptotic proteins, such as TRAIL or 
mda-7/IL-24, that are selectively active in tumor cells95,107 and cytotoxins, such as Pseudomonas exotoxin fused to a ligand 
(IL-13) for a glioma-specific receptor96 (Table 19.4). Oncolytic HSV expressing sTRAIL (Table 19.2) is able to overcome 
TRAIL resistance of glioma cells by inducing caspase-mediated apoptosis in vitro and in vivo, extending the survival of 
glioma-bearing mice compared to oHSV alone.50

To overcome the limited number and distribution of suicide gene transduced glioma cells after replication-deficient 
retrovirus injection, RCRs, migratory stem or progenitor cells (NSCs and MSCs), or other vectors have been evaluated. 
Replication-deficient pseudotyped lentiviral vectors had much higher transduction efficiency in vivo, including with GSCs, 
than retroviral vectors, and GCV treatment greatly prolonged survival.92 A human immortalized NSC line, HB1-F3, trans-
duced with Escherichia coli CD, has been developed for treating brain tumors.97 It was efficacious in a number of brain 
tumor models (glioma, medulloblastoma), and metastatic breast cancer97 (Table 19.4). HB1-F3.CD cells displayed glioma 
tropism after injection contralateral to the tumor, even in the presence of dexamethasone or after radiation.98 The HB1-F3.

TABLE 19.4 Nonreplicating Cytotoxic Gene Therapy Vectors and Cells

Vector Name Vector Type Transgene
Model System  
(Mouse or Rat/Cell Type)

Additional 
Treatment References

LCMV-GP pseudotyped Lentivirus HSV-TK Rat, i.c. GSC GCV 92

VSV-G pseudotyped Lentivirus HSV-TK Rat, i.c. GSC GCV 92

HC-Ad-TK/TetOn-Flt3L Ad HSV-TK,  
Tet-On Flt3L

Rat, i.c. CNS-1 Valacyclovir 93

Ad-stTRAIL Ad TRAIL Nude, i.c. U87, U251 94

Ad.5/3-mda7 Ad mda7/IL-24 Nude, i.c. primary GBM 95

Ad-mhiL-4.TRE.mhIL-
13-PE

Ad Mutated IL-13  
fused to PE

Nude, i.c. U251
Rag1−/−, i.c. human primary 
xenograft
C57/B6, i.c. GL26-H2

96

HB1-F3.CD (F3-CD) NSC CD Rat, i.c. U373MG
Nude, i.c. U251, U87, Nude, 
i.c. medulloblastoma Daoy
Nude, i.c. breast MDA-MB435

5-FC 97
98

F3.rCE NSC rCE Nude, subdural medulloblas-
toma D283

CPT-11 99

MSCtk MSC HSV-TK Rat, i.c. C6 GCV 100

TK-MSC MSC HSV-TK Nude, i.c. U87 GCV 101

CDy-AT-MSC MSC CD::UPRT Rat, i.c. C6 5-FC 102

UCB-TRAIL MSC stTRAIL Nude, i.c. U87 103

MSC-S-TRAIL MSC Secreted, extracel-
lular TRAIL fused to 
hFlt3L

SCID, i.c. GSC 104

hAT-MSC.TRAIL MSC TRAIL Rat, i.c. F98 105

The model systems involve the implantation of cancer cells (human except for mouse G26-H2 and rat C6, CNS-1, and F98) into mice (nude, Rag1−/−, or 
SCID) or rats. Abbreviations: 5-FC, 5-fluorocytosine; Ad, adenovirus; CD, cytosine deaminase; GBM, glioblastoma; GCV, ganciclovir; GSC, glioblastoma 
stem cell; HSV, herpes simplex virus; i.c., intracerebral; LCMV, lymphocytic choriomeningitis virus; MSC, mesenchymal stromal (stem) cell; NSC, neural 
stem cell; PE, Pseudomonas exotoxin; rCE, rabbit carboxylesterase; stTRAIL, secretable trimeric TRAIL; TK, thymidine kinase; TRAIL, tumor necrosis factor-
related apoptosis-inducing ligand; UPRT, uracil phosphoribosyl transferase; VSV, vesicular stomatitis virus.
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CD NSCs are currently in clinical trial for GBM (Table 19.3). NSCs have also been generated expressing sCE and demon-
strated efficacy, with long-term survivors, in a medulloblastoma model that was sensitive to CPT-11 alone.99

