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Abstract

Tissues derived from induced pluripotent stem cells (iPSCs) are a promising source of cells for
building various regenerative medicine therapies; from simply transplanting cells to reseeding
decellularized organs to reconstructing multicellular tissues. Although reprogramming strategies
for producing iPSCs have improved, the clinical use of iPSCs is limited by the presence of unique
human leukocyte antigen (HLA) genes, the main immunologic barrier to transplantation. In order
to overcome the immunological hurdles associated with allogeneic tissues and organs, the
generation of patient-histocompatible iPSCs (autologous or HLA-matched cells) provides an
attractive platform for personalized medicine. However, concerns have been raised as to the
fitness, safety and immunogenicity of iPSC derivatives because of variable differentiation potential
of different lines and the identification of genetic and epigenetic aberrations that can occur during
the reprogramming process. In addition, significant cost and regulatory barriers may deter
commercialization of patient specific therapies in the short-term. Nonetheless, recent studies
provide some evidence of immunological benefit for using autologous iPSCs. Yet, more studies
are needed to evaluate the immunogenicity of various autologous and allogeneic human iPSC-
derived cell types as well as test various methods to abrogate rejection. Here, we present
perspectives of using allogeneic vs autologous iPSCs for transplantation therapies and the
advantages and disadvantages of each related to differentiation potential, immunogenicity, genetic
stability and tumorigenicity. We also review the current literature on the immunogenicity of
syngeneic iPSCs and discuss evidence that questions the feasibility of HLA-matched iPSC banks.
Finally, we will discuss emerging methods of abrogating or reducing host immune responses to
PSC derivatives.
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INTRODUCTION

Understanding the immune responses to transplanted human pluripotent stem cells (PSCs)
and PSC-derived tissues, and how immune responses can be mitigated or prevented, is of
critical importance for the future clinical application of this technology. Both categories of
PSCs--embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs)--offer an
unprecedented opportunity to create replacement cells and tissues for regenerative medicine
therapies. However, the advent of human iPSCs uniquely allows for the generation of
autologous cell therapies that, at least in theory, should not elicit immunologic rejection
when transplanted back into the original donor [1-3]. This concept has the potential to
transform the field of transplantation, which today is beset with the clinical reality of scarce
donor tissue availability and the prospect for recipients to endure a lifetime of
immunosuppressive drugs with associated side effects. Hopefully, one day this could be
eclipsed by abundant personalized therapies with low potential for rejection and graft failure.
However, to achieve this goal of patient-specific iPSC-based therapies biological, logistical,
regulatory and financial barriers will need to be overcome [4, 5]. The biological concerns
associated with the generation of iPSCs for use in regenerative medicine, such as the
reprogramming methods used, input cell source used for generating iPSCs, as well as the
teratoma-forming potential of the differentiated cell populations--all of which potentially
may elicit an unintended immune response--pose a threat to the integrity and survival of the
graft. However, we believe these issues will be surmountable in time and, further, the fact
that iPSCs are derived ex vivo offers opportunities to modulate the immunogenicity and
functionality of iPSC-derived tissues, as has been demonstrated by recent studies [6]. This
review will comment on critical available evidence related to the immunogenicity of
allogeneic and autologous PSCs and potential methods that could be utilized to circumvent
alloimmunity.

Background: Derivation of human iPSCs

Two similar but distinct types of human PSCs are available for use in future clinical
regenerative medicine strategies. Whereas ESCs are derived from the inner cell mass of
donated embryos, iPSCs are generated directly by genetically “reprogramming” terminally
differentiated somatic cells into a pluripotent state via forced expression of pluripotency-
associated factors. Reprogramming is a clonal process i.e. one input cell is reprogrammed
into a clonal iPSC line. The resultant iPSCs very closely resemble ESCs in phenotype and
function. Reprogramming technology was discovered through early work from Sir John
Gurdon [7] and then built upon by the laboratories of Shinya Yamanaka [3, 8] and James
Thomson [2]. Gurdon and Yamanaka were awarded the Nobel Prize for their contributions in
2012. Both categories of PSCs are capable of nearly unlimited, undifferentiated proliferation
in vitro and are considered pluripotent by retaining the ability to form the numerous adult
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cell types derived from the three embryonic germ layers [9, 10]. However, iPSCs have a
unique added benefit of containing a near replica of the genetic material of the individual
cell of origin, thus offering the potential to create patient-specific therapies which may be
tolerated as “self” by the patient’s immune system (Figure 1).

iPSC technology circumvents the main ethical objection associated with the use of hESCs
by using terminally differentiated somatic cells rather than discarded embryos as the input
cell source. Further, it allows for the development of patient-specific cell therapies and
potentially moves medicine away from allogeneic transplants and the specter of
immunologic rejection into autologous transplants and the promise of donor-specific
tolerance. However, currently available reprogramming technologies will need to be refined
prior to widespread clinical application. Initial reports of successful reprogramming used
integrating retroviral vectors [2, 3]. Because of concerns related to potential unintended
effects on differentiation, teratoma formation and genetic stability, researchers strove to
develop reprogramming methods using non-integrating approaches to obtain safer iPSCs.
These non-integrative approaches include episomal plasmid DNA [11], piggyBac transposon
[12], Sendai virus [13], adenovirus [14], mRNA [15] minicircle vectors [16], as well as
protein transduction and small molecules (reviewed in [17] and [18]). One common
disadvantage to many of these strategies is the decreased reprogramming efficiency
compared to that achieved with lentiviral/retroviral approaches. Nonetheless, some methods
such as Sendai virus show increased reprogramming efficiency and many of these methods
are effective in practice.

A recent review by Schlaeger et al. [19] examined several non-integrative reprogramming
methods including Sendai virus (SeV) [13], episomal plasmid DNA [20] and mRNA [15].
They summarized the pros and cons associated with these methods, as they compare to
integrating vector approaches. In addition to directly testing the above-mentioned methods
they further polled the field of human cell reprogramming laboratories through an online
survey and compiled results from >1400 human somatic reprogramming experiments from
around the world. They conclude that while the Sendai virus was efficient and reliable it
presently cannot be applied to the clinical setting due to lack of clinical grade SeV. RNA,
protein transduction and small molecule based approaches are very promising but need
further optimization due to technical challenges. They concluded that the best approach for
reprogramming cells that can be applied to a clinical setting at this point in time is the
episomal plasmid DNA method due to its reliability and integration-free mechanism.

