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HLA-G was described originally as a tolerogenic molecule that allows the semiallogeneic fetus to escape
from recognition by the maternal immune response.
This review will discuss different steps in the study of HLA-G expression and functions in vivo, starting

with analyses of expression of the HLA-G gene and its receptors in transgenic mice, and continuing with
applications of HLA-G and its receptors in prevention of allograft rejection, transplantation tolerance, and
controlling the development of infection. Humanized mouse models have been discussed for developing
in vivo studies of HLA-G in physiological and pathological conditions. Collectively, animal models provide
an opportunity to evaluate the importance of the interaction between HLA-G and its receptors in terms of
its ability to regulate immune responses during maternal-fetal tolerance, survival of allografts, tumor-
escape mechanisms, and development of infections when both HLA-G and its receptors are expressed.
In addition, in vivo studies on HLA-G also offer novel approaches to achieve a reproducible transplanta-
tion tolerance and to develop personalized medicine to prevent allograft rejection.
� 2016 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.
1. Introduction

HLA-G, a non-classical HLA class I molecule, was identified for
the first time in 1986 by the group of McMichael by studying chori-
ocarcinoma cells [1]. The HLA-G molecule differs from classical
HLA class I molecules by its genetic diversity, expression, structure
and functions. The gene encoding HLA-G molecules displays a low
level of polymorphism [2,3] and restrictively express in physiolog-
ical conditions in cytotrophoblast cells [4], amniotic fluid [5], adult
thymic medulla [6], adult cornea epithelial cells [7] and stem cells
[8–10].

The gene encoding HLA-G molecules is composed of 8 exons
separated by 7 introns. Alternative splicing of the HLA-G primary
transcript generates 7 isoforms; 4 of them are membrane-bound
proteins (HLA-G1, G2, G3 and G4) and 3 of them are soluble pro-
teins (HLA-G5, G6 and G7) [11].

In some pathological conditions, expression of the HLA-G gene
could be induced by non-rejected allograft [12,13], lesion-
infiltrating antigen presenting cells (APCs) during inflammatory
diseases [14,15], and tumor tissues and their tumor infiltrating
APCs [16–18]. However, its tolerogenic function can be favorable
or detrimental for the patient [19] when HLA-G proteins bind to
its inhibitory and activating receptors, immunoglobulin-like
transcript-2 (ILT2/C85j/LILRB1) and transcript-4 (ILT4/CD85d/
LILRB2), killer cell immunoglobulin-like receptor (KIR2DL4/
CD158d), CD160, CD4 and CD8. Lymphoid and myeloid cells
express ILT2 receptor, whereas ILT4 is expressed by myeloid cells
and KIR2DL4 by NK (natural killer) cells and some CD8+ T cells
[20–23]. It was reported that interactions between HLA-G proteins
and its receptors could affect different immune responses
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including T cell proliferation, NK cell and CD8+ T cell cytotoxicity
and dendritic cell (DC) maturation [19–26]. In contrast, during
pregnancy, its tolerogenic function at the maternal-fetal interface
protects the fetus from destruction by its mother’s immune system
[4].

In order to better understand the functions of HLA-G and the
mechanisms induced by the interaction of HLA-G complexes with
its receptors in vivo, a mouse model was developed. Clinical and
translational research in recent years has been heavily influenced
by the development of animal models that can approximately
replicate the human pathological condition under study. Research
animals such as rodents provide scientists with a complex biolog-
ical system composed of cells, tissues and organs in comparison to
the controlled and sterile in vitro approach. In relevance of the 105
Noble prizes awarded for Physiology or Medicine, 91 were directly
dependent on animal research. As such, research on non-human
primates within the US comprises only around 1% while the major-
ity (95%) of animal research is conducted on rodents. Insights
gained from mouse experiments can be correlated to the human
system since both share up to 95% of their genomes and have
around 200 common disease conditions [27]. In this scenario, a
mouse with a specific pathological condition can serve as a model
for the human patient with the same disease. In addition, the
mouse is amenable to extensive genetic modification, making it
possible to produce new strains that can accurately mimic the
human disease. Lastly, via inbreeding and accurate mating set-
ups, it is possible to maintain a specific strain of mice indefinitely.
These advantages make mouse models a cost-effective and effi-
cient tool for biomedical research.