MSCs (human and mouse) can migrate in the brain or after carotid artery injection in a range of GBM mouse models, 
including to human GSC-derived and immunocompetent genetically induced tumors.104,108 Some MSCs alone have been 
shown to suppress glioma growth through inhibition of angiogenesis and downregulation of PDGF signaling.109 Different 
viral vectors have been used to transduce MSCs, including retrovirus, lentivirus, Ad, and baculovirus.101,104 A number of 
suicide genes (TK, CD, CD::UPRT, sTRAIL) have been introduced into MSCs and shown to be effective with prodrug in 
treating intracranial glioma models (Table 19.4).101,102 Unfortunately, some of these studies coimplanted the MSCs with 
the glioma cell lines, which obviates the migratory advantage of this strategy, or used human MSCs to treat immunogenic 
gliomas in rats. TRAIL is another popular class of transgenes to introduce into stem/progenitor cells, and several studies 
have shown therapeutic effects and increased apoptosis in glioma xenograft models (Table 19.4). As normal cells, MSCs are 
resistant to TRAIL; however, many glioma cells are also resistant to TRAIL, despite the expression of TRAIL receptors.104 
To overcome this, MSC-TRAIL was combined with a lipoxygenase inhibitor MK886, which increased DR5 (TRAIL recep-
tor) and decreased antiapoptotic protein expression, leading to prolonged survival in vivo.110 Differentiated embryonic stem 
cells or induced pluripotent stem cells have some potential advantages over adult stem cells; they can be stably genetically 
modified, proliferate indefinitely, and could be established with a whole range of HLA types for immunologic matching. 
Mouse embryonic stem cells expressing TRAIL or mda-7 have been generated by site-specific recombination and then 
terminally differentiated into astrocytes, which migrate in vivo and induce apoptosis.63 However, treatment activity in 
orthotopic glioma models has not been demonstrated.

19.3.3  Immune-Stimulatory Gene Therapy

The immune-privileged state of the brain is a major obstacle to immunotherapy against brain tumors. The brain is 
somewhat isolated from peripheral immune responses because it lacks lymphatics that impede immune cells from exit-
ing the brain parenchyma, and has only a limited supply of antigen-presenting cells. To further confound this, the GBM  
microenvironment is very immune suppressed, with elevated regulatory T cells and myeloid-derived suppressor cells.111 
Despite these challenges, significant progress with immune-mediated gene therapy strategies has been achieved against 
glioma.111 Recruitment of antigen-presenting cells to the tumor and presentation of tumor-associated antigens are critical 
to the generation of an adaptive immune response. That is the basis for the TK-Flt3L replication-defective Ad combination 
described above. The addition of replication-defective Ad vectors expressing IL-2 or IFNγ further enhanced Ad-Flt3L/
TK efficacy.112 A similar strategy has been described using oncolytic HSV-expressing Flt3L. G47Δ-Flt3L significantly 
extended survival in the mouse CT2A glioma model, with about 40% long-term survivors compared with G47Δ-Empty (no 
transgene), which had minimal effect (Table 19.2).52 It is important to bear in mind that OV infection alone often induces 
inflammatory responses and immunogenic cancer cell death, which induces innate and adaptive responses that can be ben-
eficial and/or detrimental.

