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Abstract
The development of induced pluripotent stem cell (iPSC) technology has generated enthusiasm
about the therapeutic potential of these cells for treating a variety of diseases. However, the
evidence that they actually will be clinically useful is limited. Here, we discuss the potential
therapeutic applications of iPSCs for treating cancer and other diseases and highlight the current
barriers restricting their use.

Induced pluripotent stem cells (iPSCs) are a new type of stem cell that is generated by
reprogramming the genome of an adult somatic cell, such as a skin fibroblast, to a
pluripotent state. Such iPSCs share many similarities with embryonic stem cells (ESCs).
Reprogramming of adult somatic cells to iPSCs requires certain pluripotency factors,
including the transcription factors Oct4, Sox2, and Klf4 (1). These iPSCs are able to renew
themselves indefinitely and to differentiate into many different cell types, including
pancreatic-β cells, liver hepatocytes, cardiomyocytes, hematopoietic cells, and dopaminergic
neurons. Consequently, there has been much enthusiasm about using iPSCs to generate
tissues to treat a variety of diseases, including diabetes, liver cirrhosis, leukemia, and
Parkinson’s disease, but ultimately how useful these cells will be for regenerative medicine
is still not clear (2).

The first clinical trials to use human ESCs, which are closely related to human iPSCs, have
just begun in patients with retinal disease and severe spinal cord injury (2). The goal of these
early trials is to establish safety, hopefully with a hint of efficacy. If ESCs are established as
a safe cellular therapy, then this will provide a foundation for clinical trials using human
iPSCs. Unlike human ESCs, which must be prepared from human embryos, iPSCs can be
reprogrammed from many (perhaps most) types of adult cells (3), thus avoiding the real and
perceived ethical and pragmatic issues that arise with human ESCs. In addition, because
iPSCs can be derived directly from the patient, iPSC-derived tissues would be genetically
identical to tissues of the patient enabling autologous transplantation. In contrast, it would
not be feasible to make ESCs for every patient, and so the use of ESCs in regenerative
medicine would be limited to allogeneic transplantation.

Given that iPSCs do not have the ethical or immunogenic limitations associated with ESCs,
they represent a stem cell technology that is more likely to be translatable to the clinic. One
of the advantages of iPSCs is that they can be generated from diverse tissues of the human
body and methods to improve human iPSC technology now allow the generation of iPSCs
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from various adult human tissues, including skin, hair, blood, and liver (3). Building on the
knowledge obtained from human ESC studies, direct differentiation methods have been
implemented to obtain highly specialized cell types from human iPSCs (3). The enthusiasm
of scientists for using human iPSCs is due in part to the fact that nuclear reprogramming of
adult human cells generates iPSCs endowed with the unlimited potential to reconstruct
genetically identical tissues. This biomedical tool offers unprecedented opportunities to
develop scalable, yet personalized cell-based therapy for patients with a variety of different
diseases. Not only could a patient’s iPSCs be used to generate cells for transplantation to
repair damaged tissue (for example, transplanting iPSC-derived liver cells to repair or
regenerate injured liver), but also the differentiated progeny of such cells could be used to
screen candidate drugs to treat the disease (Fig. 1). In addition, by focusing on diseases of
unknown or unclear etiology, iPSC technology offers a robust platform to efficiently dissect
molecular and cellular pathophysiology for the purposes of developing diagnostic,
therapeutic, and preventive applications (Fig. 1).

POTENTIAL APPLICATION OF iPSCS FOR CANCER TREATMENT
Human iPSCs have been touted as the route to produce a variety of tissues that could be
used in regenerative medicine. For example, iPSCs generated from the fibroblasts of type 1
diabetes patients have been induced to differentiate into insulin-producing pancreatic-β cells
in vitro (4). In a mouse model of sickle cell anemia, transplantation of hematopoietic
progenitor cells derived from autologous mouse iPSCs that had been genetically corrected
resulted in rescue of the disease phenotype (5).

But how can the regenerative potential of iPSCs be commandeered to help treat cancer
patients? There are two possible scenarios where iPSCs might be of value. First, one could
envisage using iPSC-derived tissue to replace or repair tissues of cancer patients that have
been injured by radiation, chemotherapy, or the surgical treatment necessary to eliminate the
tumors. Because most cancers involve acquired genetic mutations in a specific tissue, iPSCs
derived from other healthy tissues of the same patient theoretically could be used to
regenerate those tissues damaged by the tumors themselves or subsequent treatments.
However, human iPSC-mediated regenerative therapy requires that the iPSC-derived tissue
shows robust engraftment in vivo. Unfortunately, only a few human ESC- or iPSC-derived
cell types such as ESC-derived dopaminergic neurons or ESC- and iPSC-derived
hepatocytes have been shown to engraft successfully in animal models of Parkinson’s
disease and liver cirrhosis, respectively (6, 7). So far, many other cell types—such as
hematopoietic cells derived from ESCs or iPSCs—that would have been predicted to engraft
efficiently in vivo have proved surprisingly recalcitrant to engraftment. Recently, we have
demonstrated that hepatic cells derived from iPSCs generated from healthy human donors or
from patients with inherited liver disease, liver cirrhosis, or liver cancer were able to engraft
the livers of mice treated with a chemical to induce liver injury (7, 8). Up to 30% of the
mouse liver was composed of human hepatocytes after transplantation, and the engraftment
levels were comparable with those observed after transplant of primary human hepatocytes
(7, 8). Although this study is preliminary, it suggests that it may be possible to generate
human hepatocytes from iPSCs derived from the nonliver tissue of patients with liver
cirrhosis that could then be transplanted into these patients to promote liver regeneration and
repair. Such a strategy might also have the potential to prevent patients with liver cirrhosis
from progressing to hepatocellular carcinoma.