THE IMPORTANCE OF CELL SOURCE FOR iPSCs

Starting Material

Cell lines derived from fetal fibroblasts, neonatal foreskin fibroblasts, and adult dermal
fibroblasts were the first human cells to be reprogrammed [2, 3]. In the following years a
wide variety of cell types have been documented to be amenable to reprogramming, for
example, adipose cells [21] and epithelial cells collected from the urine [22]. Deriving iPSCs
from various blood cell sources, including mobilized CD34+ cells [23] and peripheral blood
T cells [24], has emerged as an attractive methodology due to routine clinical collection of
patient blood samples, compared to the more invasive and labor-intensive approach of
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performing skin punch biopsies followed by tissue processing and cell culture associated
with establishing primary fibroblast cell lines. Minimally manipulated primary cells, such as
blood-derived cells, have the advantage of being less likely to exhibit stochastically acquired
mutations prior to reprogramming. Additionally, the availability of cryopreserved specimens
from living and deceased donors [25] makes blood-derived cells a leading choice for
reprogramming as iPSC therapies move towards the clinic.

The choice of input cell type for therapeutic reprogramming should be evaluated based on
convenience of obtaining samples, as mentioned above, but additional factors should also be
considered. Donor cell age is an important factor, as advanced age of the somatic cell donor
has been associated with decreasing reprogramming efficiency [26]; however, Lapasset et al.
[27] showed no differences in efficiencies between aged and young donor input cells.
Furthermore, the cells from an older individual will have a greater likelihood to have
accumulated mutations over time (e.g. UV-induced DNA damage in skin fibroblasts), which
may detrimentally affect the cell/tissue of origin and the derivative cell/tissue. Overall, the
age and possibility of accumulated genetic changes in the donor could have a significant and
unavoidable influence on the success of the therapy. In the autologous setting, these risks
may be acceptable i.e. in cases where personalized therapies are required. On the other hand,
in allogeneic settings, such as in HLA tissue banking strategies, the choice of cell source and
donor age should be carefully considered, as the safety requirements for clinical application
would likely be more stringent.

An intriguing example of the importance of input cell type involves the use of T cells for
generating iPSCs, as described by Brown et al. [24].During the process of T cell receptor
(TCR) rearrangement, germline DNA is excised prior to the formation of a functional TCR.
This phenomenon can be exploited to generate monoclonal T cells by selecting a T cell
clone with known peptide/MHC specificity (e.g. HIV or Melanoma [28, 29]) from a
patient’s blood sample, reprogramming the cell and then redifferentiating the iPSCs into a
new population of monoclonal T cells which maintain the parent cell’s HLA background as
well as clonal specificity. Besides being a method to generate large quantities of therapeutic
T cells, the resultant “rejuvenated” cells have longer telomeres and a more central memory
phenotype [28]. Moreover, this approach of generating clonal T cell populations avoids the
alpha and beta TCR chain exogenous/endogenous mispairing encountered with traditional
TCR cloning adoptive transfer therapies which can elicit autoimmune-related side effects
[24, 30].

Genome-wide gene expression profiling [31, 32] and DNA methylation pattern analyses [33]
have detected incomplete reprogramming in iPSCs, which can result in aberrant
differentiation and immunogenicity of iPSC-derived cells. Therefore these approaches
should be incorporated into the evaluation of a particular iPSC line whenever possible. In
addition, whether or not an iPSC line exhibits incomplete reprogramming should be
correlated with lineage-specific differentiation potential to determine its clinical utility and
its propensity for teratoma formation after transplantation of lineage-enriched or purified
populations [34]. For example, while an “epigenetic memory” (to be discussed further,
below) can be considered incomplete reprogramming, in certain instances it may be
beneficial by biasing the cells toward differentiation to a desired lineage. Identifying gene
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expression profiling differences among iPSC lines and whether they are functionally relevant
illustrates the importance of evaluating multiple lines from a given individual and will aid in
determining the cell lines with the highest likelihood of success for future potential
therapeutic applications.

Epigenetic Memory

Recent studies have suggested significant molecular and functional differences between
iPSCs that are derived from distinct cell types and sources, demonstrating a so-called
“epigenetic memory” [35]. In order for the complete reprogramming of a somatic cell to a
pluripotent state the epigenetic modifications (e.g. DNA methylation, histone acetylation,
etc.) must be erased or reset to what is observed in an embryonic state. Pluripotency is
typically assessed by gene expression and teratoma formation; however, these assays do not
assess the persistent epigenetic and molecular signatures, which may have negative (or
positive) effects on the functional differentiation potentials of these cell lines. The
reprogramming process may introduce new aberrations and/or leave intact epigenetic marks
of the original input somatic cell, which could then be inherited by the iPSCs.

For example, Daley and colleagues described the derivation of iPSC lines from neonatal
keratinocytes and umbilical cord blood cells from the same donor, which met all criteria for
pluripotency, and used these two lines to interrogate the epigenetic status of human iPSCs
[36]. They found that iPSCs made from keratinocytes expressed keratin-14 at 9.4 fold higher
levels than iPSCs made from cord blood, indicating a much higher differentiation potential
for these cells into the skin cell lineage. In the reciprocal direction, cord blood cells showed
a greater propensity toward hematopoiesis. Further, they could show that these cells
maintained epigenetic signatures that are intrinsic to the cell of origin even after extended /n
vitro culture. This could be viewed on one hand as a disadvantage or on the other hand as
beneficial. Meaning, one could manipulate the outcome of the differentiation by knowing
the epigenetic proclivities of a particular cell line, which would be particularly advantageous
in situations where directed differentiation remains a challenge. Other groups have
demonstrated that the retention of an input cell source’s epigenetic signature can be
transient, as the marks tended to disappear upon further passaging, suggesting that complete
reprogramming is a gradual process [37, 38]. Thus, epigenetic memory effects may be more
of a concern, or benefit, for early passage cell lines, while at the same time it still reflects the
technical limitations of current reprogramming strategies.

