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Abstract
The discovery of induced pluripotent stem cells (iPSC) has, in the short time since their discovery,
revolutionized the field of stem cell biology. This technology allows the generation of a virtually
unlimited supply of cells with pluripotent potential similar to that of embryonic stem cells (ESC).
However, in contrast to ESC, iPSC are not subject to the same ethical concerns and can be easily
generated from living individuals. For the first time, patient-specific iPSC can be generated and
offer a supply of genetically identical cells that can be differentiated into all somatic cell types for
potential use in regenerative therapies or drug screening and testing. As the techniques for
generation of iPSC lines are constantly evolving, new uses for human iPSC are emerging from in-
vitro disease modeling to high throughput drug discovery and screening. This technology promises
to revolutionize the field of medicine and offers new hope for understanding and treatment of
numerous diseases.

Introduction
The goal of regenerative therapies, namely to regenerate organs or entire parts of the human
body has been significantly advanced in recent years by new advances in stem cell biology.
While the concept of organ regeneration has existed for millennia in Greek mythology, the
ability to generate pluripotent stem cells from somatic cells has dramatically narrowed the
gap between myth and reality. In 1963, the self-renewing abilities of transplanted mouse
bone marrow stem cells were quantified and documented for the first time1. Another major
advance in stem cell biology came with the isolation and propagation of mouse ESC2. These
new stem cells represented the first immortal cells capable of self renewal and possessing
pluripotent properties with the ability to differentiate into all cell types of the adult mouse.
The groundbreaking creation of iPSC in 2006 provided a pluripotent cell type that is
ethically unburdened, potentially autologous and easily generated and propagated, which is
already affecting our approach to regenerative therapies.

The iPSC field has benefited tremendously from the advances and discoveries in the ESC
field as the knowledge and protocols for human ESC have been translated into the iPSC
field in an almost parallel manner, catapulting it forward. Although in its infancy, the field
of iPSC technology has grown beyond simply their potential application in regenerative
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therapies. As will be discussed in this review, human iPSC are being used in reverse
translational medicine to model human disease ex-vivo, something not possible in the era
preceding the advent of iPSC technology. These “disease in a dish models” have provided a
potent tool to study human disease in-vitro. Furthermore, iPSC technology has provided a
new platform for drug discovery and safety screening in a high throughput manner. Thus,
iPSC represent a new and exciting model for both human disease research and clinical
therapeutic application.

A Brief History of Nuclear Reprogramming
The ability to reprogram a somatic cell into a pluripotent cell has been a goal of regenerative
research for many decades. The progress made developing this technology and the lessons
learned have evolved into a body of knowledge that was crucial for the eventual discovery
of iPSC. Initial attempts to reprogram cells involved transplanting a somatic nucleus into an
enucleated oocyte, called somatic cell nuclear transfer (SCNT). More than four decades ago,
the first successful attempt at reprogramming cells was reported by Briggs and colleagues in
frogs3. In 1997, Sir Ian Wilmut and his team surprised the world by presenting the first
cloned mammal, Dolly the sheep, engineered via SCNT4. After Dolly was cloned, it was
believed that SCNT would become the method of choice for generating patient-specific
pluripotent cells5. However, the process is very inefficient and the reprogramming
incomplete leading to Dolly’s premature death and early onset of a number of degenerative
diseases. Thus, more than a decade later, the ability to utilize this technology for generating
human pluripotent stem cells remains elusive despite successes in other species including
primates6. Furthermore, the use of SCNT to generate patient-specific pluripotent stem cells
would be ethically challenging, as it requires generation of human blastocysts.

Mouse ESC were first derived in the early 1980’s simultaneously by two independent
groups2,7, and because of their plasticity and potentially unlimited capacity for self-renewal,
they were predicted to transform research in mammalian development, genetics, stem cell
biology and regenerative medicine. A major breakthrough in the field of human stem cells
occurred when Thompson’s group isolated and cultured human embryonic stem cells8.
However, it quickly became apparent that although human ESC would become an
invaluable tool to study development and stem cell biology, translating their promise into
the clinics has been problematic. After over twenty years of research there is currently only
one Food and Drug Agency (FDA) approved clinical trial using human ESC9. While
overcoming the potential oncogenic risk of pluripotent stem cells continues to be an area of
intense research, investigators have long sought to overcome the ethical and immunologic
issues surrounding ESC by creating autologous pluripotent stem cells. In search for factors
that could reprogram somatic cells to a pluripotent state, investigators identified four
transcription factors whose retroviral overexpression enabled the induction of a pluripotent
state in murine fibroblasts10. Simultaneous ectopic expression of Oct4, Sox2, c-Myc, and
Klf4 led to generation of iPSC that were very similar to murine ES cells in morphology,
proliferation, and teratoma formation. Human somatic cell reprogramming has also been
reported by several groups producing human iPSC that are morphologically and
phenotypically similar to human ES cells10,11. Since then, the field has seen an exponential
growth in the field of reprogramming with a progressive refinement and reduction in the
number of factors required to achieve reprogramming. Human iPSC have been created using
non-integrating adenoviruses12, piggyBAC models13, combining reprogramming factors
with small molecules14 to minimize the number of reprogramming factors required, and
most recently, repeated administration of synthetic mRNA15. These new methodologies
raise the hope for the creation of iPSC without genetic modification or need for host DNA
integration, which is likely to facilitate their translation into the clinics.
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Advances in iPSC Technology and Potential for Clinically Useable iPSC
Lines