Another immunotherapy strategy is to express cytokines to enhance adaptive immune responses. JX-594, a TK-deleted 
VV expressing granulocyte macrophage colony stimulating factor (GM-CSF; Table 19.2), is currently in clinical trials for 
peripheral tumors.113 JX-594 inhibited tumor growth and increased survival in two immunocompetent GBM models, which 
was associated with increased GM-CSF-dependent inflammation.51 Most human GSCs tested in vitro were susceptible to 
JX-594 replication and cytotoxicity, although considerably less so than U87 glioma cells.51 IL-12 is one of the more potent 
antitumor cytokines, driving a Th1 response. Several groups have delivered IL-12 using a variety of gene therapy vectors. 
An oncolytic HSV expressing murine IL-12 (MOO2; Table 19.2) was more efficacious in an immunocompetent glioma 
model than its parental, no transgene, oncolytic HSV.53 Importantly, it elicited no toxicity after intracerebral inoculation in 
HSV-susceptible nonhuman primates, but did increase activation of lymphocytes.53 For clinical trials, a similar oncolytic 
HSV was constructed expressing human IL-12 (M032; Table 19.3).

One issue with preclinical studies of immunotherapy for brain tumors is the dearth of representative animal models. 
A new mouse GSC-derived intracranial tumor model was recently described using 005 GSCs isolated from GBM arising 
in lentivirus-transduced transgenic mice.54 Tumors arising after 005 GSC implantation have hallmarks of human GBM: 
morphologically heterogeneous with multinucleated giant cells, cells expressing stem cell markers, invasive growth, angio-
genic with aberrant vasculature, and poorly immunogenic with an immunosuppressive microenvironment.54 This model 
has been used to evaluate G47Δ-mIL12 (Table 19.2), which had multifaceted effects on the tumors and their microenviron-
ment, killing GSCs and bulk tumor cells, inhibiting tumor growth in a T-cell dependent fashion, inducing IFNγ synthesis, 
reducing immunosuppressive tumor Tregs, and inhibiting angiogenesis.54 IL-12 has also been expressed from MSCs, after 
transduction with replication-defective Ad (UCB-MSC-IL12M; Table 19.2), which prolonged survival of C57Bl/6 mice 
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bearing intracranial GL26 tumors after intratumoral injection.56 The surviving mice developed long-term immunity, which 
protected them from rechallenge with GL26 cells in the ipsilateral or contralateral hemispheres.56

19.3.4  Tumor Microenvironment Disrupting

Targeting the tumor microenvironment is an attractive approach because it consists of normal cells that should not develop 
resistance to the therapy. Normally, neovascularization is a tightly regulated balance between naturally occurring angio-
genesis activators and inhibitors. In tumors, however, the dividing cancer cells outgrow the normal vasculature, increasing 
hypoxia and the expression of proangiogenic factors.58 GBM is a highly vascularized tumor, but there are limitations with 
current antiangiogenic drugs such as bevacizumab (Avastin®), an anti-VEGF monoclonal antibody, which does not signifi-
cantly improve overall survival and has the detrimental effect of increasing glioma invasiveness.58 Developing alternative 
strategies, such as local expression in the tumor or combination strategies (i.e., targeting multiple angiogenic pathways) 
might be better approaches, as angiogenesis inhibition is cytostatic and not cytotoxic.58 A number of antiangiogenic factors 
have been expressed from oncolytic HSV. Angiostatin, an endogenous inhibitor of angiogenesis, was inserted into G47Δ.59 
A single treatment of G47Δ-mAngio (Table 19.2) significantly extended survival of glioma-bearing mice over nontrans-
gene containing G47Δ, and this was associated with decreased microvascular density and VEGF expression.59 This could 
be further improved by combining a lower dose of G47Δ-mAngio with a low (noninvasive) dose of bevacizumab.59 IL-12, 
in addition to its immunostimulatory activity, is also antiangiogenic, so that G47Δ-mIL12 was efficacious in human glioma 
models.55 When combined with G47Δ-mAngio, it synergized in inhibiting glioma growth, curing mice with U87 gliomas 
and extending survival in a human GSC (MGG4) model.55 A number of other naturally occurring angiogenesis inhibitors 
have been expressed in gliomas.58 Vasculostatin (Vstat120), a proteolytic fragment of BAI1 cloned into transcriptionally 
targeted oHSV 34.5ENVE, and CXCL4 (PF4) in G47Δ (Table 19.2) improved the efficacy of oncolytic HSV in human gli-
oma models, and this was associated with decreased neovascularization.58 Isthmin, an angiogenesis inhibitor derived from 
the brain of Xenopus, delivered with a replication-defective Ad (Table 19.2), inhibited angiogenesis and intracranial tumor 
growth.61 Secreted thrombospondin-1, expressed from NSCs after lentivirus transduction, reduced tumor angiogenesis and 
growth.58 Combining antiangiogenic gene therapy with suicide gene therapy can also improve efficacy, for example, onco-
lytic Ad expressing arresten (collagen IV fragment) and TRAIL,49 and MSCs transduced with endostatin (an endogenous 
angiogenesis inhibitor) and sCE (Table 19.2).57