Various groups have shown that the epigenetic status of iPSCs may prove to be an important
consideration for development of PSC therapies [33, 39, 40]. For example, an iPSC line
derived from the hematopoietic lineage, at least in early passages, may retain epigenetic
signatures of the starting input cell source and thus bias the differentiated cell products
towards other mesodermal lineages and against more disparate ectodermal lineages [41].
Additionally, some cell types may be more amenable to reprogramming than others based on
their own gene transcriptional profile [42] and there are data indicating that reprogramming
more developmentally immature cell types such as hematopoietic stem cells is more efficient
[43] and may provide a more “blank-slate” epigenome compared to reprogramming more
terminally differentiated cells [44]. Perhaps utilizing a “naive” input cell source such as stem
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or progenitor cells will allow for more appropriate differentiation through manipulation of
the epigenetic signatures that occur during early development and throughout the
specification process [45]. Additionally, using these cell types may have a further advantage
for reprogramming because of the avoidance of issues related to accumulated mutations or
other chromosomal damage seen in older cells [44]. Future research directions in this area
may include determining whether epigenetic memory can contribute to immunogenicity or
tolerance of iPSC-derived tissues, in which case the selection of cell type or passage number
could be a crucial factor in development of cell therapies.

Finally, epigenetic memory may affect the immunogenicity of iPSCs and thus choosing an
input cell type that is weakly immunogenic may be advantageous if it can confer its weak
immunogenicity onto differentiated daughter cells. For example, Wang et al. tested whether
the low immunogenicity of Sertoli cells (SC) was maintained in SC-derived iPSCs, either
freshly isolated or after extensive /n vitro passaging, as well as in the in vivo setting [46].
They demonstrated that SC-derived iPSCs resulted in a high frequency of teratoma
formation when injected into syngeneic B6 mice, as compared to MEF-iPSCs and ES cells;
suggesting that SC-derived iPSCs elict a blunted immune response thereby allowing for
more efficient teratoma formation. Although they discovered that initially low passage SC-
iPSCs were less immunogenic /n vivo than MEF-iPSCs, the observed reduced
immunogenicity was lost following extended culturing. Similar to the finding described by
Polo et al., [38] these immune-privileged cells still exhibited reduced immunogenicity when
compared to MEF-iPSCs [46]. This is likely due to epigenetic memory from the donor cell
impacting the immunogenicity of the derived iPSCs. Given this interesting observation the
underlying mechanisms should be addressed in further research. It will also be valuable to
study the immunogenicity of SC-iPSC-derived differentiated cell types, rather than just
undifferentiated SC-iPSCs themselves. It may also be interesting to compare human and
mouse SCs for their ability to convey reduced immunogenicity to SC-iPSC-derived cells.

Despite this exciting progress, further research will be required to elucidate the molecular
mechanisms involved in the induction of pluripotency and there is still an active debate in
the field as to the long-term stability of reprogrammed cells. Accumulated genomic
mutations that are not expressed in the cell of origin could be expressed in the derived iPSCs
and/or in derivative differentiated cells. The extent to which these somatic cell mutations
might influence the function, tumorigenicity, genetic stability and immunogenicity of
therapeutic cell populations is not known. These issues, which have the potential to affect
both the safety and efficacy of iPSC-derived cell types, must be adequately addressed prior
to widespread clinical use.

BENEFITS OF iPSCs FOR CELLULAR THERAPIES

PSCs are intended to provide the cellular pillar for regenerative and personalized medicine.
PSC-derived replacement cells or tissues have many theoretical advantages over allogeneic
cadaver donor sources of tissues. Key attributes are that they are scalable and can potentially
provide an unlimited amount of tissue that is available at any time, uniform in its condition
and properties, and free of the risk of transmitted donor-derived diseases. By virtue of their
scalability, PSCs allow for growth of a large number of differentiated cells, even if the
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differentiation process is not very efficient. The scalability, availability and consistent
quality of human PSCs address critical existing supply problems in the field of organ and
tissue transplantation. For example, applications include beta cell transplants for treating
diabetes where there are an insufficient supply of pancreata or islets for the millions of
patients with diabetes [47, 48] and hematopoietic stem cell (HSC) transplants, which are still
hampered by low cell numbers which fail to meet therapeutic dose thresholds even when a
suitable donor can be found [49].

Whether autologous (patient-specific) iPSCs or allogeneic PSCs (either ESCs or iPSCs)
prove to be the best cell type may depend on the disease application, the differentiated cell
type, transplant site or other aspects of the therapy. As such, is it worthwhile to review the
proposed clinical advantages and disadvantages of patient-specific iPSCs vs. allogeneic
iPSCs (Table 1). If autologous to the prospective recipient, then transplants, in theory, would
require minimal or no immunosuppression, and therefore the recipient would be
significantly less likely to experience immunological rejection and immunosuppression-
related complications such as opportunistic infections, cancer, diabetes, bone marrow
suppression, and kidney failure, among others. For applications where autoimmunity is not
an issue, autologous iPSC-derived cells may offer significant advantage, whereas in the
presence of autoimmunity it is not clear to what extent autologous iPSC-derived cells would
be destroyed in the absence of immunological protection. On the other hand, in applications
where the cellular product may function in an immunoprotective environment (e.g. micro or
macro-encapsulated cells, immune-privileged transplant sites), then allogeneic cells may be
equally effective as autologous cells, and could circumvent some cost and regulatory
barriers.