For clinical use, iPSC would have to pass the strictest of criteria for safety and efficacy;
however, great concern exists over the oncogenic potential of pluripotent cells, particularly
iPSC. The first iPSC were created using lentiviral over-expression of the four
reprogramming factors including the oncogenic factor Myc. Both Myc, secondary to its
progrowth properties, and the integrating lentiviral system due to the potential for insertion
mutations can be oncogenic16,17. Chimeric mice derived from iPSC obtained from lentiviral
reprogrammed cells displayed a higher tendency for tumor formation18. Numerous
approaches have been used to successfully generate iPSC without genome manipulation or
integration12 but perhaps the most exciting is the use of small molecules to reprogram
somatic cells into iPSC. Although, reprogramming by chemicals alone has yet been
reported, many groupss have progressively reduced the number of reprogramming factors
required and now only Oct3/4 along with chemical compounds is required14.

Another issue that will need to be resolved before iPSC are used clinically is the functional
consequences of reprogramming and how similar iPSC are to other pluripotent cells like
ESC. There is accumulating evidence that there are distinct differences between iPSC and
ESC and that current reprogramming strategies do not completely reset the epigenetic
landscape. Human iPSC have significant epigenetic differences when compared to human
ESC leading to divergent gene expression prompting speculation that iPSC represents a new
class of pluripotent cells19. A comparison of global gene expression patterns between iPSC
and ESC revealed that iPSC may retain a common gene expression signature with the donor
cells used to derive them especially during the initial passages20. Early passage iPSC cells
retain residual DNA methylation signatures characteristic of their tissue of origin, which
appears to result in preferential differentiation to the lineage from which they were
derived21. These residual epigenetic marks of the donor tissue could be reset by prolonged
culture, serial reprogramming or by treatment of iPSCs with chromatin-modifying drugs.
This concept of “epigentic memory” where iPSC derived from different tissues retain
patterns of gene expression reminiscent of the donor tissue has also been reported by
others22. The biological significance of this phenomena remains unclear. Clearly, it affects
differentiation potential21 whether it also affects safety will need to be determined. iPSC
cells derived from different cell types demonstrated different rates of refractory cells post
reprgramming and varying teratoma forming potentials23. Although the explanation for this
is unknown and thus far no direct evidence exists that the malignant potential of refractory
cells is related to epigenetic memory, our knowledge of the role of epigenetics in cancer
suggests it may play an important role. Therefore, iPSC lines derived from different tissue
types are subtly distinct and will likely have varying differentiation potentials and oncogenic
risks associated with them. This will be an important consideration when determining what
patient donor cell types to use for deriving iPSC.

For the cell progeny derived from human iPSC to be used clinically they will need to be
genetically stable and functional in the long term. Therefore, full epigenetic screening and
standardized assays to define the results of reprogramming will need to de developed prior
to use in any large scale clinical trials24. Investigators have also discussed incorporating
safety features such as a suicide gene that can be activated in the event of tumor growth or
any unwanted effects of the transplanted cells to ensure a mechanism exists to remove these
cells if necessary. One proposed mechanism is to stably transfect the iPSC with thymidine
kinase that would render the transplanted cells and all of their progeny susceptible to
gancyclovir25,26. Nonetheless, even if these issues are resolved, creation of clinical grade
autologous iPSC for every patient may not be economically feasible. A potential solution
may be the creation of meticulously derived and thoroughly assessed human iPSC banks of
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multiple human lymphocyte antigen (HLA) haplotypes and of different genetic backgrounds
to avoid immune rejection for use in an off-shelf manner. These human iPSC lines would be
mass produced in FDA approved Good Medical Practice (GMP) facilities to be distributed
and used when called upon for cell therapies for patients after matching HLA types and
genetic background to minimize the chance of rejection of transplanted tissue and the need
for immunosuppression. Although considerable technical issues still face the field, great
progress has already been made to address these concerns of bringing iPSC to the clinic.

