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Abstract

Adult stem cell therapies have provided success for more than 50 years, through reconstitution of
the hematopoietic system using bone marrow, umbilical cord blood, and mabilized peripheral
blood transplantation. Mesenchymal stem cell (MSC)-mediated therapy is a fast-growing field that
has proven safe and effective in the treatment of various degenerative diseases and tissue injuries.
Since the first derivation of embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs), there has been impressive progress toward developing safe clinical applications from
PSCs. Recent successes in transgene-free iPSC reprogramming have brought attention to the
potential of clinical applications of these pluripotent cells, but key hurdles must be overcome,
which are discussed in this review. Looking to the future, it could be advantageous to derive MSC
from iPSC or human ESC in cases where genetic engineering is needed, since in the PSCs, clones
with “safe harbor” vector integration could be selected, expanded, and differentiated. Here, we
describe the status of the progress of the use of MSC and PSCs in clinical trials and analyze the
challenges that should be overcome before iPSC-derived MSC therapy can be used widely in the
clinic.
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Introduction

An emerging approach to treat disorders requiring the replacement of injured or dying cells
is to replace those cells with healthy ones generated from stem cells, which have the
potential to differentiate into multiple mature cell types. In particular, adult stem cell-based
therapies have been successful for several decades, with the first hematopoietic stem cell
(HSC) transplantation occurring over 50 years ago [1]. Recent discoveries based on
embryonic stem cells (ESCs) [2] and induced pluripotent stem cells (iPSCs) [3] escalate the
hope for future regenerative medicine applications, with one human ESC-based therapy
already being tested in a first-in-man Phase I clinical trial. In spite of the great potential,
there are technical challenges to be overcome before PSCs can be applied to clinical
applications in a broader fashion.

In this review, we highlight the potential of iPSC-derived MSCs and several other iPSC
derivatives currently developed as stem cell therapy candidates and provide an evaluation of
challenges to overcome potential barriers toward clinical usage of PSC-based products.

Mesenchymal Stem Cells

For decades, cell therapies using adult stem cells have rescued thousands of patients from
induced or genetic disorders [1]. Bone marrow (BM)-derived HSC therapy was first
delivered to patients in 1956, following extensive testing in a canine model [4], afterward
becoming a standard clinical procedure, particularly as a treatment for leukemia and
lymphoma (reviewed in ref. [5]). MSCs were first described by Friedenstein and colleagues
as an adherent fibroblast-like subset of the BM microenvironment called the “marrow
stromal cells,” which was capable of supporting hematopoiesis. Later, these fibroblast-like
cells were found to have adult stem cell properties as they could differentiate into cartilage,
bone, fat, and tendon [1]. MSCs have been evaluated for regenerative medicine applications
either through direct differentiation into these tissues or indirectly through protein or
cytokine secretion and immune suppression [1, 6-9]. MSCs are a promising tool for cell
therapies because they are easily accessible from various tissue sources such as BM, fat,
umbilical cord, and others, easily isolated, show robust in vitro expansion to clinical scale
and allow for cryostorage with minimal loss of stem cell characteristics. MSCs have
demonstrated systemic migration capabilities after i.v. transplantation, in particular to areas
of hypoxia or tissue damage [10]. Even systemic administrations of allogeneic MSCs do not
cause any adverse effects, in part due to immune-modulatory effects [11, 12]. MSCs have
been considered safe as they do not show tumor formation after transplantation [13] and
have been widely tested and proven efficacious in preclinical and clinical studies for
cardiovascular [14] and neurodegenerative [15] diseases, graft-versus-host disease (GvHD)
[11], and autoimmune disease. Because of the ability of MSCs to differentiate to osteoblasts,
Caplan and colleagues initiated clinical trials for osteogenesis imperfecta using allogeneic
BM transplantation with MSC [16]. Le Blanc et al. pioneered a study to investigate
immuno-modulatory effects of MSC transplantation therapies for steroid-resistant GvHD
[11], and similar methods were applied to other diseases [1]. These early studies established
a good clinical record of safety for systemic MSC transplantation.

