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Abstract—Human pluripotent stem cells, which include embryonic stem cells and induced pluripotent cells
(iPSCs), are capable of unlimited division and differentiation into all cells of the body. These cells are con-
sidered as a potential source of various types of cells for transplantations. The use of autologous iPSCs is not
potentially associated with immune rejection and does not require immunosuppression required for alloge-
neic grafts. However, the high cost of this technology and the duration of obtaining iPSCs and differentiated
cells may limit the use of autologous iPSCs in clinical practice. In addition, full equivalence and immunolog-
ical compatibility of autologous iPSCs and their derivatives have been repeatedly questioned. One approach
to solving the problem of the immunological compatibility of allogeneic derivatives of iPSCs can be the estab-
lishment of cell lines with reduced immunogenicity. Differentiated derivatives of such iPSCs may be suitable
for transplantation to any patient. This review discusses the strategies for evading immune surveillance in nor-
mal and tumor processes that can be used to establish stem cell lines with reduced immunogenicity.
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Pluripotent stem cells (PSCs) include embryonic
stem cells (ESCs) and induced pluripotent stem cells
(iPSCs). PSCs are cell lines that exist only in vitro.
The main feature of these cells is their ability to unlim-
itedly proliferate under conditions that promote their
self-renewal and to differentiate into any cells (deriva-
tives of all three germ layers) when these conditions
change. Human ESCs are obtained from the inner cell
mass of blastocysts that remains unclaimed after in
vitro fertilization procedures [1]. Genetic reprogram-

ming of somatic cells (fibroblasts) to a pluripotent
state was implemented in 2006 by K. Takahashi and
S. Yamanaka [2] with use of the exogenous expression
of transcription factors Oct4, Sox2, Klf4, and c-Myc.
Since obtaining the first human hESC and iPSC lines,
the scientific community has had high hopes for the
development of cell replacement therapy. Effective
and reproducible protocols for differentiation of vari-
ous types of PSC, including cardiomyocytes, retinal
pigment epithelium (RPE) cells, neurons, and pan-
creatic β-cells, were developed [3]. Furthermore,
iPSCs opened up broad vistas for modeling the so-called
“disease in a Petri dish” and drug screening [4–6].

The technology for deriving autologous iPSCs
enables personalized cell therapy, which removes the
problems associated with immune rejection. However,
the high cost, the duration of obtaining clinically cer-
tified iPSC lines, and their subsequent differentiation
into cells required for transplantation, as well as verifi-
cation of the therapeutic safety of cell products are the
factors that have slowed the introduction of the iPSC
technology in clinical practice [3, 7]. The study, the
results of which show the existing problems of applying
in industry the cell products of autologous iPSCs and
their derivatives, is very demonstrative [8]. During
obtaining autologous iPSCs of two patients and their
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differentiation into RPE cells for subsequent trans-
plantation, the authors proposed indicators and qual-
ity assessment methods by selecting cell lines at differ-
ent stages of cultivation and differentiation of iPSC
clones by the key characteristics that could potentially
affect their safety: morphology, karyotype, growth
properties, genetic stability, and the ability for directed
differentiation. As many as 12 of 32 iPSC clones
derived from the first patient and half of 40 iPSC
clones derived from the second patient were culled at
the stage of estimation of the morphological charac-
teristics. As a result, two iPSC clones derived from the
first patient and only one clone derived from the sec-
ond patient, which met all the safety-related criteria,
were obtained. It is believed that obtaining clinically
certified autologous iPSC lines requires expensive and
time-consuming analysis of each of the resulting
clones, which will make it possible to reduce the risks
associated with potential mutagenesis and malignant
transformation of cell products during transplantation
to a patient. That is why the world scientific commu-
nity currently holds the opinion that, at least in the
short term, the allogeneic transplantation of thor-
oughly characterized iPSC and ESC derivatives can be
considered as a more realistic approach to personal-
ized cell therapy [7, 9].

Histocompatibility is one of the main problems of
the therapeutic use of allogeneic cells and tissues,
including the cells that are PSC differentiation prod-
ucts. Over 20000 HLA alleles are known
(http://www.ebi.ac.uk/imgt/hla/). This polymor-
phism creates the problems in selecting donors for
transplantation. The incomplete coincidence of the
donor and recipient in the major histocompatibility
complex (MHC) genes necessitates systemic adminis-
tration of immunosuppressive drugs to prevent the
immune response. Such therapy has serious side
effects, increases the risk of infections and tumors,
and is often ineffective [10].

Thus, the strong interest in studying the immuno-
genicity and immunological tolerance mechanisms in
health and disease is justified. For example, numerous
mechanisms by which the tumor tissue evades
immune surveillance are known. It is, therefore, of
interest to identify the possible ways and mechanisms
involved in tolerance development, which can be used
to solve the problem of the histocompatibility of allo-
geneic differentiated PSC derivatives.

An effective way to solve this problem may be
deriving universally histocompatible human iPSC
lines suitable for transplanting into any recipient (Fig. 1).
The personalized approach to future cell transplanta-
tions can be facilitated by using a more universal
source of cellular material. It is assumed that the PSC
genetic modifications described in our review can be
used to develop a safe and effective strategy that will
reduce the immune response of a potential recipient to
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the allogeneic cells differentiated from PSCs without
using the standard immunosuppressive drugs.

IMMUNOGENICITY OF PLURIPOTENT STEM 
CELLS AND THEIR DERIVATIVES

Initially, it was believed that PSCs can evade
immune surveillance and will not be rejected after
transplantation because of the low expression of HLA
class I and II molecules and costimulatory molecules
CD80 and CD86, as well as due to the expression of
immunomodulatory molecules such as serpin 6
(endogenous granzyme B inhibitor) and TGFβ, which
inhibit T-cell proliferation [11]. However, studies in
mice with a functional immune system showed that
PSCs do not have immunological privileges and cause
specific immune response and rejection, as in the case
of transplanting mature tissues and organs [12, 13].