Clinical Application of Human iPSC
Human iPSC have the potential to revolutionize regenerative medicine, human disease
modeling, as well as drug safety and discovery studies. Since human iPSC can differentiate
into any cell type and the supply is virtually unlimited, they are an ideal source of cells for
transplantation to treat end stage organ failure. Furthermore, unlike human ESC that are
derived from discarded human embryos, iPSC are ethically acceptable by advocates of adult
and embryonic stem cells alike27,28. Human iPSC also offer the potential for autologous cell
transplantation without concerns for haplotype matching and immune suppression therapy
that would be required if human ESC are used for cell replacement therapies.

Correcting Genetic Disorders
The first demonstration of the therapeutic potential of iPSC to treat disease was shown in a
“humanized” mouse model of sickle cell anemia29. In this model, the mouse α-globin genes
have been replaced with human α-globin genes, and the mouse β-globin genes have been
replaced with human Aγ and βS (sickle) globin genes. Mice homozygous for the human βS

allele develop typical sickle cell disease symptoms including severe anemia. Mouse iPSC
were generated from adult h βS/hβS male mice. The resultant hβS/hβS iPSC were genetically
rescued by recombination with a human βA wild type globin gene. Hematopoietic
progenitors were obtained in-vitro from the genetically engineered βA iPSC line and re-
injected into the humanized mutant mice. There was functional correction of the sickle cell
defect after stem cell transplantation and marked increases in RBC counts, hemoglobin, and
packed cell volume levels. This general approach has now been tested in other animal
models of human disease including Parkinson’s disease30, hemophilia type A31 and heart
disease32. Efforts are now underway to develop large animal disease models with species-
specific iPSC, which will facilitate testing of iPSC derivatives in large animal models such
as the pig that is physiologically similar to humans33.

Treating Heart Disease
Cardiovascular disease is a leading cause of mortality and morbidity and there are few, if
any options, to reverse or repair damage after a myocardial infarction. Many investigators
have attempted to restore cardiac function after myocardial infarction by transplanting adult
stem cell types, particularly bone marrow-derived cells34,35. Although initial results have
been promising, there has been no significant demonstration of new cardiac myogenesis
with the use of adult type stem cells. Functional improvement demonstrated with adult stem
cells has been variable and transient and likely secondary to paracrine effects of the injected
cells by modulating inflammatory responses, reducing myocyte apoptosis, and improving
vasculogenesis to the affected territory. The growing consensus in the field is that there is
little if any true cardiac regeneration with adult stem cell therapy35,36. Ideally, a multipotent
cell with the ability to form cardiomyocytes, smooth muscle cells, and endothelial cells
when transplanted would be optimal given the engrafted cells must integrate with native
tissue and form viable electromechanically coupled myocardial tissue to avoid transplant
cell-induced arrhythmias37,38. The initial attempts to use pluripotent stem cells for
myocardial regeneration were done with injecting undifferentiated ESC directly into the
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injured heart39,40. Although they demonstrated improvement in myocardial function, this is
not a feasible option for clinical use as more recent reports suggest that the transplanted
undifferentiated cells form teratomas in the wall of the heart41,42. One approach to overcome
this teratogenic risk is to pre-differentiate these embryonic stem cells prior to transplantation
into more lineage-committed cells43. This potentially would negate the risk of teratoma
formation. Nonetheless, the use of embryonic stem cells in itself is still problematic in
clinical trials, not only due to ethical concerns, but also due to the immunogenicity of
allogeneic non-haplotype matched transplanted cells and the potential for immune rejection.
The issue of immunogenicity of transplanted allogeneic ESC and their progeny remains a
problem as these cells induce a host immune response leading to rejection of transplanted
cells and tissue. The original belief that embryonic stem cells are immune privileged and do
not lead to immune rejection of haplotype unmatched embryonic stem cells has not been the
case41. It has been demonstrated that embryonic stem cells upregulate histocompatibility
antigens type I and II as they progressively differentiate thus increasing the potential for
immune rejection44. This would necessitate long term immunosuppression and all the
unwanted side effects and risks associated with the therapy.

