
Chapter 2
The Immunogenicity of ES Cells
and Their Differentiated Progeny
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Abstract Embryonic stem (ES) cells are an attractive source for tissue regeneration
and repair therapies. This is because in contrast to adult stem cells, ES cells possess
unlimited self-renewal and pluripotent capacity. However, for the therapeutic
application of ES cells to succeed, the transplanted ES cells must engraft success-
fully and survive long enough to exert a therapeutic effect. An important obstacle
facing the in vivo engraftment and function of ES cells is the immunogenic barrier.
In this chapter, we will begin by briefly discussing the safety concerns regarding the
transplantation of ES cells and the factors that influence the behavior or misbehavior
of transplanted ES cells. We will then discuss the in vitro immunogenic properties of
ES cells, including the expression of major histocompatibility (MHC) antigens and
minor histocompatibility (mH) antigens and how these properties evolve as undif-
ferentiated cells mature towards more differentiated derivatives. We will also
highlight the various (and in some instances conflicting) conclusions regarding the
immunogenic properties of ES cells which have been drawn from prior in vitro
studies and will conclude with a more extensive discussion of the immunogenic
properties of ES cells when transplanted across allogeneic as well as xenogeneic
immune barriers.

2.1 Introduction

Embryonic stem (ES) cells are a promising option to regenerate tissues and organs.
The ability to differentiate into different cell types has stimulated research in
generating neurons [1–3], cardiomyocytes [4], hepatocytes [5], hematopoietic
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progenitor cells [6], pancreatic beta cells [7], and other cell types for potential
clinical applications. This area of research is generating unprecedented interest in
the scientific community because of the expectation of a new horizon in clinical
medicine, but thus far it has also been plagued by ethical controversies, potentially
unrealistic timelines, and practical hurdles to therapy. With respect to the latter,
one of the most vexing and underappreciated problems is immune rejection of ES
cells after transplantation into the recipient [8]. This occurs because ES cell-
derived therapeutic cells are not ‘‘self derived’’ and can therefore result in an
aggressive immune response from the recipient. Another potential problem with
ES cell therapy is the potential of undifferentiated ES cells to form teratomas after
transplantation. In this chapter, we will first review studies that have attempted to
define the potential for ES cell-derived teratoma formation. We will then discuss
the data characterizing the in vitro immunogenic properties of ES cells and the
evidence demonstrating in vivo immune rejection of ES cells when transplanted
across allogeneic and xenogeneic barriers.

2.2 Teratoma Formation

Teratomas are benign germ cell tumors, which in humans occur most often in the
gonads, but may occasionally be found in extragonadal sites such as the anterior
mediastinum or retroperitoneum [9]. Teratomas differ from most tumors because
they are a mixture of many tissue types, whereas most tumors represent a limited
diversity of neoplastic cell types. Histological evaluation of a teratoma by defi-
nition will demonstrate tissues from all three embryonic germ layers, that are
haphazardly arranged throughout the tumor in a way that partly resembles a
disorganized embryo [10]. There presently exists no method capable of gener-
ating a 100 % pure population of differentiated cells from a pluripotent donor
source. Therefore, it is exceedingly difficult to confirm that a preparation of
therapeutic cells is not contaminated by residual pluripotent ES cells that have
escaped the differentiation process and, consequently, teratoma development is of
significant clinical concern [11]. The potential for teratoma formation is influ-
enced by multiple factors, including the immune system [12], transplanted cell
number [13], and graft site [14]. The influence of cell number on the potential for
teratoma formation is clinically relevant because it establishes a threshold by
which to gauge the number of contaminating undifferentiated ES cells that may
reliably produce teratoma formation upon transplantation. A previous report
investigating the relationship between human ES (hES) cell number and teratoma
formation demonstrated that consistent teratoma formation in immunodeficient
mice depends both on cell number and transplantation site [13]. Teratoma for-
mation upon transplantation in the myocardium and the skeletal muscle requires
*1 9 105 and *1 9 104 hES cells, respectively. This suggests a critical
threshold for the number of undifferentiated hES cells to produce teratoma for-
mation. Additionally, the in vivo graft site can influence the propensity of
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transplanted hES cells to remain in the undifferentiated state. This is exemplified
by the observation that when hES cells are intrahepatically versus subcutaneously
transplanted into immunodeficient mice, the number of cells that remain undif-
ferentiated and the kinetics of teratoma formation are both enhanced [14]. It is
thought that the highly vascular and growth-factor rich environment of the liver
may explain why hES cells are less prone to differentiation when transplanted
intrahepatically versus subcutaneously [14]. Although these studies involved
immunodeficient mice, they illustrate the influence that cell number and trans-
plant location exert on ES cell survival, differentiation, and behavior. As will be
discussed in more detail, the literature regarding the immunogenicity of ES cells
is rather controversial because there exist numerous reports that have drawn
directly conflicting conclusions. When the immunogenicity of ES cells is eval-
uated based on cell survival in immunocompetent animals, differences in
experimental design similar to those mentioned above may help explain the
conflicting conclusions.