Several papers have demonstrated that MSCs can be efficiently transduced with retroviral
and lentiviral vectors and maintain transgene expression throughout many passages and
lineage-specific differentiations, with fewer complications caused by viral integrations [13,
17, 18]. MSCs genetically modified to secrete cytokines and other growth factors have been
successfully used in animal models of tissue repair and various other diseases and are
therefore poised to be tested in human clinical trials [9]. Clonal analysis of transduced MSCs
have shown that MSCs often contain several thousand copies of transgene RNA per cell and
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can maintain transgene expression for up to 6 months [19]. However, the risk of tumor
formation due to insertional mutagenesis by viral vector integrations still raises caution for
human clinical applications [20] (discussed in a later section). Identification and utilization
of genetically modified MSCs, which have “safe harbor” integrations of the desired
transgenes, is restricted due to the limited lifespan of primary MSCs during in vitro
expansion. Aging, moreover, significantly reduces the survival and differentiation potential
of BM-MSCs [21]. In contrast, using human PSC (hESC or iPSC) to generate MSCs, a
vector integration site could be mapped and cells with safe harbor integrations could
potentially be expanded nearly indefinitely.

HUMAN PLURIPOTENT STEM CELLS

hESCs have the potential to differentiate into all types of adult human tissues and to grow
indefinitely [2]. Since their initial derivation, hESCs have become promising tools for
developmental biology and regenerative medicine. However, concerns related to ethical
objections regarding the use of human embryos for hESC derivation have dramatically
restricted funding of research using these cells and therefore have set back the development
of hESCs for clinical trials. Because of their allogeneic nature, immune rejection of cells and
tissues derived from hESCs is another potential drawback to their use in transplantation.
Immunosuppressive drug regimens, similar to those used for current human tissue and organ
transplant procedures, might lessen the severity of the anticipated immune rejection, but at
the same time, can also put the tissue recipient at an increased risk of infections. This risk
can be lessened by application of human leukocyte antigen—matched tissue, as is currently
being practiced in organ transplantation, or could be completely eliminated by the use of the
patient’s own tissue. The latter possibility can now be achieved by application of autologous
iPSCs, the patient’s own somatic cells, “reprogrammed” to become pluripotent cells [3].

Following groundbreaking work by Yamanaka and colleagues demonstrating that mouse
fibroblasts could be converted into iPSCs by retroviral delivery of four transcription factors
(Oct4, Sox2, KIf4, and Myc), other groups reported that terminally differentiated human
somatic cells could be reprogrammed into a pluripotent state using retroviral or lentiviral
vectors transferring the same four transcription factors. In many ways, iPSCs are similar to
hESCs, in their morphology, gene expression, in vitro differentiation potential, and teratoma
formation. However, inherent “epigenetic memory” of the starting cells may influence
specific differentiation and in vivo functionality of tissues derived from such reprogrammed
cells. More research in this area is needed to determine the best starting somatic cell for
iPSC generation that allows for reproducible differentiation into different types of functional
tissues for human clinical applications. iPSCs hold great potential for regenerative medicine,
as can already be demonstrated in mouse models of Parkinson’s disease [22] and sickle cell
anemia [23]. Disease-specific iPSC lines for modeling “diseases in a dish,” screening new
drug compounds, and developing new therapies have been used successfully [24-26]
(detailed review in Shinya Yamanaka and Masato Nakagawa paper in this issue). However,
clinical applications of iPSCs have been criticized because of the possibility to form tumors
by integrated oncogenes, c-Myc in particular [27], by insertional mutagenesis that has the
potential to cause cancers [28] or disrupt tumor suppressor genes [20], and recently, for
epigenetic memories and genomic aberrations in the reprogrammed cells [29]. Therefore, to
manufacture iPSCs for clinical applications, several precautions need to be taken, as
discussed in detail in the following section.