Unlike mouse ESCs, on the surface of which MHC I
and II molecules are not detected [14], human ESCs
express HLA-I [15]. Both the innate and adaptive
immunity contribute to the rejection of ESCs. Alloge-
neic NK cells lyse mouse and human PSCs in vitro
[16]. It is believed that PSCs cannot activate alloge-
neic T cells directly via the interaction of HLA and
TCR in vitro or in vivo [17]. However, PSCs express
immunogenic antigens, including the Oct 3/4 protein,
which can activate T cells via the antigen-presenting
cells (APCs) [18].

In one study, human ESCs and their differentiated
derivatives were transplanted under the kidney capsule
of a humanized mouse [12]. Transplantation of
healthy donors skin pieces into these mice led to a gen-
eralized transplant rejection, whereas the differenti-
ated ESC derivatives caused only minimal manifesta-
tions of inflammation in the form of leukocyte infil-
tration. However, later these data were not confirmed.
For example, the injection of mouse ESCs and their
derivatives into the myocardium of allogeneic recipi-
ent mice resulted in increased immunogenicity as the
degree of differentiation of the transplanted cells was
increased [13]. Later, a collection of mouse ESC lines
that differed from each other in certain genetic loci
with increasing levels of immunological differences
was obtained [19]. The degree of the immune response
induced by the cells that were differentiated from
ESCs was evaluated by implanting these cells under
the kidney capsule without the use of immunosup-
pression. It should be noted that the differentiated
iPSC derivatives whose haplotype was almost identi-
cal to the haplotype of the recipient mouse line were
eliminated much more slowly than those differenti-
ated from the allogeneic ESCs.

In this respect, it is important to clarify the issue of
the potential possibility of the rejection of autologous
derivatives of pluripotent cells. In 2011, in experiments
on autologous transplantation, mouse iPSCs and
ESCs were subcutaneously injected into syngeneic
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Fig. 1. Advantages and disadvantages of potential use of autologous, hypoimmunogenic, and allogeneic cell products in trans-
plantation.
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recipients [20]. As expected, the syngeneic ESCs
formed teratomas; however, the iPSCs with the same
genetic background caused the formation of signifi-
cant T-cell infiltrates, which led to their rejection.
Similar results obtained later also showed that the
degree of immunogenicity of PSCs decreased in the
course of further differentiation [21]. PSCs in an
undifferentiated state cannot be regarded as a material
for transplantation. Only cells of a certain tissue spec-
ificity, directionally differentiated from PSCs in
vitro—neurons and their progenitor cells, RPE cells,
insulin-producing cells, etc.—can be used for this pur-
pose [3]. The unexpected report of the immunogenic-
ity of the autologous iPSC derivatives in syngeneic
recipients caused pessimism about their therapeutic
potential. It should be noted that the results of later
studies, conversely, indicate the absence of immuno-
genicity and the safety of the differentiated syngeneic
iPSC derivatives [22, 23].

Endothelial cells, hepatocytes, and neuronal cells
were derived from ESCs and iPSCs [22]. These cells
expressed MHC I and costimulatory molecules; i.e.,
theoretically, they might activate the T-cell response.
However, coculturing with the allogeneic T cells
showed no specific T-cell response to the undifferen-
tiated syngeneic iPSCs or their derivatives. The trans-
plantation of three types of cells into syngeneic mice
did not lead to the graft’s infiltration by T cells, which
is consistent with the data obtained in vitro. The trans-
plantation of the allogeneic cells immediately caused a
generalized immune response in vivo and pronounced
cytotoxicity in vitro, once again confirming that PSCs
and their derivatives are not immunologically inert.
These results suggest that the immunogenic proteins
are not produced, at least not in the endothelial and
neuronal cells and hepatocytes differentiated from
iPSCs. Similar conclusions were made by other
researchers, who showed that the teratomas formed
from syngeneic ESCs and iPSCs do not cause a signif-
icant immune response [23].

It was assumed that the immunogenicity of the
obtained lines was, most likely, associated with the
overexpression of the tumor-associated genes Hormad
and Zg16 [24]. However, no differences in the expres-
sion of these genes were detected in ESCs and iPSCs
[22, 23]. The discrepancy in the results of these studies
may be caused by the differences in the technologies
used to obtain iPSCs. It is assumed that the immuno-
genicity of cell lines may be affected by the vector
selected for the reprogramming factor delivery [25].
For example, retroviral constructs and plasmids were
used for reprogramming [24], iPSCs were obtained
using plasmids [22], and ESCs and iPSCs were
obtained using both plasmids and retroviruses [23].
Retroviral vectors are integrated primarily into the
transcriptionally active sites, causing long-term acti-
vation of transgenes or adjacent genes near the inte-
gration site, which may lead to the activation of the
expression of potentially immunogenic proteins [18].
Therefore, for clinical use, iPSC should be obtained
MOLECULAR BIOLOGY  Vol. 53  No. 5  2019
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by the methods of reprogramming somatic cells,
which do not cause mutagenesis and do not lead to
immunogenicity.

The immunogenicity of iPSC derivatives was also
studied in primates [26]. It was found that the trans-
plantation of autologous neurons differentiated from
iPSCs into the primate brain causes the minimal
immune response. Conversely, the allogeneic neurons
cause the activation of microglia (IBA-1+/MHC class
II+) and infiltration of the graft by T cells. Later, to
study the mechanisms that occur during the trans-
plantation of human cells, mice with a reconstituted
human immune system were used [24]. After subcuta-
neous injection of autologous iPSCs, obvious inflam-
matory and necrotic foci were formed in the terato-
mas, which indicated immunological rejection of at
least some types of the cells differentiated from the
iPSCs. In addition, differential immunogenicity of
iPSC derivatives of different histotypes was also
observed: smooth muscle cells induced a stronger
immune response than the differentiated RPEs even
when they were transplanted into a region other than
the eye. It should be noted that, to date, the only clin-
ical trial of the autologous iPSC derivatives, per-
formed on a patient with age-related macular degener-
ation, confirmed the absence of immunogenicity in
the autologous RPE cells differentiated from iPSCs
[8]. In connection with the contradictory data on the
immunogenicity of certain types of autologous iPSC
derivatives, further development of cell therapy proto-
cols may require an estimation of the immunogenicity
of the cells differentiated from iPSCs on animals with
a humanized immune system. Since cells of each type
contain different sets of proteins, it is likely that, before
clinical use, it will be necessary to screen cells of each
type for immunogenicity [25].