19.3.5  Interfering RNA

Some proteins are essential for the survival and/or proliferation of tumor cells, thus are promising targets for inhibi-
tion or inactivation. A gene therapy strategy to target such proteins is through RNAi. Major targets for RNAi therapy 
include “undruggable” oncogenes and genes that are involved in angiogenesis, metastasis, survival, antiapoptosis, and 
resistance to chemotherapy.114 RNAi as a tumor therapeutic has advantages over traditional pharmaceutical drugs: they 
are easily designed, requiring only knowledge of the target mRNA sequence; the identification of selective and active 
sequences is fast; and production/synthesis is rapid and scalable.114 Conversely, they can have off-target effects that are 
specific or nonspecific, induce innate immune responses, or saturate the endogenous RNAi machinery. A number of 
mRNAs have been targeted with RNAi in glioma models, either as RNA packaged in synthetic delivery vehicles (Bcl2L12, 
EGFR, pleiotrophin, hTERT) or expressed from virus vectors (Hec1, EGFR, Rad51, Bcl2, hTERT).76,114 MicroRNAs are  
endogenous small RNAs that regulate almost a third of mRNAs. Because they are not 100% sequence complementary to 
their targets, a single miRNA can affect a large number of different transcripts. MiR-124a, which inhibits STAT3 signaling, 
is downregulated in GBM and microglia/macrophages. Intravenous administration of pre-miR-124a in liposomes was effi-
cacious in treating mouse gliomas (GL261 and genetically engineered RCAS tumors) in immunocompetent mice but not 
in nude mice or after depletion of CD4+ or CD8+ T cells, demonstrating a role for T cell immunity.115 A dsRNA targeting 
tenascin-C (ATN-RNA) is the only RNAi strategy evaluated in the clinic. ATN-RNA (80 μg) was injected into the tumor 
border in glioma patients (WHO grades II–IV) after subtotal resection.114,116 Because of the study design, it is difficult to 
draw conclusions about efficacy; however, patients receiving ATN-RNA had improved median survival and KPS changes 
compared to patients receiving brachytherapy.116

19.4  STATUS OF CLINICAL TRIALS FOR GBM

Gene therapy clinical trials for GBM have been promising as far as safety is concerned, with no maximum tolerated  
dose reached in any trial; however, overall benefits have been mixed and phase III clinical trials have only been completed 
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with HSV-TK gene therapy.41 The earliest gene therapy trials for GBM, starting in 1977, used vector-producing  
cells with replication-defective MLV expressing TK. This culminated in an international phase III trial, where  
248 patients with newly diagnosed GBM were randomized to standard therapy (surgical resection and radiotherapy at 
that time) or standard therapy plus adjuvant gene therapy with MLV-TK vector producer cells during surgery followed 
by GCV on days 14–27. While this trial convincingly demonstrated safety, there was no significant difference between 
the two arms in time to progression or overall survival.41 Recent gene therapy clinical trials for GBM are described in 
Table 19.3. To increase transduction efficiency, replication-defective Ad vectors expressing TK have been tested in the 
clinic. An early phase I trial, comparing replication-defective retrovirus with Ad, found that overall survival was twice as 
long with Ad-TK.4 A phase Ib trial combining AdV-tk and valacyclovir, in place of GCV, with early radiation in newly 
diagnosed GBM patients, reported no safety issues, with encouraging survival rates and significant T cell infiltration 
in four of four patient posttreatment specimens.65 A European randomized phase III trial with AdvHSV-tk (Sitimagene 
ceradenovec® from Ark Therapeutics, London, UK) in 250 newly diagnosed GBM patients amenable to complete resec-
tion was recently completed.66 Unfortunately, there was no difference in overall survival between the treatment and 
control groups, although the time to reintervention or death (composite primary endpoint) was improved. The number 
of patients with serious adverse events or adverse events related to treatment was higher in the AdvHSV-tk group.66 
Interestingly, from an immunotherapy standpoint, treated patients with high baseline antibody titer had a significantly 
better composite primary endpoint. A confounding issue was the emergence of temozolomide as standard of care after 
the trial began, with a post-hoc analysis suggesting that patients with unmethylated MGMT promoter benefited most 
from treatment.66