As BM-MSCs can easily be harvested from adult sources and cultured in vitro, many
preclinical and clinical studies have used BM-MSCs [1]. Although easy access to BM-MSCs
is recognized as a great advantage, extended in vitro culture reduces the differentiation
potential of MSCs, which limits their therapeutic efficacy [30]. To overcome this shortfall,
MSCs derived from iPSCs may therefore be considered for human cell and gene therapy
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applications as iPSCs have the potential to be expanded indefinitely without senescence
(Fig. 1). Several laboratories, including ours, have already shown that MSCs derived from
hESC have the same in vitro and in vivo characteristics as MSCs derived from adult sources
[31, 32]. Our group reported that hESC-derived MSCs were karyotipically stable, had the
same cell surface phenotype as MSCs isolated from adult BM, and could home similarly to
areas of hypoxic injury in a hindlimb ischemia model [32]. Lian et al. [33] showed that
MSCs derived from human iPSCs can be generated in clonal expansion cultures and can be
differentiated into osteoblasts, adipocytes, and chondrocytes and promote vascular and
muscle regeneration. This team also described a greater regenerative potential of MSCs
derived from iPSCs, which may be attributed to superior survival and engraftment after
transplantation, because of higher telomerase activity and less senescence as compared to
BM-MSC:s. In these studies, iPSC- or hESC-derived MSCs were comparable to BM-MSCs
in surface marker expression, differentiation potential, and in in vivo regenerative potential
in the hind limb ischemia mouse model. Future studies should examine the efficiency of
MSC derivation based on different clinically relevant protocols or cell sources, with term
follow-up of in vivo safety and efficacy studies.

Genetically manipulated MSCs may also serve as cellular therapeutics since MSCs can be
used as targeted drug delivery vehicles (detailed review in ref. [9]). For instance, MSCs
could be transduced with a transgene expressing vascular endothelial cell growth factor
(VEGEF) to stimulate revascularization in ischemic heart and peripheral limb tissue [34].
Previous direct injection of VEGF protein and gene therapy vectors carrying VEGF showed
promise in Phase I-I1 clinical trials but did not achieve significance in Phase 111 trials [34].
MSCs, however, migrate to ischemic areas, remain there for an extended period of time, as
has been demonstrated in pre-clinical animal models [9, 35], and could continuously deliver
VEGF. This could become a cellular therapy using highly tested allogeneic, transduced
MSCs. These MSCs could be generated from iPSCs that were created in an integration-free
system and transduced with a VEGF vector; these could be selected for safe harbor
integrations of the transgene to exclude the possibility of tumor formation due to insertional
mutagenesis. Other diseases such as Huntington’s disease or other neurodegenerative
disorders, could also be targeted with this type of approach, using highly characterized
iPSC-derived MSC batches engineered to produce neurotrophic factors [15].

REGULATORY ISSUES FOR FUTURE SAFE THERAPIES FROM HUMAN PSCs

The US Food and Drug Administration (FDA) regulates the clinical application of cell and
gene therapy. The final cellular product administered into a patient must meet important
safety and efficacy criteria, such as identity, purity, potency and clinical safety, and efficacy
[36]. Besides criteria that all cellular products must meet, such as sterility, viability and
freedom from endotoxin, particular concerns for stem cells are (1) characterization of the
product, including in vitro and in vivo potency, (2) freedom from cell differentiation to
undesired cell types, (3) in vivo cell migration/trafficking to non-target site(s), (4) potential
uncontrolled cell proliferation or tumorigenicity, (5) immunogenicity, (6) graft-versus-host
effects, (7) interactions with devices, other tissues or drugs in vivo, and (8) for gene-
modified cells, potential uncontrolled biological activity of the transgene, alteration of
expression of the non-transgenes, and insertional mutagenesis. In this section, we discuss
individual areas of consideration for iPSC-derived cellular products in the path to the clinic.

Development of Clinically Relevant iPSCs and Their Derivatives

At this point, clinically applicable iPSC do not yet exist, but are under development. For
iPSC-based therapies, several categories must be considered to meet regulatory
requirements. One of the most important goals for the manufacturing of a safe stem cell
product is the prevention of tumor formation after transplantation. Tumors could be
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generated in iPSC-mediated clinical applications by insertional mutagenesis caused by
transgenes used for reprogramming [37], by enhancer effects caused by particular viral
sequences found in retroviral or lentiviral vectors [28], and by disruptions of essential genes
caused by integrated vector cassettes [20].