2.3 Cell Surface Expression of Immunogenic Molecules

Numerous groups have attempted to characterize the immunogenic properties of
hES cells by assaying their surface expression of potentially ‘‘immunogenic’’
molecules. The first study to do so focused on the expression of major histo-
compatibility complex (MHC) antigens. MHC antigens are a critical group of
antigens that are classically associated with transplant rejection. MHC antigens
are divided into class I, which are expressed by most human cells, and class II,
which are generally restricted to antigen presenting cells, macrophages, and B-
cells [15]. In the undifferentiated state, hES cells express low levels of MHC class
I and minimal levels of MHC class II [16]. However, exposing hES cells to IFN-c
induces the expression of MHC class I. Similarly, allowing the cells to undergo
spontaneous differentiation into embryoid bodies (EB), which are three-dimen-
sional structures composed of an amalgam of hES-derived cell types, stimulates
increased MHC class I expression [16] (Fig. 2.1). Interestingly, the expression of
MHC class II and co-stimulatory molecules (e.g., CD80, CD84, CD40) by hES
cells appears to be very low, and neither incubation with IFN-c nor spontaneous
differentiation into EBs induces any substantial increases in the expression of
these proteins [17]. The hES cell expression of negative immunoregulatory pro-
teins and cytokines has also been assessed. hES cells do not express the cell
surface protein CD95 ligand (Fas ligand), which is a known inducer of apoptosis
[18] nor do they secrete the immunosuppressive cytokine interleukin-10 [19].
Thus, in the differentiated state, hES cells possess a comparable cell surface
expression pattern to the majority of human cells (e.g., fibroblasts), consisting of
MHC class I but not MHC class II, costimulatory molecules, and negative
immunoregulatory molecules.
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2.4 In Vitro Immunogenic Properties

To evaluate the in vitro immune response towards hES cells, previous groups have
performed mixed leukocyte reactions (MLR), with hES cells serving as the
immune ‘‘stimulator’’ cell population. The results from these in vitro assays have
produced conflicting results regarding the severity of the immune response elicited
by hES cells. One study demonstrated that hES cells do not stimulate proliferation
of allogeneic human peripheral blood mononuclear cells (hPBMC), nor do hES
cells stimulate proliferation of allogeneic human peripheral blood lymphocytes
(hPBL) [17]. Similarly, when the hES cells were differentiated into EBs or
incubated with IFN-c, only minimal T cell proliferation was observed. These
results seem to indicate that in the undifferentiated state, when they have only
marginal MHC class I expression, hES cells induce limited immune stimulation.
Surprisingly, when the hES cells differentiate and increase their expression of
MHC class I, they still do not provoke immune activation. These results led to the
suggestion that hES cells might possess unique immune privileged characteris-
tics [17]. In addition to evidence indicating that hES cells do not themselves
activate responder leukocytes, there is evidence suggesting that hES cells actively
inhibit the activation of responder leukocytes. Specifically, it has been shown that
the inclusion of hES cells in a MLR involving responder hPBL and allogeneic
stimulator dendritic cells results in decreased hPBL proliferation compared to
allogeneic dendritic cells and hPBMCs alone [17]. This indicates that hES cells
actively inhibit the allogeneic T cell response towards third party antigens.