IMMUNOGENICITY OF AUTOLOGOUS PSCs

A major obstacle hindering the development of alternatives for repairing or replacing tissues
or organs is immunogenicity. In addition to being a scalable and abundant resource from
which to generate replacement tissues, iPSCs have the important attribute of enabling
differentiation of patient-specific autologous tissues potentially devoid of many of the
immunogenic properties that hinder modern allogeneic organ transplants. This key quality of
iPSCs may reduce or eliminate alloimmunity (i.e. transplant rejection) thereby obviating or
reducing the need for immunosuppressive drugs to maintain function of the graft [50].
However, whether recipients would display donor-specific unresponsiveness to autologous
iPSC-based therapies has been called into question by several studies, although subsequent
research has allayed some of the concerns. Indeed, changes on the epigenomic and protein
expression level that can arise from reprogramming, gene editing and culturing could
potentially generate immunogenic antigens [51, 52].

A 2011 study by Zhao et al. was the first to address the question of immunogenicity of
autologous iPSCs. This study concluded that iPSC-derived tissues may indeed be
immunogenic [53] in that they observed the lack of teratoma formation after inoculation of
autologous undifferentiated mouse iPSCs into C57BL/6 mice, which they attributed to an
immunological, rejection-like response. Through comparative gene expression studies they
attributed the rejection of the cells and absence of teratomas to the abnormal expression of
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two genes, Hormadl and Zg16. This finding was alarming and seemed to call into question a
fundamental utility of this novel cell source. Even though these findings were described in
the mouse, and only focused on the immunogenicity of undifferentiated iPSCs or iPSCs in
the process of differentiating /7 vivo, they nonetheless suggested that autologous iPSC self-
tolerance should not be assumed. Careful experimentation, ideally with human cells, is
needed to conclusively determine whether iPSC-derived tissues will indeed be tolerated by
the autologous host immune system or if these differentiated tissues will elicit an immune
response detrimental to engraftment and/or graft function.

Two groups in 2013, both using mouse models but including more clinically relevant
terminally differentiated iPSC-derived tissues, challenged the results from Zhao et al. and
showed iPSCs and iPSC-derived tissues survived in syngeneic hosts. Araki et al. [54] used
skin grafts and bone marrow from chimeric PSC-derived mice, showing negligible
immunogenicity. An important caveat is that they did see immune cell infiltration in
supplementary experiments with impure iPSC-derived cardiomyoctyes. They did not,
however, conclusively determine whether these infiltrating T cells were cytotoxic or
regulatory in nature. Guha et al. [55] looked at /n vitro PSC-differentiated endothelial cells,
hepatocytes and neuronal mouse cell types in their study and did not find evidence of
immune rejection. De Alemeida et al., also in the murine model, performed a more in depth
investigation of the specific immune responses to both teratomas and iPSC-derived
endothelial cells [56]. The authors showed markedly different immune responses on the
clonal and functional level in the different tissue types, the latter being infiltrated by
tolerogenic T cells and macrophages and the former by cytotoxic T cells. This more detailed
investigation of the graft infiltrating cells and their associated cytokines and cytolytic
proteases offers strong evidence that autologous iPSC-derived tissues will be tolerated in a
clinical setting.

It may be difficult to make direct comparisons between the Zhao et al. report and the others,
due to the many technical differences in the reprogramming methods, cell lineage, cellular
differentiation states and transplantation sites used. That said, the approach used by Zhao et
al. is not directly applicable to proposed clinical uses of PSCs, since the aim of any cellular
therapy would be to minimize any transfer of undifferentiated PSCs and only implant
purified cell populations.

The results from these papers, as well as from Morizane et al. [57], also suggest that the
method of somatic cell reprogramming may have impacted the immunogenicity of the
differentiated cells. Working in a non-human primate system, Morizane et al. demonstrated
that viral integration of “first-generation” reprogramming factors can elicit an immune
response while non-viral, non-integrating (“second-generation”) episomal strategies exhibit
greatly reduced immunogenicity. Integrating vectors in general are capable of producing
immunogenic polypeptides, potentially instigating an immune response against the
genetically engineered cells [58, 59]. In contrast, non-integrating vectors are designed
specifically to be devoid of immunogenic viral factors and the vector DNA is lost from the
cell lines within relatively few passages of the initial transfection [19]. Indeed, the Zhao et
al. study used integrative reprogramming methods, and in retrospect, it is possible that
immunological responses to neoantigens produced through reprogramming could have
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accounted for the reduced teratoma formation from the inoculated cells in this study. Thus,
data are accumulating now showing iPSCs generated using “second-generation” vectors
yield differentiated products which are tolerated in a syngeneic host, though much of the
data to date are related to non-human iPSCs derivatives.

Another potential mechanism of unexpected immunogenicity of autologous iPSCs is the
development of immunogenic proteins due to spontaneous gene mutations. Mutations
arising in somatic cells in culture prior to reprogramming or in the reprogrammed iPSCs
during subsequent culture could theoretically contribute to iPSC immunogenicity. Provided
such mutations do not involve the HLA genes directly, any antigen that develops would be
considered a minor histocompatibility antigen. For the affected protein to be immunogenic,
the mutation would need to be located within a peptide fragment that would be presented by
specific donor or recipient HLA molecules, and the mutated peptide would need to be
capable of activating an antigen-specific T cell [60]. While the risk of an immunogenic
mutation developing is real, this risk is tempered by the strict requirements to achieve
immunogenicity.