Teratomas could be caused by undifferentiated cells contaminating the differentiated final
product. Integrated c-Myc delivered by a retroviral vector has been shown to cause tumor
formation in 40% of mice due to the reactivation of silenced genes [37]. In adult stem cell
therapies, genetically modified cells can carry the risk of tumor generation. An HSC gene
therapy clinical trial to treat X-linked severe combined immunodeficiency disease (X-SCID)
using a retrovirus caused 4 out of 11 children to develop leukemia [28, 38] and 1 out of 10
Wiskott—Aldrich syndrome gene therapy clinical trial patients developed an acute
lymphocytic leukemia [39] due to transgene integrations in the proximity of the LMOZ2
proto-oncogene promoter. Numerous other stem cell gene therapy clinical trials using retro-
or lentiviral vectors that were not carrying a growth factor receptor gene, however, have
avoided this outcome [40]. Another concern may be cell transformation caused by gene
disruption. An HSC therapy paper claimed that integrated lentiviral vector had disrupted a
tumor-suppressor gene leading to premature termination of endogenous genes that could
cause tumor formation [20]. This effect could be monitored in in vitro cell immortalization
assays and by serial transplantation experiments in vivo [13, 41].

MSCs derived from iPSCs with safe harbor therapeutic gene integrations, or gene
corrections by homologous recombination, could significantly reduce the chance of tumor
formation as these cells can be screened to avoid gene disruptions or oncogene activation.
iPSC colonies can be specifically selected for proper gene insertion, can be highly tested,
and can then be expanded at large scale for master cell bank generation prior to directed
differentiation to MSCs or other lineages. Gene-modified iPSC-derived MSCs could be used
for safe administration of a therapeutic gene product to specific sites of injury or
inflammation, as MSCs are known to migrate to such areas in vivo [9, 15, 42].

Improving reprogramming technology for safe iPSC derivation is important for human
therapeutic applications, and permanent transgene integrations for reprogramming should be
avoided. Recent papers have described many approaches to accomplish this, such as
adenoviral vector transductions, DNA plasmid vector transfections, Cre-LoxP excision of
reprogramming vector cassettes transferred by a lentiviral vector, transposons, episomal
Epstein-Barr virus, mRNA transfections, and protein transfections [43]. All of these
methods avoided transgene integration or persistence, and tumor formation in chimeric mice
could not be observed (detailed review in Gustavo Mostosavsky paper in this issue).
Additionally, small molecule-mediated reprogramming has become interesting for clinically
relevant iPSC generation [44]. A small molecule approach could be simpler and may not be
associated with the same side effects as an RNA approach. However, such approaches are
currently rather inefficient in the generation of iPSCs and are under further development.

Epigenetic Memory and Genetic Aberrations

Another important concern for cellular therapies is whether the transplanted cells may
become unstable or could be transformed into tumors. A number of studies have
demonstrated that iPSCs contain abnormalities at the genetic and epigenetic level and that
these defects are often related to oncogenic pathways [29, 45-47]. The epigenetic memory
of iPSCs with its incomplete epigenetic reorganization and skewed differentiation potential
also raises the question of whether such cells may actually be suitable for therapeutic
applications (detailed review in Ren-He Xu paper, Juan Carlos Izpisua Belmonte paper,
Hans Schoeler, and Jared Sterneckert paper in this issue). These issues will be addressed in
iPSC derived cellular therapies currently under development.
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Cell Culture Conditions