A second area in which patient-specific iPSCs may offer a distinct advantage for cancer
treatment is immune therapy (9). It has been shown that human iPSCs derived from T
lymphocytes retain the pre-rearranged T cell receptor (TCR) gene (10–13), suggesting that
these iPSCs could be induced to differentiate into functionally active T cells. It will be
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interesting to see whether a large quantity of functional T lymphocytes carrying specificity
against certain tumor antigens could be generated in vitro by reprogramming selected T cell
clones into iPSCs and then subsequently differentiating them back into T lymphocytes that
could then be infused into the patient. One of the concerns related to this approach, however,
is safety. A mouse study has shown that mice derived from a mature T cell reprogrammed
by somatic cell nuclear transfer (a procedure in use before the advent of iPSC technology)
developed spontaneous T cell lymphomas at high frequency (14). It is currently unclear if
this observed phenomenon is intrinsic to T cells bearing pre-rearranged TCRs. Future
studies are needed to demonstrate the safety of human iPSCs derived from T cells.

One area where human iPSCs could be very useful for cancer treatment is for screening new
drugs. Human iPSCs can be obtained from the cancer cells of patients, and these iPSCs and
their progeny would provide cellular targets containing all of the mutations of the patient’s
tumor on the genetic background of the patient. The cell types obtained by differentiating
patient iPSCs derived from cancer tissues may be more biologically relevant to human
tumors than the traditional cancer cell lines, mouse tumors, or mouse xenograft models that
are currently used in drug screening. In addition, hepatocytes generated from human iPSCs
of different genetic backgrounds will also aid efforts to test the toxicity of candidate cancer
drugs—hepatotoxicity is the most common reason that many promising cancer drugs never
make it into the clinic (15).

CURRENT HURDLES TO iPSC-BASED CANCER THERAPY
There are many roadblocks that may hinder or delay clinical applications of human iPSCs
for treating a variety of diseases, including cancer. Such roadblocks include (i) safety issues
related to the generation of iPSCs, (ii) a lack of effective protocols for differentiating human
iPSCs into different functional cell types, and (iii) a lack of GMP-compliant protocols for
deriving, expanding, and differentiating human iPSCs.

A principal safety concern is insertional mutagenesis associated with the traditional
derivation of iPSCs from adult human cells by use of a transcription factor transgene
cocktail delivered by retrovirus or lentivirus vectors. This roadblock has been partly
addressed by using virus-free and integration-free methods such as episomal vectors or
mRNA- or protein-based strategies to reprogram adult human cells; these strategies work
with varying efficiencies to generate iPSCs (16–21). Human iPSCs derived by these
protocols are free of exogenous DNA sequences, thereby eliminating the potential for
insertional mutagenesis and undesired cell behaviors caused by reactivation of
reprogramming transgenes. However, just like other processes involving cell division and
expansion, genomic mutations are inevitable during reprogramming and the subsequent
expansion steps, as has been demonstrated in a recent whole-exome sequencing study (22).
This study showed that human iPSC lines, regardless of the reprogramming methods used,
contain approximately six protein-coding point mutations per exome. As whole-genome
sequencing technology continues to develop and the costs for such studies continue to drop,
it will become both feasible and necessary to examine individual human iPSC lines for their
genomic integrity to ensure their safety for clinical applications.

Many cell types have been generated from human iPSCs; however, the functionality of most
of the human iPSC-derivatives remains unknown and requires extensive testing. Although
differentiation protocols have been established for obtaining hematopoietic progenitor-like
cells as well as more specialized blood cell types, it has proved a daunting task to generate
transplantable hematopoietic stem cells from human ESCs or iPSCs that can home to bone
marrow after transplant and engraft successfully (23, 24). In contrast, human ESC- and
iPSC-derived hepatic progenitors and mature hepatocytes have been shown to engraft mouse
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liver tissue after transplant and to be functional (7, 8, 25–28). The functionality of these
iPSC-derived liver cells still needs to be improved for them to be comparable with their
primary human hepatocyte counterparts. To achieve this goal will require more advanced
knowledge about normal liver development. Studies using mouse iPSCs and more recently
human iPSCs have suggested that there is epigenetic memory retained in the iPSCs
reflecting their derivation from adult somatic (parental) cells and that such molecular
memory may influence their potential to differentiate into certain tissues, including
hematopoietic cells and pancreatic cells (7, 29–31). Understanding the mechanisms
underlying the epigenetic memory (7, 29–31) retained by iPSCs will also benefit efforts to
derive functional cell types that are safer and more suitable for therapy.