In contrast, other studies using MLRs to characterize the immunogenicity of
hES cells have reached opposite conclusions. A MLR using human CD4+ T cells
and dendritic cells from the same donor, mixed with allogeneic hES cells,

Fig. 2.1 Florescent activated cell sorting analysis of MHC class I expression by hES cells and
their differentiated derivatives. The MHC class I expression increases as hES cells differentiate or
are incubated with IFN-c. Control = isotype matched control, hES = undifferentiated hES cells,
EB = hES-derived embryoid bodies, EB ? IFN-c = EBs incubated with IFN-c
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demonstrated not only that hES cells lack an inhibitory effect on T cell prolifer-
ation, but that hES cells induce T cell proliferation [20]. The level of T cell
proliferation stimulated by the hES cells was comparable to that induced by
allogeneic human fibroblasts, but it was four-fold less than that induced by allo-
geneic dendritic cells. This may be because hES cells and fibroblasts express MHC
class I, but both lack expression of MHC class II and costimulatory molecules,
whereas mature dendritic cells display MHC class I, MHC class II, and
costimulatory molecules such as CD80, CD86, and CD40 which confer upon them
the potent capacity for T cell activation.

These two studies attempted to define the in vitro immunogenic properties of
hES cells using MLRs and arrived at contradictory conclusions. The conflicting
results likely reflect heterogeneity in experimental design between the two studies.
Using a different in vitro approach, a third group concluded that hES cells possess
a level of immunogenicity that is intermediate to that described by the two studies
discussed above. They found that primed cytotoxic T lymphocytes (CTL), have the
capacity to recognize and lyse hES cells if the hES cells are rendered sufficiently
immunogenic [21]. In this study, CTLs were primed to recognize HLA-A2
antigens because hES cell lines H9 and H13 express HLA-A2. The CTLs were
primed by co-culture with irradiated hPBMCs expressing HLA-A2 and loaded
with influenza type A peptide (IV/A). When the primed CTLs were mixed with
hES cells loaded with IV/A, the CTLs did not lyse the hES cells. However, when
the hES cells were infected with influenza virus and MHC class I expression was
induced by incubation with IFN-c, efficient CTL mediated lysis was observed.
This indicates that with the proper peptide-loading method and sufficient expres-
sion of MHC class I, CTLs can recognize and lyse hES cells.

2.5 Allogeneic Transplantation of ES Cells

Much of our understanding regarding the immunogenic properties of ES cells has
come from the study of mouse ES (mES) cells transplanted into a murine host,
because this represents an allogeneic in vivo transplantation scenario. Whether the
conclusions drawn from the mouse model system can reliably be extrapolated to
the human scenario remains to be determined. One of the first reports indicating
that ES cells may be immunogenic involved intramyocardial transplantation of
mES cells following myocardial infarction [22]. The allogeneic graft site was
infiltrated by a significant cellular infiltrate composed of T cells and dendritic cells,
and analysis of the host sera demonstrated the presence of alloantibodies. This
cellular and humoral immune response was progressive, increasing in intensity
from 1 to 4 weeks following transplantation and correlated with the increased
expression of MHC class I antigens by mES cells [22].

A similar study involving transplantation of mES cells into ischemic myocar-
dium demonstrated that the allogeneic immune response is of sufficient intensity to
prevent the long-term engraftment of mES cells across histocompatibility
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barriers [23]. Allogeneic mES cell grafts incited a mild CD4+ T cell dominated
inflammatory infiltrate at 1 week post transplantation, which progressed towards a
severe inflammatory infiltrate composed of both CD4+ and CD8+ T cells at 4 and
8 weeks after transplantation. In contrast, syngeneic mES cell grafts produced a
limited inflammatory infiltrate that was comparable to the sham procedure group at
all time points. At 8 weeks after transplantation, mES cells were still detected in
syngeneic recipients. By comparison, no evidence of allogeneic mES cell
engraftment was observed. The above results were confirmed by a different group
that similarly investigated mES cell survival after intramyocardial transplantation
into allogeneic and syngeneic recipients [24]. At 3 weeks post transplantation, the
inflammatory infiltrate was significantly greater in allogeneic compared to synge-
neic grafts. At later time points, the allogeneic grafts were completely rejected,
whereas the syngeneic grafts survived indefinitely [24]. In regard to the immuno-
genicity of mES cells, when mES cells are transplanted across histocompatibility
barriers, engraftment will be significantly limited by the host alloimmune response.