The advent of human iPSC has been tremendously exciting for the field of cardiovascular
regeneration. This technology offers the potential for autologous or haplotype-matched iPSC
to be used for clinical regenerative therapies as clinical grade iPSC lines are generated
without retroviral transduction of reprogramming factors and without the need for the
oncogenic factor Myc. Several groups have demonstrated that mouse iPSC share
developmental pathways with ESC and can differentiate into all three cardiovascular cell
types typically found in the heart45,46. This capacity for cardiovascular differentiation has
also has been demonstrated in human iPSC as well47,48. Recently, cardiac myocytes were
generated from iPSC reprogrammed without the use of the oncogenic reprogramming factor
Myc bringing the potential of iPSC for clinical therapies a step closer to reality49. Not only
was Myc unnecessary for reprogramming of fibroblasts to iPSC, Myc-free iPSC lines
demonstrated more efficient cardiogenesis and ability integrate into host heart tissue when
compared to Myc-derived iPSC lines49. This was the case as well in-vitro where robust and
sustained beating activity was documented in cardiomyocytes derived from Myc-free
iPSC49. Transplantation of iPSC-derived cardiac myocytes improved left ventricular
function after myocardial infarction in animal models50. iPSC treatment restored post-
ischemic contractile performance, ventricular wall thickness, and electric stability while
achieving in situ regeneration of cardiac, smooth muscle, and endothelial tissue50. While
exciting, extending these results into humans would require derivation of clonal lineage
committed cardiac cells or very efficient purification protocols to minimize any teratoma
potential. Furthermore, the epigenetic profiles of different iPSC lines are quite varied,
whether due to different donor cell types or the reprogramming methods used to generate the
cells, which affects the differentiation potential of these iPSC22. Highly varied cardiac
differentiation potentials of different human ESC and iPSC lines of greater than a hundred
fold have been described48, 51. Therefore, detailed characterization of the human iPSC lines
to be used clinically would be required and their differentiation potential quantified prior to
use. Finally, more efficient differentiation protocols are required, as the process is currently
quite inefficient and the cardiomyocytes generated are phenotypically and
electrophysiologically quite heterogeneous and more similar to fetal cells47. It is possible
that the in-vivo environment may lead to maturation of iPSC derived cardiomyocytes into
mature and electromechanically coupled cardiomyocytes, but further work on maturing
these progeny cells would be required. Human iPSC generation by reprogramming of
differentiated human somatic cells into a pluripotent state may someday eliminate the need
for controversial human ESC and provide a mechanism to generate customized, patient-
specific pluripotent cells for cardiac regenerative therapies and cardiovascular tissue
engineering.
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Human iPSC: Beyond Regenerative Therapies
Diagnosis and Disease Pathophysiology

Although research into the potential use of iPSC for regenerative therapy has been a primary
focus of the field, many other applications for human iPSC are also being explored. One of
the most advanced is “reverse translation” studies using iPSC created from patients with
genetic disorders to perform mechanistic studies into disease pathophysiology. Prior
attempts to model human genetic diseases have mainly been limited to small animal models
such as the mouse or using human ESC derived from discarded embryos after pre-
implantation genetic diagnosis in Cystic Fibrosis and Huntington’s diseas52,53. Although
promising, this approach has been limited by the relatively few diseases that can be screened
prenatally and has faced the same ethical controversies that surround human ESC more
generally. To circumvent these issues, investigators have attempted to create in-vitro disease
models by genetically modifying currently available human ESC lines via homologous gene
recombination. However, genetically modifying human ESC has encountered many
technical difficulties and achieving the desired homologous recombination has been
challenging. The advent of human iPSC reprogramming and protocols to differentiate them
into the cell type of interest has made creating disease in a dish models a viable option to
study human disease in-vitro. A number of diseased patient-derived human iPSC lines have
been generated and the resulting differentiated cells have been shown to recapitulate the
respective disease phenotype including Long QT Syndrome (LQTS)54, ALS55, spinal
muscular atrophy56. Conversely, these disease-specific iPSC can be used as a diagnostic
tool. Phenotypic characterization of abnormal currents in myocytes created from an
individual predisposed to arrhythmias could point to both the genetic mutation and
treatment.

Although tremendously exciting, using human iPSC for reverse translation is still in its
infancy and application outside the laboratory is limited by the expense of creating the
patient-specific iPSC and the labor-intensive characterization required. Further, many of the
cell types derived from human ESC and iPSC to date are phenotypically more similar to
fetal rather than adult cells, which may represent a significant problem as many diseases
would require a more adult phenotype to be manifested to truly recreate the disease in-vitro
sufficiently to be able to study. Another challenge facing the disease in a dish model is that,
to demonstrate a disease-related phenotype in progeny cells from patient-derived iPSC,
addition of stressors may be required to induce the phenotype such as age, oxidative stress,
environmental or even unknown factors. Furthermore, certain diseases are not cell
autonomous but require contact and interaction with other cell types as in the example of
ALS where disease in neurons is related to secretions from adjacent Glial cells, not innate to
the neurons themselves. Although it appears that disease modeling using human iPSC would
be better suited to highly penetrant disorders of genetic origin, investigators have also used
human iPSC to model myeloproliferative disorders, which typically develop later in life and
are strongly affected by environmental issues57. The ability of human iPSC technology to
provide pluripotent stem cells from a wide array of genotypes and clinical phenotypes will
undoubtedly prove to be an invaluable tool for the study of human disease in the future.