It is believed that iPSCs, unlike ESCs, largely
retain the transitional transcriptional and epigenetic
memory of their origin (the so-called somatic mem-
ory), especially in the early passages; however, the
molecular and functional differences are lost in the
course of long-term cultivation [27]. These properties
may be specific for each iPSC clone [28]. The epigen-
etic features can explain the residual expression of
immunogenic proteins, which are synthesized during
differentiation only in iPSCs but not in hESCs. The
contribution of the epigenetic mechanisms to the reg-
ulation of expression of immunogenic proteins may be
tissue-specific, which was observed in the differentia-
tion of human iPSCs to the RPE and smooth muscle
cells [24]. Wang et al. showed how the somatic mem-
ory phenomenon may affect the further immunoge-
nicity of the iPSC lines derived [29]. They repro-
grammed the mouse testes’ Sertoli cells, which were
located in an anatomically immunologically privileged
site. The resulting cells were less immunogenic when
transplanted into an allogeneic recipient than the
iPSCs derived from skin fibroblasts. Similar data were
also obtained for the iPSCs reprogrammed from the
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umbilical mesenchymal cells [30]. The differentiated
neuronal progenitors caused a significantly lower pro-
liferation and activation of cytotoxic lymphocytes
when cocultured in vitro.

There are also other causes, which are discussed in
connection with the potential immunogenicity of
iPSCs. Firstly, somatic mutations were identified in
many iPSC lines. These mutations can create new
immunogenic determinants, similarly to neo-anti-
gens, which occur in tumor cells [31]. Secondly, the
genomic translocations detected in iPSCs may lead to
the formation of fusion proteins, which may form new
immunogenic determinants [31]. Changes in the
genome’s functioning may also be caused by long-
term cultivation and the reprogramming process itself,
which is accompanied by the transgene’s insertion at a
random site. Therefore, in addition to the immunoge-
nicity of the cells differentiated from iPSCs, the most
serious concern is the possible genomic instability of
these cells, which may increase the risk of carcinogen-
esis. Nevertheless, it should be noted that the data on
the genetic instability of iPSCs are ambiguous and
contradictory. The results of the comparison of the
genetic stability of ESCs and iPSCs probably indicate
the absence of differences between ESCs and iPSCs at
the complete reprogramming of the latter [32].

CREATING BANKS OF iPSC LINES THAT ARE 
HOMOZYGOUS FOR HLA GENES

The reprogramming technology makes it possible
to obtain autologous patient-specific iPSCs and their
derivatives, which largely eliminates the problem of
immune rejection. However, this technique has sev-
eral disadvantages. Firstly, obtaining and characteriz-
ing iPSC lines takes a long time calculated in months
[33]. Secondly, further production and subsequent
clinical use requires the development of specification
in accordance with the requirements of the regulations
and quality control of the reprogrammed cells, which
significantly increases the time of preparation of the
cell product and the cost of personalized therapy [34].
Such an approach may be appropriate for persons with
chronic diseases, when there is time required to per-
form all of these processes.

Creating a bank of characterized iPSC lines homo-
zygous for HLA and their derivatives may be an alter-
native to personalized therapy based on using differen-
tiated iPSC derivatives [35]. It can be assumed that
such homozygous lines will be compatible with the
heterozygous recipients in which at least one allele
coincides with the iPSC line haplotype. Since the
incompatibility in the ABO system may be the cause of
hyperacute rejection in primarily vascularized tissues
and organs, when creating a haplobank, it is necessary
to select healthy donors with blood group I (0), which
minimizes the risk of rejection [36]. Because of the
strong polymorphism of the HLA locus, it will be nec-
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essary to create a haplobank including hundreds of
donor lines to match the majority of the recipients [35].

Some empirical estimates of the number of the
required PSC lines homozygous for HLA are based on
the frequency of occurrence and ethnic diversity of the
selected population [36]. For example, the PSC bank
obtained from 150 homozygotes typed for HLA will
coincide with 93% of the population of the United
Kingdom, with the necessity of the minimum immu-
nosuppression [35]. For potential matching with 90%
of the population of Japan, approximately 50 lines are
required [37]; however, to achieve this level of coinci-
dence, over 60000 volunteers need to be screened [38].
The iPSC bank in Japan was formed in 2012 at the
Center for the study and application of iPSCs in Kyoto
(http://www.cira.kyoto-u.ac.jp/e/).

For countries with a more ethnically diverse popu-
lation, including the United States, Brazil, and Rus-
sia, the number of such lines will be greater. In 2012, a
model was proposed, in which, in order to create a
haplobank from 20 donors with the most frequently
occurring HLA haplotypes, 26000 European Ameri-
cans and 110000 African Americans must be typed
[39]. However, potential clinical use is possible only
under the conditions of international cooperation and
typing of hundreds of thousands of volunteers. Obvi-
ously, the mass-scale creation of specialized cell banks
requires huge investments.

Despite the optimistic forecasts regarding the
potential use of haplobanks, it should be borne in
mind that the coincidence for the HLA haplotype may
be insufficient to prevent allogeneic rejection, and the
immunosuppressive therapy may be required for the
majority of patients. The minor mH antigens, which
will inevitably differ in unrelated donors, and the
interaction of inhibitory KIRs (killer cell immuno-
globulin-like receptors) on NK cells with different
HLA-I alleles may also contribute to alloreactivity.
During maturation, NK cells acquire tolerance to their
own cells carrying a certain set of HLA-I molecules on
the surface. All HLA-C molecules are divided into two
groups (C1 and C2) depending on their ability to bind
to KIR2DL3 and KIR2DL1 [40]. Therefore, all recip-
ients can be divided into the following groups: C1/C1,
C1/C2, and C2/C2, according to the HLA-C geno-
type. It is assumed that, during transplantation of
iPSC derivatives obtained from a homozygous C1/C1
donor to a heterozygous C1/C2 recipient, the licensed
NK cells of the recipient will respond to the absence of
the KIR ligand (C2) and, eventually, will reject the
allograft due to the absence of the KIR2DL1 inhibi-
tory signal in accordance with the conventional mech-
anism of “friend’s absence” recognition. It was
recently found that the NK cells isolated from the
HLA-hetero-C1/C2 attack the in vitro T cells and
endothelial cells differentiated from HLA-homo-
C1/C1 iPSCs [41]. The use of ectopic expression of
HLA-C2 on the surface of differentiated cells made it
possible to inhibit the NK-cell response. These results
confirm that NK cells respond to a mismatched KIR
ligand and can kill differentiated cells due to recogni-
tion of the absence of the HLA-C expression, which
should be taken into account when transplanting iPSC
derivatives homozygous for HLA.