Very recently, the laboratory of Yang Zu that produced the 2011 Zhao et al. [53] paper
described an elegant strategy to test immunogenicity of hPSC derivatives in an autologous
setting. They evaluated hiPSC-derived retinal pigmented epithelium (RPE) and smooth
muscle cell (SMC) syngeneic transplants in humanized mice where the iPSC cells were
derived from the same tissues that reconstituted the immune system within the mice (see
Humanized Mouse Models section below for descriptions of these and other mice) [61].
Interestingly, they observed differential immune responses depending on the cell type and
transplantation location, with rejection of autologous iPSC-SMC grafted into skeletal muscle
and acceptance of both autologous and allogeneic iPSC-RPE injected into the immune-
privileged subretinal space. The exact mechanisms for the differential immune responses
were not explored; instead the authors used immune cell infiltration as an indication of
rejection and a lack of infiltration as evidence of tolerance. Deeper level examination of
infiltrating lymphocytes is warranted, as previous studies have shown that infiltration alone
can be correlated with tolerance e.g. if the infiltrating cells are Foxp3+ CD4+ T cells instead
of cytotoxic CD8+ cells [62]. Additionally, Zhao et al. demonstrate that aberrant expression
of hormadl and Zg16 are associated with immune cell infiltration, which is a similar finding
to their previous report showing immune responses to syngeneic mouse iPSCs. The recent
paper by Zhao et al. highlights the need for a greater understanding of how different cell
types transplanted to different sites influence host immune responses, as well as the role that
terminal cell differentiation protocols play in introducing immunogenic gene expression
patterns in the cells. In the aforementioned reports it is important to note that
immunogenicity associated with aberrant gene expression may be a surmountable obstacle
particular to specific differentiation protocols/methodologies. In other words, immune
rejection may be a natural process resulting from flawed differentiation, rather than from a
response to inherent properties of iPSCs or their differentiated products. The utility of
humanized mouse models for studying these critical issues will be discussed in more detail
below.
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Many of the hiPSCs currently in use for pre-clinical experimentation, as well as for the first
and only iPSC trial in progress [63-66] utilize “second-generation” episomal
reprogramming methodologies. Nonetheless, given the aforementioned conflicting data,
further work is needed to verify whether autologous Auman iPSC-derived tissues would be
susceptible to destructive adaptive or innate immunity in immunocompetent hosts. Studies to
date on this topic have been limited. Two reports utilizing autologous neuronal cell types
derived from iPSCs in the non-human primate model showed enduring engraftment and
tolerance of the iPSC-derived cells without the requirement for immunosuppression [67, 68].
These results are quite promising, giving evidence to the one of the fundamental promises of
iPSC technology--that autologous tissues can be used for regenerative medicine applications
without the need for immunosuppression. However, the use of cells introduced into the
immune-privileged site of the brain in these reports, still leaves unanswered as to how a
functional immune system would recognize more immunogenic tissue transplants in less
immunologically privileged sites such as skin derived from patient-specific iPSCs. Further
work in non-human primates will no doubt shed light on this question. However, due to the
expense and lack of widespread availability of non-human primates, we believe that future
preclinical investigations into the immunogenicity of human PSCs will be buttressed by use
of humanized mouse models, as demonstrated by the very recent Zhao et al. paper above and
discussed further in the next section below. Moreover, we feel it is critical in early human
clinical trials to study immune responses of autologous and allogeneic PSC-derivatives.

Lastly, it is important to mention that for disease applications such as Type 1 diabetes, there
may also be risks of destruction of autologous iPSC-derived beta cells. No studies to date
have studied this possibility however. Pancreas transplants performed in the 1980s between
identical twins without immunosuppression that resulted in recurrent insulitis in the graft
[69, 70] would predict that human autologous iPSC-derived beta cells would ultimately be
susceptible to recurrent autoimmune destruction in the recipient. In this setting then it is
likely that some means of immunoprotection would be required for both allogeneic and
autologous iPSC-derived beta cells. On the other hand, non-autoimmune forms of diabetes,
e.g. Type 2 diabetes, could be targeted by autologous stem cell treatments.

HUMANIZED MOUSE MODELS

Humanized mouse models offer a tractable /n vivo system to experimentally test therapeutic
interventions in the context of a functional human immune system. These model systems
have the potential for comprehensive analysis of a patient-specific immune system repertoire
and its interaction with autologous and allogeneic iPSC-derived tissues, thereby offering
valuable insight into questions of PSC immunogenicity and tolerance required for clinical
translation of these technologies.

Humanized mouse models applicable to PSC studies fall into three basic categories, each
based on the concept of engrafting human hematopoietic and lymphoid tissues into an
immunocompromised mouse. The first type, often referred to as the “Hu-PBL” model, is
created by injecting human peripheral blood leukocytes intravenously into the mouse, with
and without radiation conditioning [71]. The animals are useful for studies where a quick
determination of immunogenicity is needed, as they are prone to developing Graft vs Host
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Disease (GVHD) within 4-8 weeks of cell injection. The second type of model is known as
the “Hu-HSC model” [72]. This model is created by intravenous injection of HSCs which
then engraft and differentiate into the various hematopoietic cell types within the mouse.
These animals allow for longer-term experiments and are especially useful for studies of
HSC engraftment, including studies involving PSC-derived HSCs/hematopoietic progenitor
cells (HPCs) [73, 74]. Hu-HSC animals have a longer experimental window prior to the
onset of GVHD, but are suboptimal for studies that seek to understand how T cells, in
particular, encounter PSC-derived tissues, owing to the suboptimal T cell development seen
in these models.

The third type of humanized mouse model circumvents the above-mentioned limitations,
and is most relevant to PSC studies. This model is called the “BLT” mouse [75, 76], and
more recent iterations of this model are referred to as the “Humanized Immune Mouse
(HIM)” or the “Personalized Immune (P1)” mouse [77]. The common technique used in this
type of humanized mouse model is the 1.V. injection of human HSCs coupled with the
incorporation of a human thymus and liver fragment surgically implanted under the mouse
kidney capsule which facilitates T cell development in an HLA-restricted manner. The
resultant mice harbor a human immune repertoire with clinically relevant distribution
frequencies, crucially containing de novo generated T cells. As T cells are a critical
component of the adaptive response in tissue transplantation, these animals are well suited
for PSC transplantation studies.

Further iterations of the “HIM”/“PI” models are currently being developed by our lab and
others to enhance the human cytokine profile within the animals [78, 79] as well as explore
the use of more developmentally mature thymic tissue and PSC-derived thymic epithelial
cells (TECs) instead of patient tissue explants [80, 81]. The use of PSC-derived TECs or
TEC progenitors is an intriguing future direction for research which could solve the issue of
passenger-lymphocyte related GVHD in the mice, as well as creating patient-specific thymic
niches to study T cell development and function.