If ES cells are recognized as antigenic by the host adaptive immune system, the
host will generate immune memory cells with specificity towards these antigens.
Upon future exposure to the antigens, these memory cells will orchestrate a more
rapid and robust immune response. This was previously demonstrated for mES cells
transplanted into MHC-mismatched hosts [12]. When mES cells were intramus-
cularly transplanted (gastrocnemius muscle) into syngeneic recipients, intramus-
cular teratoma formation was observed in all recipients by day 28. In contrast, no
evidence of mES cell survival was observed in allogeneic recipients at day 28,
presumably because of alloantigen specific rejection of the transplanted mES
cells [12]. To test if immunologic memory was induced towards mES cells, the
kinetics of the secondary immune response were compared to this primary immune
response. Upon repeated exposure, mES cells were rejected by day 7, demon-
strating an accelerated immune response relative to the 21–28 days required for
rejection during the primary exposure [12]. This indicates that immune memory
cells are generated as a result of the adaptive immune response against allogeneic
mES cells.

The immunogenicity of ES cells may also depend on the differentiation state of
the graft. When ES cells differentiate or are exposed to an inflammatory envi-
ronment (e.g., IFN-c), MHC class I expression is increased [12, 16, 17]; this may
result in a heightened allogeneic immune response to the ES cells. This was
addressed by two experiments comparing the survival of undifferentiated and
differentiated mES cells transplanted into MHC-mismatched hosts [12]. The first
experiment demonstrated that undifferentiated mES cells are immunologically
rejected by day 28, but if the cells are allowed to first differentiate in vivo and are
then isolated and re-transplanted, they are rejected by day 14. The second
experiment demonstrated that if a very large number (*1 9 107) of undifferen-
tiated mES cells are transplanted into allogeneic recipients, a minority of the grafts
(*20 %) overcome immune rejection and form teratomas [12]. However, if the
mES cells are first allowed to differentiate in vitro prior to transplantation, none of
the grafts will escape immunological rejection. This accelerated cell death and
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diminished survival may reflect increased immunogenicity of the differentiated
mES cells, but is also compatible with the view that when the cells differentiate,
their proliferation rate decreases and they become more vulnerable to the immune
response than the highly proliferative undifferentiated cells.

The previous examples have demonstrated that transplantation of mES cells
across allogeneic MHC barriers can result in immune-mediated rejection. However,
in addition to MHC antigens, ES cells express minor histocompatibility (mH)
antigens that may contribute to their immunogenicity. The potential impact of mH
antigens was investigated by transplanting mES cell-derived EBs into mH antigen
mismatched, but MHC matched hosts [25]. EBs which differed only at mH loci were
rejected with similar kinetics as both fully MHC-mismatched EBs and MHC-
mismatched skin grafts [25]. This finding demonstrates that mES derivatives may be
as vulnerable to immune rejection as other types of grafts. Furthermore, it indicates
that matching donor and host MHC antigens may not be sufficient to prevent graft
rejection, and thus some form of immune intervention will likely be necessary.

2.6 Xenogeneic Transplantation of ES Cells

Similar to the mES cell studies, mixed conclusions have been reached regarding
the immunogenicity of hES cells. Due to ethical constraints, the in vivo immu-
nogenic properties of hES cells have not been studied in a true allogeneic scenario
(i.e., human transplantation). Instead the majority of studies have either investi-
gated the immunogenicity of hES cells in vitro or in the xenogeneic transplantation
setting using rodents as the experimental host.