In this respect, it is reasonable to consider the pos-
sible mechanisms of immunotolerance development,
which are implemented by the human immune system
not only in health but also in disease, and use these
strategies for potentially obtaining immunologically
privileged iPSC lines with the minimum risk of malig-
nant transformation.

STRATEGIES USED BY TUMOR CELLS 
TO EVADE IMMUNE SURVEILLANCE

In an attempt to avoid destruction by the immune
cells of the body, tumors can become “invisible” to the
immune system. Strategies to evade immune surveil-
lance can be used to derive hypoimmunogenic iPSC
lines. Transplanted organs and tissues are rejected by
the mechanisms of cellular and humoral responses,
which depend primarily on the recognition of foreign
HLA antigens by T cells [42]. In order to trick the
immune system, tumor cells reduce the expression of
the molecules that are required for antigen presenta-
tion (HLA), costimulation (CD80 and CD86), and
adhesion (CD54), thereby preventing their recogni-
tion by immune cells, and increase the expression of
the immunosuppressive components such as HLA-G,
PD-L1, and CTLA-4 [43]. These mechanisms play a
major role in enhancing the activity of regulatory T
cells and the subsequent anergy of the cytotoxic T- and
NK-cells.

CTLA-4 and PD-L1 are the key immunological
checkpoints in maintaining the peripheral tolerance of
T cells. Therefore, these molecules can be used to
induce immune tolerance to allogeneic grafts [44].
CTLA-4 binds to CD80 and CD86 on the APC sur-
face, thereby blocking the T-cell costimulatory path-
ways, whereas PD-L1 binds to PD-1, which is
expressed on the activated T cells, to induce the inhib-
itory signaling pathways. Taken together, they control
the balance of the coinhibitory and costimulatory sig-
nals, which plays an important role in the regulation of
the amplitude and duration of the T-cell response. The
expression of these molecules is increased in various
types of cancer cells [45].

Next, we will consider in more detail the basic
strategies used by tumor cells to develop immunotoler-
ance, which can be used to solve the problem of the
histocompatibility of allogeneic differentiated deriva-
tives of pluripotent cells.

HLA-I
Evasion of immune surveillance is often associated

with the loss of HLA-I molecules on the tumor cell’s
MOLECULAR BIOLOGY  Vol. 53  No. 5  2019
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surface. HLA-I molecules play the key role in the pre-
sentation of peptides (including the tumor-associated
antigens) to the cytotoxic T cells. The expression of
these antigens and costimulatory receptors, possible
signals of the processes occurring in the cell, triggers
immune activation and promotes the cytotoxic
destruction of the tumor cells [46]. It is assumed that
the efficiency of antitumor therapy depends on the
expression level of HLA-I molecules on the surface of
tumor cells [47]. This primarily depends on the molec-
ular mechanisms underlying the loss of HLA-I expres-
sion [48]. In the so-called soft neoplasms, the changes
that are responsible for the changes in the expression
level of HLA-I disappear after stimulation with cyto-
kines or immunotherapy. In this case, the increasing
specific T-cell response leads to a further regression of
the neoplasm. In the therapy-resistant, or hard, neo-
plasms, genomic structural defects are irreversible and
cause various mutations. In this case, the mechanisms
of evading immune surveillance prevail. According to
this idea, the nature of the loss of the HLA-I expres-
sion in tumor cells significantly affects the success of
anticancer therapy [49]. Therefore, defects in the
HLA-I expression by tumor cells often lead to hypo-
immunogenicity followed by evasion and the progres-
sion of metastasis. The loss of HLA-ABC expression
was detected in a number of cancers, including the
squamous cell carcinoma of the head and neck
(approximately 70% of cases), breast cancer (96%),
colon cancer (87%), and melanoma (63%) [50].

HLA-I proteins are heterodimers consisting of the
heavy α-chain with a high degree of polymorphism
and the conserved β-2-microglobulin light chain
(b2m). The latter, a small protein with a molecular
weight of approximately 12 kDa without the trans-
membrane domain, is a member of the immunoglob-
ulin superfamily. The association between b2m and
the α3-domain of the heavy α-chain of HLA-I is
required to maintain the heterodimer conformation and
to form the functional HLA-I complex on the cell sur-
face; it also increases the peptide’s binding affinity [51].

Various mutations in the b2m gene can prevent the
synthesis of the b2m protein and, accordingly, the sta-
bilization of the functionally active HLA-I molecule.
Such mutations are detected in various cell lines and
cancer tissues. They may be represented by insertions
and deletions of nucleotides in the motifs with repeti-
tive sequences, as well as by single-letter substitutions
in one allele of the b2m gene in combination with the
loss of the large 15q21 chromosome segments, includ-
ing the second allele of the b2m gene [52]. These
mutations inhibit the b2m expression, thus preventing
transcription, or, more often, lead to a failure of the
mRNA translation or to the synthesis of a nonfunc-
tional protein. The occurrence of irreversible func-
tional defects in the b2mf gene facilitates the selection
and progression of aggressive tumor-cell clones due to
the lack of the HLA-I expression.
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Another evasion mechanism (e.g., in the case of
hematological tumors) may be changes in the HLA-II
expression, including those caused by mutations in the
CIITA gene, a HLA-II transactivator. Such mutations
were detected in patients with the classical Hodgkin’s
lymphoma [53].