Greater optimism has recently been generated with preclinical success of newer gene therapy strategies, especially 
armed OVs, that have just begun to enter clinical trials for GBM.8 OVs make up the majority of currently active clinical 
trials for GBM. Second-generation OVs have demonstrated safety in humans in early clinical trials, and these viruses and 
third-generation viruses are being further pursued. Oncolytic HSV G207, which exhibited safety and anecdotal efficacy in 
an early phase 1 clinical trial, was examined in a phase 1b trial. This trial demonstrated only a marginal increase in survival 
of patients; however, it was the first study to demonstrate oncolytic HSV replication in the tumor.64 It has been followed 
in Japan by a clinical trial using G47Δ, a third-generation derivative of G207. A retargeted and tumor-specific CRAd, 
AdV-delta24-RGD, is the only oncolytic Ad currently in phase I clinical trials for GBM patients. Several RNA viruses are 
being assessed in the clinic. Reolysin, a nonengineered RV, was well tolerated and safe in a phase I trial and has completed 
enrollment of a phase I/II trial.41 Intravenous NDV-HUJ was well tolerated in GBM patients in a phase 1 study; no toxicity 
was observed, no maximum tolerated dose achieved, and 1 out of 11 patients had a complete response to treatment.41 Polio-
virus PVS-RIPO is in phase I trial where it is being delivered by CED, and has resulted in large clinical and radiographic 
responses. MV-CEA, expressing CEA for noninvasive, real-time monitoring of viral gene expression, is currently in phase 
I trial for recurrent GBM.4 There are currently two phase I clinical trials of Toca 511, expressing an optimized CD, either 
intratumoral or into the resection cavity using real-time MRI guidance for injection.

19.5  CURRENT CHALLENGES AND FUTURE DIRECTIONS

Treating malignant tumors in the brain remains a daunting therapeutic challenge; however, new gene therapy strategies pro-
vide numerous opportunities to attack the tumors via multiple mechanisms, and preclinical studies are showing great prom-
ise. The distinctive environment in the brain, where the BBB restricts access, coupled to the highly invasive nature of GBM, 
presents unique obstacles compared with tumors in other organs in the body. Thus, delivery often requires direct injection 
into the tumor bed at the time of biopsy or into the resection cavity or border at surgery, and remains a major impediment 
to effective therapy, especially for replication-defective vectors. Replication-competent OVs and tumor-homing stem or 
progenitor cells have the advantage of spread throughout the tumor and motility. Developing new and effective delivery 
techniques, routes of administration, and vehicles for genetic material remains a goal for brain tumor gene therapy. The 
immune-privileged status of the brain, with a lack of lymphatics, and the overall immunosuppressive character of GBM, 
make these tumors a difficult challenge for immunotherapy, but one important to overcome. The ability to easily combine 
gene therapy strategies (cytotoxic, antiangiogenic, and immune-stimulatory) is a strength of this approach and an area ripe 
for expanded study. Successful cancer therapy typically involves multimodal approaches, and gene therapy is no different, 
so that combining gene therapy with other therapeutic modalities, including standards-of-care, is likely to improve out-
comes for brain tumor patients. While there are currently no gene therapy products approved to treat brain tumors, which 
has limited investor and corporate interest, it is critical that there be continued efforts to translate new vectors/vehicles and 
strategies to the clinic. The diversity of approaches and targets of brain tumor gene therapy provide a plethora of opportuni-
ties to improve the outcomes for patients.
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