Drug Discovery
Another evolving application for human iPSC is their potential use for new drug discovery.
Given the high costs incurred in development of new candidates and the high rate of drug
candidate attrition that occurs late in development, pharmaceutical companies have become
increasingly wary of embarking on new drug development. Thus, the last decade has
witnessed a significant decrease in new drug discovery, with only half as many new
candidates reported compared to the previous decade58. The reason for this is likely
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multifactorial but the costs of drug development has increased exponentially59. Of particular
concern, forty percent of the late attrition of drugs in development has been attributed to
unforeseen cardiotoxic side effects of the drugs being tested in humans that was not realized
in preclinical animal models60. The application of human iPSC technology may address
some of the issues pharmaceutical companies face with low research and development
productivity and high costs by offering a new and more efficient way to screen large
libraries of small molecules. The advantages that this approach offers are multifold. First,
not only can drug discovery be automated to efficiently screen thousands of small
molecules, this can be done on different lines of patient-specific iPSC-derived somatic cells
to assess the possible effects of small molecules on different cell types from different ethnic
and genetic backgrounds. A major criticism and limitation of many clinical trials is the
under representation of women and minorities, which could be conceivably addressed with
diverse panels of iPSC. A common cardiotoxicity of new drugs is lethal arrhythmias
secondary to QT prolongation and ventricular tachycardia, which may deteriorate into
ventricular fibrillation and death. These arrhythmias are precipitated by the prolongation of
myocardial repolarization as measured by the QT segment of the electrocardiogram. This led
the FDA to define QT prolongation as one of the major toxicities to be screened for as part
of the safety profile during drug development. Currently drugs are screened for potential QT
prolongation by patch clamping or ligand binding assays using isolated cardiac tissue and in-
vivo studies for arrhythmias in large animal models. Although these animal models are the
best we currently have available, they do not accurately predict the propensity of drugs to
induce QT prolongation in humans with an unacceptably high rate of false negatives61.
Therefore a more robust and sensitive screening modality to assess drugs for potential
cardiac toxicities is required and human iPSC-derived cardiomyocytes may provide a very
reliable and sensitive model for high throughput screening of drugs. The reliability of in-
vitro models of human cardiac myocytes has been validated by several studies assessing the
electrophysiologic response to well characterized drugs and their effect on the QT
segment62,63. Human ESC-derived cardiomyocytes responded to the drugs in the anticipated
fashion as would be expected from in-vivo studies. Thus, using human iPSC-derived cardiac
myocytes from different genders and ethnic backgrounds to screen for drug toxicities could
dramatically improve the safety of new drugs and increase the efficiency of drug
development.

Conclusion
With an aging population, ever-increasing costs of healthcare and a decrease in new drug
discoveries, new and innovative ways of accelerating and streamlining human disease study
and treatment are required. Human iPSC technology offers an unprecedented opportunity to
develop patient-specific and disease-specific iPSC lines to be used for regenerative
therapies, disease study, drug safety and discovery. The prospect of cellular and tissue
regenerative therapies offers tremendous hope for the transplant field that finds itself in a
supply-demand crisis with a constant shortage of donor organs and a rising number of
patients requiring transplants. Although the field is still in its early stages, the transformative
power of this new technology appears unlimited and should spawn novel therapies for years
to come.

Abbreviations

ESC embryonic stem cells

iPSC induced pluripotent stem cells

CPC cardiac progenitor cells
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SCNT somatic cell nuclear transfer

CM cardiac myocytes

SMC smooth muscle cells

EC endothelial cells
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Figure 1.
Differentiated somatic cells (fibroblasts) can be reprogrammed into induced pluripotent stem
cells (iPSC) with retroviral over-expression of the four factors Oct4, Sox2, Klf4, c-Myc.
iPSC have the potential to differentiate into all somatic cell types.
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Figure 2.
Schematic outline of potential therapeutic applications of iPSC. iPSC can be differentiated
into cardiomyocytes for drug screening and discovery. Autologous or haplotype matched
iPSC-derived cells can be used for myocardial regenerative therapies post myocardial
infarction. iPSC can be derived from specific patients to recreate the disease-in-a-dish
models in-vitro for study.
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