HLA-G, an Under-Studied Member 
of the HLA-I Family

HLA-G, together with HLA-E, HLA-F, and
HLA-H, belongs to the non-classical HLA-Ib mole-
cules. HLA-Ib molecules, unlike the classical HLA-Ia
molecules with a high level of polymorphism, are
fairly conserved and are represented by a small number
of alleles. HLA-G not only implements the key func-
tion of the HLA-I molecule—presents peptide frag-
ments to specific subpopulations of CD8+ T cells—
but also has an immunomodulatory function [54].
Normally, HLA-G is not expressed on the surface of
healthy cells and is detected only on the trophoblast
cells, thymic epithelial cells, cytokine-activated
monocytes, mature myeloid cells, and plasmacytoid
dendritic cells (DCs), as well as on inflamed muscle
fibers [55]. The main physiological role of this mole-
cule is the formation of immune tolerance in the
blood–placenta barrier. Various HLA-G forms are
expressed by the trophoblast cells. They can interact
with the receptors on the surface of immune cells, thus
reducing the maternal immune response to semiallo-
geneic fetal tissues by reducing the cytotoxicity of the
T and NK cells, proliferation of T and B cells, and
induction of the apoptosis of the activated CD8+
T cells [56].

HLA-G molecules are present not only on the cell
surface but their soluble isoforms also exist. Seven
HLA-G isoforms are known, which are formed as a
result of the alternative splicing of the same mRNA—
the membrane-bound isoforms mHLA-G1, mHLA-
G2, mHLA-G3, and mHLA-G4 and the soluble iso-
forms sHLA-G5, sHL-G6, and sHL-G7 [57]. There
is also soluble sHLA-G1, which is identical to sHLA-
G5 and is formed as a result of the transmembrane
domain excision by metalloproteinases [58]. Only
HLA-G1 and HLA-G5 can represent the functional
heavy α-chain associated with the b2m molecule that
is capable of binding small peptides.

The immunomodulating properties of HLA-G are
mediated by the interaction with the immunoglobu-
lin-like transcript 2 (ILT2) on the surface of T and B
cells, monocytes/macrophages, DCs, and NK cells, as
well as with ILT4, which is expressed only on myeloid
cells (DCs), monocytes/macrophages, and neutro-
phils [54]. In addition, HLA-G interacts with
KIR2DL4 on the surface of NK cells [59] and with
CD160, which is expressed by T cells, NK cells, and
endothelial cells [60]. In quiescent cells, these recep-
tors are expressed at a low level; however, their expres-
sion in activated cells in pathological conditions (e.g.,
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in viral infections) increases [61]. By interacting with
these receptors, HLA-G affects the function of vari-
ous cell populations: prevents activation of effector
cells and cytokine secretion by B cells, promotes apop-
tosis, inhibits chemotaxis by reducing the expression
of several surface receptors for chemokines [54], and
reduces angiogenesis [60].

The increased expression of the membrane-bound
and soluble sHLA-G, which is detected in various
solid and hematological tumors, is correlated with an
increased risk of the progression of tumors and metas-
tasis, as well as a poor prognosis in general [45].

NKG2D Ligands
NKG2D (NK group 2 member D) is the main acti-

vatory receptor expressed on the surface of NK cells. It
is present on the surface of cytotoxic, CD4+, and γδT
cells [62]. Therefore, the NKG2D receptor not only
induces the cytotoxicity of effector cells [63] but also pro-
motes cytokine production and affects the differentiation
and proliferation of T cells [64]. The ligands of this recep-
tor are MICA and MICB (MHC class I-related chain) as
well as the ULBP family (UL-16 binding proteins),
which, in contrast to HLA-I, are not associated with
b2m. The expression of these so-called stress-induced
ligands facilitates the immune surveillance of trans-
formed, infected, or stressed cells. When the expres-
sion of the corresponding ligands increases, NKG2D
recognizes DNA lesions, high levels of reactive oxygen
species, increased proliferation levels, and heat shock.
In addition, the ligand–receptor pair is one of the
well-known immunological checkpoints. Immune
cells expressing NKG2D attack the transformed cells
before the beginning of changes in the immunological
phenotype of tumor cells, which is a prerequisite for
immune evasion. Despite this fact, some data indicate
that NKG2D ligands play an ambiguous role in the
regulation of tumor development [65].

Cancer cells are capable of governing the expres-
sion of NKG2D ligands at the posttranscriptional and
posttranslational levels. The regulation of the expres-
sion of NKG2D ligands has been insufficiently stud-
ied. Recently, however, multiple mechanisms were
revealed that are used by cancer cells to reduce the
expression of stress-induced ligands, thus evading
immune recognition [66]. The most frequently used
mechanism is to shed molecules from the cell-mem-
brane surface. Metalloproteases (particularly,
ADAM10, ADAM17, and MMP14), which are often
detected in tumor microenvironment, cut the trans-
membrane domain, thus removing MICA, MICB,
and ULBP1-6 proteins from the surface of malignant
cells [67–69]. In addition, the glycosylphosphatidyli-
nositol (GPI)-anchored ligands, such as ULBP1,
ULBP3, and MICA*008, are often released in exoso-
mal vesicles [70, 71], similarly to the tumor-associated
antigens, HLA-I/ HLA-II molecules, “death recep-
tor” ligands, and adhesion molecules [72]. Soluble
and exosomal receptors bind to the corresponding
sites on NK and T cells with subsequent internaliza-
tion and degradation [73]. While various cellular stress
signals can be recognized by the functional receptor,
shedding ligands of one type is sufficient to make
immune cells “blind” with respect to the entire family
of ligands [66].

The level of stress-induced soluble ligands in the
serum of cancer patients is regarded as a significant
prognostic factor. An inverse correlation between the
level of these ligands and the activity of NK and T
cells, correlation with the cancer grade, and a negative
effect on the patient survival were found [66].

CD47

CD47, or integrin-associated protein (IAP), is a
transmembrane protein of the immunoglobulin super-
family. CD47, which is widely represented in different
tissues of the adult organism, performs many func-
tions: it regulates various processes, including apopto-
sis, proliferation, adhesion, and migration, as well as
immune and angiogenic responses. CD47’s expres-
sion in tumor cells is significantly increased [74, 75].