One of the earlier studies suggesting that hES cells may possess some form of
immune privilege involved transplantation of hES cells into the quadriceps muscle
of immunocompetent mice. Using histopathological techniques, the investigators
were unable to detect an appreciable inflammatory infiltrate at 24 and 48 h after
injection. This finding indicates that hES cells may not induce a significant
inflammatory infiltrate at the early time points assayed. However, studies which
assayed later time points demonstrated signs of immune-mediated rejection by
3 days with escalating intensity at 5–7 days post transplantation [20]. The
inflammatory cells which infiltrate the hES cell graft are predominantly T and
B-cells, indicating the involvement of the adaptive immune system [26]. However,
neutrophils and macrophages are also present, likewise suggesting the involvement
of the innate immune system [26]. To demonstrate that the immune rejection of
xenogeneic hES cells was not unique to a certain mouse strain, a different group of
investigators transplanted hES cells into 4 different immunocompetent mouse
strains. They found that at 1 month post transplantation, every immunocompetent
animal rejected the hES cells, whereas all immunodeficient mice accepted the
grafts and demonstrated teratoma formation [21]. The rejection of hES cells
appears to be predominantly orchestrated by the CD4+ T cell subset. When hES
cells were transplanted into CD4-/- mice, their survival was significantly
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prolonged relative to that observed in CD8-/- mice [26]. Interestingly, hES cells
were eventually immunologically rejected (albeit with differing kinetics) and
failed to engraft in both CD4-/- and CD8-/- mice, indicating that either T cell
subset was sufficient to prevent hES cell engraftment. However, T cell deficient
nude mice were unable to reject hES cells, indicating that at least one of the two T
cell subsets was necessary for hES cell rejection [26].

The xenogeneic immune response towards hES cells is an adaptive immune
response that consists of both a humoral and cellular arm. Murine splenocytes that
have been exposed to hES cells in vivo produce significantly increased levels of
both IFN-c and IL-4 cytokines compared to splenocytes isolated from naïve mice
never exposed to hES cells [26]. IFN-c is produced by T-helper type-1 (Th1) cells
which classically induce a cellular immune response. IL-4 is produced by T-helper
type-2 (Th2) cells which facilitate the humoral immune response. Indeed, fol-
lowing hES cell transplantation, there are increased quantities of xeno-reactive
antibodies in recipient sera relative to control mice. Further proof that hES cells
can elicit an adaptive immune response is that, like mES cells, hES cells can
stimulate the production of immune memory cells. Primary transplantation of hES
cells will result in the complete immunological rejection of xenogeneic grafts by
7–10 days post transplantation. If the same animals are transplanted 14 days after
primary challenge with the same number of hES cells, the secondary immune
response will accelerate hES cell death and produce complete immunologic

Fig. 2.2 In vivo visualization of hES cell survival. a Representative bioluminescent images
(BLI) of hES cell transplanted naïve animals (first transplant) shows a rapid decrease in BLI
signal in immunocompetent (BALB/c) mice, compared to immunodeficient NOD/SCID mice,
reaching background levels at day 10 after transplantation. b In BALB/c animals that were
presensitized with nontransduced hES cells (injection in right leg), accelerated loss of the BLI
signal was seen upon second transplantation (injection in left leg) due to prior pre-sensitization,
reaching background intensity by day 7. Color scale bar values are in photons per second per
square centimeter per steradian (p/s/cm2/sr)
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rejection by day 3 after transplantation [26] (Fig. 2.2). This indicates that hES cells
were recognized as antigenic upon primary exposure, leading to the generation of
immune memory cells that produced an accelerated adaptive, donor-specific
immune response upon secondary immune challenge.

2.7 Conclusion

The pluripotent capability of ES cells highlights their potential for future
therapeutic applications in regenerative medicine to treat numerous intractable
illnesses. However, this pluripotency also underlies the potential risk of teratoma
formation if undifferentiated cells are transplanted. Similarly, the immunogenicity
of ES cells represents one of the major barriers precluding the successful translation
of ES cell based therapies. The immunogenic characteristics of ES cells are
dynamic and in constant flux depending on the differentiation state and environment
surrounding the ES cells. When ES cells are in the undifferentiated state their high
proliferation rate and low expression of potentially immunogenic surface proteins
presents an elusive target for the immune system. However, when the cells differ-
entiate and increase their expression of immunogenic cell surface markers, they are
placed at increased risk for immunologic rejection. This risk for immune rejection
has been demonstrated for mES cells in the allogeneic in vitro and in vivo setting
and for hES cells in the allogeneic in vitro and xenogeneic in vivo scenario
(Table 2.1). A critical area of investigation for the future success of regenerative
medicine will focus on strategies to combat immunological rejection or to induce
immunologic tolerance towards ES cells. For the successful development of these
approaches, investigators must identify the antigenic components of ES cells that
contribute to their immunogenicity, as well as gain a better understanding of the in
vivo behaviour of ES cells.
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