This review reports different steps in the study of HLA-G expres-
sion and functions in vivo, including creation of transgenic mice
containing HLA-G and its receptors, then continuing with human-
ized mouse models that were developed to study HLA-G in physi-
ological and pathological conditions.
2. Mice expressing HLA-G molecules

The HLA-G gene was discovered with studies that aimed to
understand how the maternal immune system displays immune
tolerance against the fetus during the pregnancy process. In
1953, Medawar [28] suggested that the fetus could be protected
from maternal immune cells by a specific HLA gene profile, since
proteins encoded by the HLA gene family exhibit an important
function in the regulation of the immune response. In the 1990s,
work performed by McMichael and DeMars’ groups showed that
trophoblast-derived choriocarcinoma cells and freshly harvested
villous cytotrophoblast cells from first trimester placenta express
the HLA-G gene [4,29].

In order to determine whether human HLA-G can be expressed
in extra-embryonic tissues and to further understand regulation of
the HLA-G gene transcription, the first HLA-G transgenic mouse
model was created in Orr’s laboratory in 1993 [30]. HLA-G trans-
genic mouse lines containing different constructs of the HLA-G
gene (HLA-G coding region and diverse 50 upstream regulatory ele-
ments) were generated. Then they analyzed the expression of HLA-
G transcripts in different tissues of these transgenic mice: thymus,
spleen, lung, kidney, brain, testicle, blood and extra-embryonic tis-
sues. It was shown that the 50 upstream regions of HLA-G are
important for its pattern expression, and especially, a 250 bp frag-
ment located 1.1 kb upstream of the translation start site was
shown to be essential for efficient extraembryonic expression.
Moreover, they identified that HLA-G mRNA levels were highest
in the spleen and thymus tissues, moderate in the lung, kidney
and testicle tissues, and finally very low in the brain. These data
are typical of the pattern of MHC class I expression in human
and in mice [31,32]. HLA-G pattern expression during the preg-
nancy process showed a dramatic increase between p.c.d. (post-
coitus day) 12.5 and 16.5. Furthermore, the expression of HLA-G
was higher in the placenta/parietal yolk sac samples than in the
visceral yolk sac/amnion samples. One year later, data provided
by Horuzsko and co-workers confirmed and demonstrated that
transcription of the HLA-G gene begins very soon after implanta-
tion of mouse embryos and persists in some tissues from adult
HLA-G transgenic mouse [33]. After embryos implant, transcription
of the HLA-G transgene in mice starts at p.c.d. 5.5 in the uterine
wall, in cells derived from embryos until term at day 19 (Fig. 1A).
These data underline that the regulation of HLA-G expression dur-
ing early post-implantation development is similar in mice and
humans. This transcriptional regulation could imply an interaction
between cis-acting regulatory elements in the HLA-G DNA included
in the transgene constructs and trans-acting factors present in
murine cells. Analysis realized in adult mice confirmed data
obtained previously by Orr’s group, consisting of the presence of
HLA-G transcripts in thymus, spleen, liver and testicles but not in
uterus of female mice. In contrast to the previous study, no HLA-
G transcript was detectable from brain, heart or kidney (Fig. 1B).