Experiments with blocking antibodies showed that
CD47 knockout inhibits migration and metastasizing
of melanoma cells, as well as prostate and ovarian can-
cers [76]. In CD47-deficient mice, which are used as
multiple myeloma models, the number of metastases
into bones was less than in the control [77]. Similar
results were obtained in mice with non-Hodgkin’s
lymphoma xenografts: the blockade of the CD47
function with antibodies drastically reduced the num-
ber of metastases [78].

According to the results published in 2012, CD47
prevents the phagocytosis of cancer cells. The block-
ade of the interaction of CD47 with its receptor SIRPα
(signal regulatory proteins) by anti-CD47 antibodies
made it possible to slow down the progression of leu-
kosarcoma in mice [79, 80]. Moreover, it was found
that phagocytosis of cancer cells by macrophages,
mediated by blocking anti-CD47 antibodies, may ini-
tiate the antitumor immune response of T cells (in
particular, in tumors whose immunotherapy was pre-
viously ineffective) [81–83]. In addition, the binding
of CD47 to SIRPα blocks maturation of the immature
DCs and inhibits the synthesis of cytokines by the
mature DCs, thus suppressing their antigen-present-
ing functions. The interaction between CD47 on
endothelial cells and SIRP on leukocytes regulates the
transendothelial migration of T cells. In mice with the
CD47 knockout, the proportion of T cells, neutro-
phils, and monocytes in the inflammation sites is
reduced [84]. CD47 may also decrease the cytotoxicity
of NK cells in tumor cell cultures in vitro [85].

The important role of CD47 in the regulation of
phagocytosis was shown not only in neoplastic dis-
eases but also in the normal state. In particular, the
MOLECULAR BIOLOGY  Vol. 53  No. 5  2019
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Fig. 2. Generalized immunological tolerance induction strategies used by tumor or normal cells. Immunological checkpoints
CTLA-4 and PD-1L prevent T-cell activation. Suppression of HLA-I expression (e.g., due to mutations in b2m gene) hampers
presentation of antigens (including tumor-associated antigens) to cytotoxic T cells. Soluble ligands MICA, MICB, and ULBP1-6
inhibit NK cell-mediated immune response. Due to interaction with ILT2 and KIR2DL4 receptors, HLA-G prevents activation
of various effector cells, including T, B, and NK cells. Interaction between CD47 and SIRPα suppresses phagocytosis by macrophages
and reduces cytotoxicity of NK cells. However, mechanism of interaction of CD47 with receptors on NK cells remains obscure.
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interaction of CD47 with the soluble thrombospondin 1
(THBS1) and SIRPα on the surface of macrophages
downregulates the phagocytosis of normal erythro-
cytes [86].

Thus, a high level of CD47 allows cancer cells to
evade phagocytosis by macrophages during the inter-
action with SIRPα and suppresses the recognition by
cytotoxic T cells and, possibly, NK cells. Currently,
CD47 is considered as another target for obtaining
hypoimmunogenic iPSC lines [87].

The main molecules that determine the develop-
ment of immunological tolerance in health and dis-
ease are shown in Fig. 2.

PROSPECTS OF OBTAINING PSC LINES
WITH REDUCED IMMUNOGENICITY

Genomic editing in PSCs is regarded as a strategy
to minimize the immunogenicity of stem cells, which
may contribute to the use of cell technologies in regen-
erative medicine, because the tissues differentiated
from the stem cells that contain altered genes will also
contain this modification. Probably, genome editing
MOLECULAR BIOLOGY  Vol. 53  No. 5  2019
technology can be used to create a universal stem cell
line, suitable for transplantation into any patient. For
this purpose, the HLA complex genes or the genes
required for their expression are suppressed or elimi-
nated and the immunosuppressive molecules are
induced. Possible strategies for preventing immune
rejection are listed in detail in a recent review [88].

HLA-I expression on the surface of PSCs can be
suppressed by inhibiting transcription or by deleting
the genes encoding the heavy α-chain or the light
chain (b2m). The inactivation of b2m, which is
required to maintain the heterodimer conformation,
disturbs the formation of the functional HLA-I com-
plex. The cells that do not express HLA-I on their sur-
face become invisible to the DCs and T cells of the
recipient. Therefore, they should exhibit a reduced
immunogenicity with respect to the allogeneic CD8+
T cells of the recipient. It should be noted that the cells
that do not contain HLA-I molecules on their surface
may become targets for NK cells. Although CD8+ T
cells make a more significant contribution to a graft’s
rejection than NK cells, the NK-mediated cell death
may become a problem for the potential therapeutic
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use of iPSC lines and their differentiated derivatives
with the b2m deletion.

The first attempt to derive pluripotent cell lines
(hESCs) with a reduced immunogenicity was imple-
mented in 2011. This attempt was based on the HLA-I
knockdown with the use of small interfering RNAs
(siRNA) and intracellular antibodies to inhibit the
gene expression at the posttranscriptional and post-
translational levels [89]. HLA-I-knockdown human
ESCs (ESCKD) were characterized by a reduced sen-
sitivity to the cytotoxicity mediated by the CD3+ frac-
tion of peripheral blood mononuclear cells in vitro. After
transplantation into immunocompetent BALB/c mice,
four of the ten teratomas formed by ESCKD survived
for 42 days, whereas the control ESCs (six mice) were
eliminated within 10 days. Despite the HLA-I knock-
down, ESCKD did not initiate significant NK-cell
activity, which may be due to a low expression of the
stimulatory ligands of these cells. In 2013, to disturb
HLA-A expression in the WIBR3 ESC line, nucleases
with the zinc-finger motif (ZFN) were used [90].
However, because of the HLA-I heavy chain polymor-
phism, it is technically easier to edit the genes that are
required for the expression of the HLA-I complex
(e.g., the conserved b2m gene).