Even though iPSCs can be reprogrammed by integration-free methods, there are still a
number of concerns to be addressed before any of these methods can be applied to generate
a clinical grade cellular product. Current FDA regulations mandate the derivation and
manufacture of cell and gene therapy products to be compliant with current Good Tissue
Practice (cGTP) and Good Manufacturing Practice (cGMP) regulations, which include
collecting, storing, and recovery of patient samples, derivation, culturing and differentiation
of tissues, screening, testing, validating of products and procedures, packaging, labeling, and
distribution of final products [36]. However, a Phase I clinical trial applying hESC-derived
neuronal tissues for the treatment of spinal cord injury was recently approved by the FDA.
The hESCs were not derived under GMP conditions and had been cultured on mouse feeder
cells; however, they were highly tested for communicable xenogeneic diseases [48].
Nonetheless, it will be in the best interest of the laboratory manufacturing an iPSC- or
hESC-derived cellular product to be in compliance with cGTP and cGMP regulations,
otherwise the product will not be able to progress to Phase Il or 111 clinical trials, and will
have to be rederived. Additionally, to generate a safe and clinically acceptable iPSC-derived
product, xeno-free cell culture conditions should be used to minimize the risk of transmitting
disease or causing human immune reactions [36]. In the past, hPSCs have been derived and
cultured using media containing animal-based serum replacements and a mouse embryonic
fibroblast feeder layer. Martin et al. [49] found that both xenogeneic serum replacement and
feeder cells are sources of nonhuman sialic acid Neu5Gc, which causes immunological
reactions involving human antibodies. Therefore, human clinical applications of iPSCs
should use cultures with either human feeder cells or a feeder-free system applying a
chemically defined matrix.

Consistency of iPSC Derivation and Differentiation

Standard Operating Procedures (SOPs) are mandated in a GMP environment. These SOPs
guarantee that a safe and efficacious cellular product will be manufactured in a reproducible
manner. Although there are several clinically applicable reprogramming technologies, the
consistency of iPSC-derived products is still a concern. SOPs cannot eliminate variations in
cell reprogramming, expansion and differentiation efficiencies, but rather, will have to adapt
to these properties inherent in iPSCs and iPSC-derived products. In all likelihood, well
growing colonies and differentiated tissues will have to be selected under GMP conditions,
and appropriate tests will have to be performed to assure their safety and efficacy in the
planned human clinical application [29, 47, 50]. Single cell clonal expansion of human
iPSCs have shown low survival rates compared to mouse counterparts [51]; therefore,
developing reliable and reproducible standard protocols to differentiate and select iPSC-
derived cellular products is a pressing issue.

There are indications that due to epigenetic memory or incomplete reprogramming, some
iPSC lines favor specific differentiation pathways [52]. Differentiated cells can be thought
of as a heterogeneous population of desired, differentiated cells mixed with undesired,
undifferentiated cells, in spite of the application of efficient direct-differentiation methods
[53]. To eliminate undifferentiated PSCs within the population of differentiated cells,
several techniques have to be assessed. Cell sorting using a clinical grade flow cytometric
cell sorter under GMP conditions can be one of the solutions. Introduction of a suicide gene
only expressed in undifferentiated cells and antibodies directed against stem cell-specific
surface markers could be used to selectively kill or capture and remove undifferentiated
PSCs.
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Safety and Efficacy

Safety of a cellular product remains the most important criterion for human applications.
Therefore, toxicology studies must be performed on the proposed final product. Such studies
must be evaluated in acute and chronic in vivo models and must encompass the examination
of major organs, neighboring tissues, blood chemistry, and blood cell counts after the
transplantation into the in vivo models [36].

Efficacy and functional consistency of an iPSC-derived cellular product is also important.
Specific efficacy and potency tests need to be developed for each product. Such tests could
be in vitro or in vivo tests, testing a specific function of the final product. The in vivo
functionality and efficacy of the cellular product could be evaluated in a transplantation
model and could be correlated with the in vitro assay. If the assays show consistent
correlation, then the in vitro assay could later be used as a surrogate marker for the in vivo
assay. The same model could possibly be applied to the measurement of cell surface markers
associated with established efficacy in an in vivo model. In later phase clinical trials, the
efficacy assay is mandated by the FDA [36].