Currently, most of the reprogramming and differentiation experiments have been conducted
as proof-of-principle studies. Translating this research into clinical therapies will require
significant efforts to develop GMP-compliant conditions. Clinical grade iPSCs and
differentiation reagents need to be developed. Given that it takes several months to generate,
expand, and select human iPSCs even before the differentiation process begins, for clinical
purposes it may be more practical to establish human iPSC banks that contain a wide range
of iPSC lines derived from diverse human lymphocyte antigen (HLA) haplotypes. These
banked iPSCs could then be used to produce HLA-compatible tissues and organs for
allogeneic rather than autologous transplantation.

TREATING HEMATOLOGICAL MALIGNANCIES WITH ADULT STEM CELLS
Allogeneic blood or bone marrow transplantation (BMT) is the standard-of-care treatment
for many hematological malignancies, such as leukemias, that cannot be cured with
conventional-dose therapies. Histocompatibility barriers have historically limited the
applicability of BMT to those patients who have HLA-matched donors. Transplants of
HLA-mismatched bone marrow produce mortality rates in excess of 50%, mostly as a result
of graft-versus-host disease (GVHD) (32, 33). Accordingly, upwards of 50% of patients, and
the majority of some ethnic groups such as African-Americans (34), in need of allogeneic
BMT lack appropriate donor options. The ability to generate hematopoietic stem cells from
patient-derived iPSCs could theoretically provide a graft for all in need of BMT. However,
the potent immunological allogeneic graft-versus-tumor effect, which is generally the most
important antitumor activity of allogeneic BMT, would be lacking if the patient’s own iPSC-
derived hematopoietic stem cells were used unless similar anticancer activity could be
engineered into these cells. HLA-matched allogeneic iPSCs would be another alternative.
On the other hand, recent data indicate that HLA barriers may no longer be a major
impediment to the more widespread use of allogeneic BMT. Recent data show that
allogeneic BMT from mismatched (haploidentical)–related BMT donors can be just as
effective as that from matched siblings, with similar rates of GVHD and survival (35, 36).
Importantly, such an approach maintains the allogeneic graft-versus-tumor effect.

WHAT DOES THE FUTURE HOLD?
It is currently difficult to predict whether human iPSCs have real potential in regenerative
medicine because in vivo studies reporting engraftment of cells derived from iPSCs are
sparse. The two main uses of human iPSC technology would be for drug discovery and cell
transplantation (Fig. 1). Using iPSCs for drug development would require establishing
patient iPSC-based disease models for testing potential drugs. Pathogenesis research using
patient-relevant models of complex diseases such as cancer would help in the discovery of
better cellular and molecular targets for drug development. Regenerative therapy using
iPSCs will require correction of the genetic defect (when necessary) and in vivo functional
testing of these cells. Perhaps a more immediate use of human iPSC-derived cells will be for
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in vitro screening of candidate antitumor drugs given that improving and evaluating in vivo
function for most iPSC-derived cell types is still in the future. Patient iPSC-based drug
screening is likely to be particularly beneficial for cancer patients with late-stage inoperable
tumors because conventional cancer cell lines and animal models have not been effective for
developing drugs that are powerful enough to combat the intra- and intertumor heterogeneity
of advanced cancers (37). Although there are many technical hurdles to overcome before
establishing iPSC-based tailored therapy for cancer patients, the potential of pluripotent
stem cell therapy is great. Together with continued improvements in current cancer
therapies, iPSC technology provides an additional therapy to add to the antitumor
armamentarium, but much more work needs to be done to demonstrate their true value in the
clinic.
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Fig. 1. Roadblocks to translating human iPSC technology to the clinic
Human iPSC technology potentially can be used for screening new cancer drugs (blue box)
and ultimately for providing cells for transplant to treat a variety of diseases, including
cancer (yellow box). Genetic mutations can be corrected in patient-derived iPSCs by gene
targeting approaches. The main hurdles to using patient-specific iPSCs for disease modeling,
drug screening, and transplantation purposes are (i) a lack of effective differentiation
protocols, (ii) little or no engraftment capability for the majority of human iPSC-derived
specialized cells, (iii) difficulties in modeling multifactorial diseases, (iv) the need for GMP-
compliant conditions at each step, and (v) safety concerns regarding the potential
tumorigenicity of iPSCs associated with their pluripotent state or with insertional- or
culture-driven mutagenesis. Dotted arrow, not yet tested; solid arrow, only a few studies
available; blue arrow, feasible but requires further study.
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