To inactivate both copies of the b2m gene in ESCs,
adeno-associated viral vectors (AAVs) were also used
[91]. The b2m–/– ESCs were derived using TALEN
nucleases [92] and a homologous recombination [93].
The cell lines derived in these experiments did not
express b2m and HLA-I on their surface, had a normal
karyotype, retained the characteristic expression pat-
tern of pluripotency markers, and were able to differ-
entiate into the derivatives of the three germ layers in
vitro and form teratomas in vivo. Transcriptome anal-
ysis showed that the gene expression pattern in the
b2m–/– cell lines did not differ from the expression
pattern in the original parental ESC line [91]. The
peripheral blood mononuclear cells showed reduced
reactivity against the embryoid bodies (EBs) derived
from the b2m–/– ESCs in the MLR (mixed lympho-
cyte reaction) assay. In addition, the b2m–/– EBs
that were cultured with the primed HLA-A*0201-
CD8+ T cells expressed IFN-γ at lower levels than the
control cell line. However, the incubation of b2m+/+
or b2m–/– EBs with NK cells did not lead to an
enhanced expression of CD107a, an indicator of
degranulation and cytotoxicity of NK cells. It is
assumed that, in order to demonstrate the phenome-
non of a “friend’s absence” recognition in the cells
differentiated from ESCs, further differentiation in the
hematopoietic direction is required.

Chinese researchers tested the immunogenicity of
b2m–/– ESCs by coculturing them in vitro with the
peripheral blood mononuclear cells [92]. Using the
ELISPOT technique, they showed an increased IFN-
γ secretion by the mononuclear cells in response to the
wild-type ESCs compared to the b2m–/– ESCs.
Hypoimmunogenicity in vivo was also shown: during
the injection of b2m–/– ESCs into BALB/c mice, the
infiltration of the implantation area with lymphocytes
was significantly less pronounced than in the mice that
were inoculated with the wild-type ESCs.

The cytotoxic activity of allogeneic CD8+ T cells
against ESCs, B2M-null ESCs, and their derivatives
at different ratios of the effector and target cells
(E/T-effector/target) was analyzed in [93]. As
expected, the B2M-null ESCs and their derivatives
were tolerant to the cytotoxicity mediated by the
CD8+ T-lymphocytes in vitro. It is known that the
IFN-γ produced during the immune response can reg-
ulate the b2m expression, thereby facilitating rejection
[15]. The survival assessment after the treatment with
the proinflammatory cytokine showed that the control
ESC line and its derivatives became more sensitive to
the allogeneic CD8+ cells. However, IFN-γ had no
effect on the tolerance of the B2M-null ESCs to the
immune response. The sensitivity of the B2M-null
ESCs to the response to NK cells was also tested. It
was confirmed that the knockout ESC line and its
derivatives, which do not carry HLA-I on their sur-
face, are recognized and eliminated by the NK cells.
To test the immunogenicity of B2M-null ESCs in
vivo, cells were intramuscularly injected into the hind
limbs of SCID mice. Teratomas were allowed to form
for 10 weeks, after which they were extracted and ana-
lyzed. The size of the tumors derived from the B2M-
null ESCs was significantly smaller than that of the
tumors derived from the control ESCs. It was assumed
that this might be due to the fact that SCID mice have
functional NK cells, which could lyse the teratomas
that did not express HLA-I. Next, the ability of B2M-
null ESCs to form teratomas in SCID mice with a
reduced component of the NK cell-mediated immu-
nity was studied. As expected, the size of these tumors
was comparable to that of the control teratomas
formed from the ESCs in the SCID mice that had
functional NK cells.

iPSC lines with biallelic knockout of the b2m gene
were obtained in our laboratory. The fibroblast-like
CD105+ derivatives exhibited an increased resistance
to the allogeneic CD8+ T cells in vitro [94].

HLA-I-negative cells become sensitive to NK cell-
mediated cytotoxicity, which is an important limita-
tion of simply editing the b2m gene [93]. It is assumed
that the NK-cell response can be reduced by inhibiting
the activatory signal or expression of the soluble MHC
homologue (MICA) [90, 93].

In addition, a potential defense against the NK-cell
response may be the expression of the nonclassical
HLA-I molecules—HLA-E and HLA-G. A decrease
in the NK cell-mediated lysis of the transgenic ESC
line ectopically expressing mutant mHLA-G and of
the differentiated epidermal progenitors, unlike the
control cell lines, was observed [95]. The recently per-
formed HLA-E knock-in into the b2m locus in an
MOLECULAR BIOLOGY  Vol. 53  No. 5  2019
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ESC line allowed stable expression of a single-chain
HLA-E without the expression of HLA-A, HLA-B, or
HLA-C [96]. HLA-E is a ligand of the CD94/NKG2A
inhibitory receptor. The resulting ESC line and its dif-
ferentiated derivatives were not recognized by the allo-
geneic CD8+ T cells and were resistant to the NK cell-
mediated lysis. HLA-E also increases the survival rate
of in vivo differentiated CD45+ cells and teratomas by
suppressing the cytotoxicity implemented by the NK-92
line expressing CD94/NKG2A.

In 2016, using the TALEN genome editing tech-
nology, TAP1 (transporter associated with antigen
presentation 1) and TAPBP (TAP-associated glyco-
protein) genes, which are involved in regulating the
HLA-I expression, were deleted [97]. The HLA-I
expression on the cell surface and the immunogenicity
of the lines deficient in TAP1 and TAPBP was lower
than in the control cell lines, whereas the normal
karyotype and pluripotency were retained.

To ensure adequate protection against viruses, viral
peptides should be presented in the HLA-I molecule
complex. In view of this, the absence of HLA-I sub-
stantially increases the risk of infection of the alloge-
neic grafts derived from PSCs. This potential risk
should be taken into account in the future, especially
in the case of diseases associated with viral infection.
Dimeric HLA-E molecules can provide some protec-
tion under these conditions, because they are able to
present pathogen-specific peptides and, possibly,
tumor peptides for subsequent recognition by the
cytotoxic T cells [96]. It should be noted that NK cells
are an important component of the antiviral and anti-
tumor immune defense. Therefore, long-term sys-
temic suppression of NK cells may significantly
increase the risk of opportunistic infections and tum-
origenesis.