To date, the use of BLT/HIM/PI mice in PSC immunogenicity studies has been limited [6],
compared to their successful use in other fields, e.g. HIV [82, 83], and we believe this is a
fruitful avenue for future research. Rong et al. [6] demonstrated the utility of the HIM model
for studying alloreactivity of hESC-derived cell types, as well as induction of tolerance of
those cell types upon genetic introduction of costimulatory blockade molecules (discussed
below in Modulation of PSCs). Future research should include examination of how human
iPSC-derived cells interact with a syngeneic immune repertoire within these humanized
mice, similar to the recent paper by Zhao et al. [61]. Determining the specific T cell subsets
involved in the immune response to autologous and allogeneic iPSC-derived tissue will be
critical. Additionally, as Zhao et al. demonstrate, the differentiation protocol used to create
the transplanted iPSC-derived cells may inadvertently introduce aberrant gene expression
patterns into the cells, resulting in immunogenicity. Humanized mouse models may fill a
crucial niche in translating PSC therapies to the clinic by allowing for careful experimental
observation of the interaction between PSC-derived tissues and the syngeneic human
immune system, which cannot be studied using traditional mouse or non-human primate
models.
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STRATEGIES TO REDUCE IMMUNOGENICITY OF HUMAN PSCs

A variety of strategies for down-regulating immune responses to allogeneic hPSC-derived
therapeutic cell populations are being evaluated. Figure 2 provides an overview of these
approaches and the following sections will review work reported to date in several thematic
areas.

Direct Inémunomodulation of PSCs

With advancements in the efficiency of gene editing technologies, modification of PSCs and
their progeny can now be readily achieved. Most reports of PSC gene editing to date have
been in the context of either correcting gene mutations to reverse the pathological cellular
phenotype, inserting new mutations to endogenous genes to study effects on function or
insert gene expression reporters [84, 85]. Relatively few studies exist to date where the
genetic manipulation, either done with or without gene editing achieved an
immunomodulatory effect on the cells or altered the host immune system in some way.
There are a few examples, however. Rong et al. used an efficient bacterial artificial
chromosome (BAC)-based strategy to knock-in PDL1 and CTLAA4-1g into hESCs lines,
yielding progeny cells capable of eliciting co-stimulatory blockade and thus tolerance in an
allogeneic humanized mouse system [6]. The results illustrate encouraging applications of
recent advances in our understanding of co-stimulatory pathways. Moreover, the use of
genetic engineering to confer ectopic expression of an immunosuppressive or tolerogenic
molecule for preventing rejection of an iPSC graft has several advantages and opens up
many possibilities for modifying host responses to allogeneic PSCs. One potential
disadvantage of this approach is that the genetic modification designed to allow cells to
“escape the immune system” could simultaneously render the recipient more vulnerable to
teratoma growth if residual pluripotent stem cells are present.

An additional example involves the use of T cell reprogramming mentioned above. By
selecting an input T cell clone with known TCR gene rearrangement and peptide/MHC
specificity, reprogramming to iPSCs and differentiation back to T cells one can generate a
monoclonal T cell population with TCR specificity matching the input cell clone. This
shares a similar goal to traditional approaches of modifying mature patient T cells via
transduction of a cloned TCR [30], but with certain potential advantages. By selecting for a
naturally occurring TCR rearrangement, and in effect locking it into the progeny cells, this
method sidesteps some of the problems reported with the traditional methods, namely
mispairing of ectopically expressed and endogenous TCR chains which can result in
autoreactivity and immunogenicity [86, 87].

Another example is of the disruption of the CCR5 gene in hematopoietic stem cells (HSCs)
using gene editing approaches, recapitulating the HIV controller phenotype of the “Berlin
patient” when the modified HSCs were transferred to immunodeficient mice [88].

Gene Editing and Techniques

In recent years, efficient gene modification using zinc finger nucleases ushered in a wave of
increasingly efficient approaches to genome engineering within human cells, including PSCs
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[89, 90]. The use of zinc finger nucleases, transcription activator-like effector nucleases
(TALENS) and, most recently, the clustered regulatory interspaced short palindromic repeat
(CRISPR)/Cas RNA-guided DNA endonucleases have opened a new era of targeted gene
editing with fewer off-target effects and much greater efficiency than traditional approaches
such as homologous recombination [91]. Hou et al. demonstrated efficient targeting of
endogenous genes in iPSCs using the CRISPR system, effectively demonstrating the utility
of this approach for a wide variety of potential modifications in PSCs [92]. The relative ease
of use, and ability to target multiple loci in one experiment, make CRISPR an attractive
approach for experimental and potentially therapeutic genetic engineering.

Improvements in traditional homologous recombination strategies are also being effectively
used to genetically engineer PSCs. Methods of enhancing homologous recombination
efficiency in human cells have been designed such as by using viral gene-free helper-
dependent adenoviral vectors (HDAdVS) to deliver large pieces of DNA into the cell [93].
The ZFN, TALEN, CRISPR and HDAdV methods have already been used to correct several
genetic diseases in patient-derived iPSCs [94-96], unfortunately an in-depth analysis of the
genomic, epigenomic, and immunogenicity changes incurred through these approaches is
lacking. A 2012 study by Liu et al. is perhaps one of the more complete analyses of gene-
corrected iPSCs to date. Using the HDAdV system and analyzing copy number variations
(CNV), single nucleotide polymorphisms (SNP), RNA expression profiles and methylation
patterns, they determined that their gene-corrected iPSCs maintained the genomic and
epigenomic integrity of the parental line [96]. It should be noted that to date, there have been
few in depth studies performed to verify a lack of immunogenicity with the above-
mentioned editing methods themselves [97]. In summary, the development of efficient gene
editing methods enables the correction of gene defects in autologous iPSCs, yet it is
important for the “gene-corrected cells” to be tested for potential immunogenicity. In
addition, genome editing opens up exciting opportunities for modifying the immunogenicity
of PSCs.