Currently, it is not clear whether fully differentiated cells or progenitor cells would be more
suitable for engraftment and functionality. Recently, a fetal neural stem cell transplantation
paper raised the issue of tumorigenicity. Fetal neural stem cell injections into an ataxia
telangiectasia patient caused tumor formation 4 years after transplantation. Tissue analysis
confirmed that those tumors originated from donor tissues [54]. Fully differentiated cellular
products have low potential to form tumors. However, they also have low engraftment
efficiency and poor durability in most cases. Therefore, systematic in vivo studies applied to
the state of differentiation of specific iPSC-derived cellular products should be conducted
before human applications are considered.

There is no standard protocol prescribing the number of cells to be transplanted for
maximum effectiveness. Any such number will have to be derived for the particular cellular
product and the tissue to be treated. However, given the low engraftment and survival rates
of transplanted cells, in the past, large numbers of cells have been transferred into patients.
Delivery of cells to certain anatomic locations may require novel procedures or novel
delivery devices, and care needs to be taken not to disrupt the local environment (detailed
review in ref. [8]). If injected intravenously in very high numbers, cells run the risk of
clogging blood vessels and potentially causing pulmonary emboli or infarctions. Therefore,
an initial safe dose regimen and dose escalations, based on animal data, must be used with
careful consideration of the route of administration and the dose schedule.

In early phase MSC preclinical and clinical trials, safety of transplanted MSC was well
documented in animal models and in human trials, but in vivo efficacy was controversial in
humans [1]. While some MSC trials have shown clear efficacy, others have not achieved
significant outcomes [55-59]. Mixed results from early MSC clinical trials may be due the
lack of fundamental MSC biology and low engraftment efficiency, which can lead to low
therapeutic efficacy [7, 8]. Recently, several preclinical studies have shown enhanced
efficacy of MSC therapies by overexpression of trophic factors, preconditioning with
hypoxic environment, and surface antigen modifications [60, 61]. Among others, our
laboratory demonstrated that hypoxic preconditioned MSCs prior to transplantation
improves their tissue regenerative potential in mice with hindlimb ischemia [60]. The recent
work by Sackstein and colleagues improved homing efficiency of BM-MSCs into the bone;
they chemically modified the MSC surface antigen CD44 and intravenously injected such
manipulated MSCs into nonobese diabetic/SCID mice. Transplanted MSCs were found to
have homed into the bone and showed sustained survival as compared to unmanipulated
MSCs [62]. Further long-term in vivo studies must be conducted to assure that such surface
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antigen modifications are safe and can increase the homing and therapeutic efficacy of
transplanted MSCs, derived from both adult tissues and from pluripotent sources.

Conclusion

hPSCs have enormous potential for regenerative medicine. Adult stem cell (HSC)-based
therapies have demonstrated safety and efficacy for several decades, and adult MSC
therapies are showing efficacy in some trials, with mixed results such as only transient
effects in others due to poor cellular retention or other factors that need to be further
optimized. Creation of large batches of iPSC-derived MSCs would allow full in vivo testing
in preclinical studies. Although iPSCs might offer great hope for stem cell therapies, there
are important safety issues to be considered before these cells are suitable for clinical trials.
However, the potential future ability to generate stem cell lines matched to a particular
patient, and to perform homologous gene correction or targeted transgene insertion into a
safe harbor site in the genome prior to further expansion and differentiation offers amazing
potential for future regenerative medicine therapies and is the goal of major research efforts
worldwide.
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Figure 1.

Schematic diagram of iPSC therapy. (A): Fibroblasts from skin biopsy are cultured from
patients. (B): Patient-specific cells can be reprogrammed by viral delivery of induction
factors or nonintegrating methods. (C): Gene correction can be accomplished by vector-
mediated gene transfer or gene exchange by homologous recombination. (D): Gene-
corrected iPSCs can be screened by sequencing to find a clone with proper gene correction
or integration into a safe harbor site. (E): Gene-modified iPSCs can be differentiated into
MSCs and expanded. (F): MSCs with integration into the controlled site can be tested,
expanded, and purified in a good manufacturing practice facility and could then be
transplanted to the patient, following appropriate clearance by all regulatory agencies.
Abbreviations: iPSC, induced pluripotent stem cell; MSCs, mesenchymal stem cells.
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