Repression or deletion of HLA-II molecules to
prevent the immune rejection reactions has attracted
much less attention, because the HLA-II expression is
limited to the professional APCs. However, allogeneic
HLA-II molecules can induce the response of CD4+
T helpers and activate primarily B cells and macro-
phages. There are several known transcription factors
that regulate the HLA-II expression, including RFX,
X2BP, NFY, and CIITA. Using the TALEN genome
editing technology, CIITA in ESCs was deleted [98].
The CIITA–/– ESC line retained the characteristics
of a pluripotent cell line. Differentiated fibroblasts and
DCs did not express HLA-II. The CIITA–/– T cells
and DCs can be used in cell therapy because they are
able to evade the CD4+ T-cell response of the recipi-
ent. However, the CIITA knockout alone is insuffi-
cient to prevent immune rejection. To ensure the max-
imum protection against the immune response, it is
better to use the double knockout—CIITA and b2m.
The first iPSC lines with the biallelic b2m and CIITA
knockout were derived in December 2018 [99]. The
b2m/CIITA–/– cardiomyocytes differentiated from
MOLECULAR BIOLOGY  Vol. 53  No. 5  2019
iPSCs did not cause activation of T cells in vitro and,
in contrast to the wild-type isogenic control, exhibited
an increased resistance to the activity of peripheral
blood mononuclear cells, including NK cells.

The possibility of using CD47 as an immunosup-
pressive agent was tested in [87]. For this purpose, the
b2m–/– CIITA–/– iPSC lines expressing CD47 were
derived. The formation of teratomas in the case of alloge-
neic transplantation of mouse b2m–/– CIITA–/–
Cd47tg+ iPSCs was shown. It should be noted that the
survival rate of the b2m–/– CIITA–/– iPSCs was
higher than the corresponding control. Then, the
immunogenicity of the differentiated derivatives of the
modified line was analyzed. In the case of the alloge-
neic transplantation of b2m–/– CIITA–/– Cd47tg+
iPSCs into the mice with a functional immune system,
the endothelial cells, smooth muscle cells, and cardio-
myocytes did not cause any immune response and did
not produce antibodies, whereas the wild-type differ-
entiated derivatives induced an acute rejection of the
graft. A similar approach was used to derive human
b2m–/– CIITA–/– Cd47tg+ iPSCs with subsequent
testing of the immune response on the humanized
mice. The absence of cellular immune responses and
production of antibodies was observed. It was con-
cluded that CD47 alone is sufficient to “blind” the
recipient’s immune system. It should be noted that the
authors of the cited paper do not discuss how CD47
interacts with NK cells, because CD47 receptors
(SIRPA (SIRPα, CD172a) and CD61) are not
expressed on the NK cells [85, 100]. The duration of
this immunotolerance has not yet been established. It
remains unclear whether the immune response to the
allogeneic b2m–/– CIITA–/– Cd47tg+ iPSCs will
develop in a remote period (up to several months) or
the proposed technique is sufficient and CD47
switches off the NK cells by another mechanism. To
answer this question, further studies are required.

Other strategies to ensure immune tolerance to
allogeneic grafts were also developed. The modified
CP ESC line was obtained by increasing the CTLA4-Ig
and PD-L1 expression [44]. Teratomas derived from
the CP ESCs, as well as fibroblasts and cardiomyo-
cytes were not rejected after being transplanted into
humanized mice, in contrast to the control cell lines.
Significantly less pronounced T-cell infiltration was
detected in the grafts, which suggests the ability of the
edited cell lines to create a local immunosuppressive
niche. However, the immunogenicity of all the lines
mentioned above should be tested in vivo.

A decrease in the immunogenicity of PSCs is a
“sword of Damocles,” because hypoimmunogenicity
can not only reduce the rejection of the cells derived
from PSCs but also increase the risk of tumorigenesis.
For example, the pluripotent stem cells that can
remain in the graft among the differentiated cells,
especially in the recipients receiving immunosuppres-
sive drugs, may form teratomas. The residual pluripo-
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tent cells can be eliminated from the differentiated cell
culture prior to transplantation by using cell sorting,
density gradient centrifugation, or selection of antibi-
otics if the iPSCs were generated using the respective
vectors. It should also be noted that PSCs and their
derivatives with genetic aberrations may also form
malignant tumors in model animals; however, such
facts are reported very rarely [88].

The insertion of “suicide” cassettes into the PSC
genome is a possible method for eliminating malig-
nant neoplasms and teratomas. A group of Japanese
researchers obtained an ESC line carrying the HSV-TK
(herpes simplex virus–thymidine kinase) transgene
under the promoter of the Oct4 gene, whose expres-
sion is characteristic only of pluripotent cells [101].
Selective elimination of undifferentiated ESCs
expressing HSV-TK was achieved by the treatment of
cells with ganciclovir. Another strategy to overcome
the problem of tumorigenicity is the use of the suicide
gene of inducible caspase 9 (iC9) [102]. iC9 is acti-
vated upon the interaction with the chemical activator
of dimerization, which triggers the caspase cascade
destroying iC9 iPSCs, their derivatives, and iC9 tera-
tomas in vivo. It should be noted that 94–99% of the
target cells were eliminated within 1 day, which makes
iC9 a promising candidate for a suicide gene for a pos-
sible increase in the safety of PSC therapy.

CONCLUSIONS

The pathways and mechanisms of immunotoler-
ance development considered in this review are quite
diverse. Which of them is realized often depends on
the tissue into which transplantation is performed or in
which a tumor develops, and is determined by the
local homeostasis of the signaling molecules and
immune system cells. Suppression or inactivation of
even one pathway responsible for immune surveillance
may result in a significant reduction in the recognition
by the T or NK cells or in a decrease in the production
of cytotoxic antibodies by the B-cell system, which is
initiated by the APCs. In deriving a universal immu-
notolerant line or lines of iPSCs, the most reasonable
approach is to switch off all the main components that
control tolerance. However, the high risk of tumori-
genesis or increased proliferation of hypoimmuno-
genic iPSCs and their derivatives should not be disre-
garded. Approaches to reducing these risks only
recently started being developed, and before using
these “universal” lines in clinical practice, numerous
studies of their biosafety and efficacy in animals,
including those with a humanized immune system,
should be performed.
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