IMMUNOLOGICALLY PRIVILEGED TISSUES AND SITES

Another important factor to consider in using patient-specific iPSCs is that certain cell types
may be more or less immunogenic than others (e.g. keratinocytes vs. Sertoli cells, SMCs vs
RPE). Although it is well known that native tissues possess different capacities to stimulate
the immune system, it is not well understood what underlies these differences. One
possibility is the relative expression levels of MHC Class | on parenchymal cells while other
possibilities include differences in the relative abundance of antigen presenting cells or
density of endothelial cells in the grafted tissue. Thus, separate derivations of pure
populations of differentiated parenchymal cells and antigen presenting cells from iPSCs and
subsequent experimental manipulation could provide a platform for dissecting the
mechanisms behind this poorly understood phenomenon.

Certain anatomical regions of the body appear to be relatively protective of allografts, at
least in experimental rodent models. Although for a given therapeutic application, it is often
not possible to control either cell type or route of administration, it is worthwhile to consider
options in cases where there is flexibility. Immunologically privileged sites in rodents have
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been described and include the anterior chamber of the eye [98, 99], thymus [100, 101],
pedicled skin graft [102] and intra-abdominal testes [103, 104], among others. It may be
wise to allocate resources for the study of autologous iPSC transplantation of certain tissues
that are weakly immunogenic and/or are being transplanted into immune-privileged
anatomical locations. For example, vocal fold tissue [62], mesenchymal stem cells [105],
neurons, and liver are generally considered less immunogenic than tissues such as skin, lung
and small bowel. To this point, two early PSC clinical trials have taken advantage of
transplanting weakly immunogenic tissues into the “immune-privileged” sites of the spinal
cord [106-108] and the retina [65]. In determining the utility of PSC-derived cellular
therapies it may be advantageous to continue to focus early translational studies on these
types of tissues--and to develop and characterize additional PSC-derived tissues for inherent
immunogenicity--until progress has been made on answering questions regarding patient-
specific iPSC immunogenicity and cost-effective scale up. Nonetheless, transplanting cell
types having lower immunogenicity or modified immunogenicity, or in tandem with support
cells that modulate immunogenicity, into more immunologically privileged sites may be
advantageous approaches.

HLA TYPED iPSC BANKS

In light of the anticipated high costs of developing large-scale personalized iPSC therapies
[5], an alternative approach of banking multiple donors with known HLA status has been
proposed. The idea is that, in the near-term while the expenses of personalized therapies
would likely be formidable, one could take advantage of iPSC technology by proactively
seeking out rare individuals that are homozygous for different HLA alleles that would
potentially HLA-match a large segment of the population of recipients in need of a
transplant. From these HLA homozygous donors one would create a “bank” of lines all
homozygous for different HLA haplotypes (i.e. so-called haplobanks). It has been proposed
that a bank of <100 cell lines would allow for matching to a majority of the population
[109-113]. Some of the pros and cons of this approach have been reviewed elsewhere [114].
For example, it has been estimated that 50 donors could provide matched tissue for over
90% of the Japanese population, albeit after screening from a population of 24,000 donors
[112] or a bank of 150 selected HLA typed volunteers could match 93% of the UK
population [109]. The utilization of “super donors”, those individuals with type O negative
blood and homozygous HLA alleles, may be a particularly effective approach, though
finding such individuals will require extensive screening of the population [115].

Although PSCs and their differentiated products were once considered to be less
immunogenic than adult tissues [116], recent research has demonstrated robust immune
responses to allogeneic PSC-derived tissues [55], illustrating the need for careful
consideration of appropriate HLA matching of PSC-derived tissues. Due to the degree of
screening required to cover different blood types, HLA haplotypes, and ethnicities, as well
as other considerations, the HLA matched cell line banking approach rapidly becomes less
feasible than it seemed at first glance. Indeed, the reported estimates of required bank size
are based on populations that are considerably more homogeneous than the US population
and therefore may underestimate the necessary number of cell lines required in the bank. For
instance, Gourraud et al. estimated that due to the diversity of ethnicities in the US
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population one would need to screen between 26,000 European Americans and 110,000
African Americans to generate enough cell lines and that 100 cell lines would exclude 22%
of European Americans, 37% of Asians, 48% of Hispanics and 55% of African Americans
[110]. Zimmermann et al. also point out the fact that the limited number of HLA-compatible
loci and HLA typing resolution complicate the establishment of a bank of cell lines that
would be reliably non-immunogenic to the majority of patients [117].

Experience in human solid organ transplantation predicts significant challenges to the HLA
haplobank strategy. A fundamental transplant immunology concept is that minor antigen
mismatches can indeed elicit rejection in HLA matched transplants. For example, it is well
known that kidney transplants between HLA identical siblings still typically require at least
two drug immunosuppressive therapy to prevent rejection. In this discussion it is also worth
considering that only 8% of deceased donor kidney transplants in the US are zero
mismatched (HLA-matched) despite mandatory sharing. Furthermore, a straightforward
analysis reveals that it is not feasible to cover all HLA haplotypes in a proposed bank. If one
considers the 10 most common HLA-A, B, DR haplotypes in Caucasians, then the top 10
haplotypes represent only 24% of the most common Caucasian haplotypes representing only
~6% of all HLA genotypes. The likelihood of finding a Caucasian who is homozygous for
the 10" most common HLA haplotype is 1 in 10,000 individuals. Finding a match to the
remainder of the Caucasian population (76%) with more unusual HLA haplotypes would
require screening exponentially more individuals, not to mention other ethnicities or mixed
ethnicity individuals. Another point worth mentioning in this context is that HLA-DPB1, a
recognized target for rejection in organ and hematopoietic stem cell transplants, is not in
linkage disequilibrium with the other loci comprising the HLA complex. As a consequence,
HLA haplotype frequencies (which are calculated using only HLA loci in linkage
disequilibrium) underestimate the number of potential donors and iPSC bank size required
to cover a reasonable portion of the population. While not a precise analysis, this does speak
to the challenges of creating a cell line bank that would cover most of the world population.

The very nature of designing tissue banks for a majority of a given country’s population will
potentially aggravate one of the issues that plague current clinical trial design and
implementation; the lack of participants from traditionally underrepresented groups within
the population i.e. women, ethnic minorities and people from economically disadvantaged
backgrounds [118]. Thus, further discussion is warranted within the stem cell and healthcare
communities to determine the most cost-effective short and long-term plans to translate
PSCs to the clinic, and to do so in a way that benefits as many members of society as
possible. Further research to clarify the immunogenicity and associated potential need for
immunosuppressive drugs in the context of autologous iPSC transplantation will help guide
the decision making process.

TOLEROGENIC IMMUNE CELLS FROM INDUCED PSCs

Another salient experimental approach designed to temper immune responses to therapeutic
iPSC-derived cells is to generate specific cells having tolerogenic or immunomodulatory
properties. As protocols for differentiating hPSCs into defined cell types become more
refined and able to generate highly-enriched/nearly pure cell populations, it becomes
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feasible to test the effects of such cells on host innate and adaptive immune responses in a
rigorous manner, and further, it becomes possible to derive immunomodulatory cells from
patient iPSCs. Mesenchymal stromal or stem cells (MSCs) have been derived from hPSCs
[119, 120] and have been shown to dampen innate immunity of transplanted islets (reviewed
in [121]). The Zavazava group demonstrated that iPSC-derived hematopoietic progenitor
cells are capable of inducing anergy in T cells in an in vitro setting [122]. These are two
examples but other possibilities exist as well. If regulatory T cells and immature dendritic
cells could be efficiently differentiated from hiPSCs or hESCs, then one could explore
whether these cell populations could enhance graft survival of allogeneic or autologous
hPSC-derived cell transplants. The field is likely to see further work in this area in the
coming years as differentiation protocols continue to evolve.

ENCAPSULATION

In some therapeutic applications of PSC derivatives (i.e. PSC-derived beta cells) it would be
permitted for the therapeutic cell population to be isolated from host tissues using macro- or
microencapsulation techniques. The principle goal of encapsulation is to immunoisolate
transplanted cells by preventing access by T and B cells and immunoglobulins. A full
discussion of the many macroencapsulation devices in development and the various
approaches to microencapsulation are beyond the scope of this review — the reader is instead
referred to recent reviews such as by Tomei, Villa and Ricordi [123]. Numerous challenges
remain in achieving optimal immunoisolation by encapsulation including overcoming
foreign body reaction, hypoxia induced cell death, bioincompatibility, biofouling, loss of
capsule integrity, lack of retrievability, and volume/packing density issues, among others. It
is notable, however, that macroencapsulation using a proprietary, optimized Theracyte®-like
device has shown promise in preventing rejection of human pancreatic progenitor cells and
enriched endocrine cell populations in rodent studies and is currently in early clinical trials
[124].

CONCLUDING REMARKS

Human PSCs are now widely considered the future foundation of regenerative medicine. As
this science continues to mature, stem cell researchers will increasingly rely upon the
knowledge base and expertise developed by the tissue transplantation field over the past 50
years. Understanding the innate and adaptive host immune responses to various cell and
tissue types derived from either allogeneic hESCs/iPSCs, or autologous hiPSCs will be
critical to successful clinical translation. Equally important is to understand how different
routes of administration/transplant sites, and co-transplantation with other biomaterials may
affect immunogenicity. Improved humanized murine models are needed for studying human-
specific immune responses, but mouse models and non-human primate models will also play
a role. Studies refining our understanding of the epigenetic effects of various reprogramming
methods are also needed. Gene editing technology used in conjunction with autologous
iPSCs undoubtedly opens up numerous possibilities for personalized cell replacement
therapies for rare diseases, yet the nature of the immune responses to these “gene corrected”
cells has not be defined. Devising safe and effective methods to cell-autonomously or
indirectly down regulate host immune responses will be essential to optimizing the clinical
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potential of stem cell therapies. It will be exciting to see the rapid advances over the next
decade as research is carried out at the nexus of transplant immunology and stem cell
biology.
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Figure 1.
Both allogeneic and autologous sources of human pluripotent stem cells (hPSCs) are

potentially available for therapeutic use. Allogeneic hPSCs could be sourced from
anonymous living or cadaver donors, existing cGMP grade lines, or established banks of
HLA-defined cGMP hiPSC lines. Alternatively, customized patient-specific hiPSC lines can
be derived by reprogramming somatic cells from the patient, such as peripheral blood cells
or skin fibroblasts. Advantages and disadvantages of each approach and current challenges
are discussed in the text.
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Figure 2.
Potential Strategies to Reduce Immunogenicity of Allogeneic Human Pluripotent Stem Cell

(PSC)-Derived Therapeutic Cellular Grafts. Allogeneic hPSCs would most likely elicit
rejection and be susceptible to destruction via adaptive immunity without modification,
immunosuppression or encapsulation. Whether autologous hiPSCs would be tolerated by the
immune system of an immunocompetent donor/recipient is unclear presently and may be
dependent on the method of reprogramming, the cell line, the cell type, transplant site and
the purity of the transplanted cells. A number of strategies, alone and in combination, are
being tested to abrogate or down-regulate immune responses.
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Table 1

Advantages and disadvantages of hPSCs from varying sources. Total anticipated costs of a therapy are difficult
to estimate because for different applications there would be different indirect costs, some of which would
include immunosuppressive drugs, encapsulation devices and/or other cellular and matrix components.

Syngeneic iPSCs Allogeneic iPSCs Allogeneic ESCs

Adaptive Immune Response No (?) Yes Yes
Susceptible to autoimmunity Possible (?) Unknown Unknown
Immunosuppression or Immunoprotection -
Needed No (?) Yes Yes

Epigenetic Memory

Maybe

Maybe

No

Differentiation Capacity

May be influenced by input cell

May be influenced by input cell

All tissue types

Tissue Source Varies Varies Embryonic

Genetic Disease - Gene Correction? Yes Yes Yes
Manufacturing Months (custom made) Ready to use Ready to use

Expected cost to produce cells High Low to moderate Low
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