The fact that the HLA-G gene expresses during the pregnancy
could suggest that HLA-G proteins are able to modulate maternal
T cell responses directed against MHC genes expressed by the fetus
cells. Lee and co-workers reported that HLA-G proteins extracted
and purified from human lymphoblastoid cells formed a complex
with short nonameric peptides derived from diverse proteins
[34]. This finding suggests the existence of a human T cell reper-
toire that might be capable to recognize these complexes. To fur-
ther study the role of HLA-G associated to polypeptides in the
modulation of T cell response, triple transgenic (TRI) mice were
generated [35]. These transgenic mice express human HLA-G,
human b2-microglobulin (hb2m) to permit the expression of HLA-
G on the cell surface, as well as human CD8a (hCD8a) in anticipa-
tion that this molecule could facilitate the interaction between
murine thymocytes or T cells and murine cells that express HLA-
G and hb2m (Fig. 2A) [35]. At the same time, they generated double
transgenic (DI) mice expressing only hCD2/hCD8a and hb2m
(Fig. 2B). Engraftment of tail skin from TRI mice into normal mice
provoked rapid rejection of skin grafts. This data showed that
transgene expression in TRI mice induced a strong immune
response leading to graft rejection. Interestingly, when tissues
from DI mice were engrafted into normal mice, only 25% of grafts
were rejected (Fig. 2C). Together, these results demonstrated that
HLA-G is a strong transplantation antigen in mice and could pro-
voke graft rejection. To further understand the mechanisms impli-
cating the function of HLA-G in the transplant rejection, TRI mice
were immunized with the peptide RHPKYKTEL (G1), which
strongly binds to HLA-G protein. Immunized mice expressed speci-
fic cytotoxic T cells, which recognized HLA-G-peptide complex and
lysed the cells expressing these complexes. Others results obtained
from Lenfant and co-workers showed that HLA-G tetrameric com-
plex binds to other peptides, for example, 5 peptides derived from
the human cytomegalovirus (HCMV) pp65 protein, and generates a
specific population of cytotoxic T cells in TRI mice that are able to
kill human cell lines infected with HCMV [36]. Also, HLA-G pro-
teins are able to present peptide to murine T cells and induce them
to differentiate into effector cytotoxic T cells.

In 2003, Warner group identified, for the first time, a functional
homolog of human HLA-G in mouse: Qa-2 molecules encoded by
the Ped gene (preimplantation embryonic development) [37]. The
structures and features of human HLA-G and mouse Qa-2 are very
close. Both of them expressed membrane-bound isoforms (HLA-
G1, 2, 3 and 4 in human and GPI-linked in mouse) and soluble iso-
forms (HLA-G5, G6 and G7 in human and S1 Qa-2 and S2 Qa-2 in
mouse). All HLA-G membrane-bound isoforms and GPI-linked



Fig. 1. Detection of HLA-G RNA during embryonic development of HLA-G transgenic mice and in tissues from adult HLA-G transgenic mice. (A) RNA samples prepared from
HLA-G transgenic (Tg+) or control (Tg�) embryos at various times postcoitus (p.c) were analyzed by RT-PCR to detect transcripts of HLA-G and H-2Kk, which was used as
housekeeping gene. (B) RNA samples isolated from tissues of male and female HLA-G adult transgenic mice were analyzed by RT-PCR to detect transcripts of HLA-G and H-
2Kk. Tissues analyzed were: thymus (T), spleen (S), brain (B), heart (H), kidney (K), liver (L), testicles (Te) and uterus (U). Data from Horuzsko et al. [33] HLA-G transcription of
HLA-G transgenes commences shortly after implantation during embryonic development in mice.

Fig. 2. Generation of triple, double transgenic mice and rejection of transgenic skin transplant. (A) Triple transgenic mice (TRI) carried 1) the recombinant H-2Kb/HLA-G gene,
2) hb2m gene and 3) hCD8a cDNA linked to an expression cassette derived from the hCD2 gene. (B) Double transgenic mice (DI) expressed 1) hb2m gene and 2) hCD8a cDNA
linked to an expression cassette derived from the hCD2 gene. (C) Rejection of TRI transgenic skin transplant by normal (CBA/Ca) and DI mice (from Horuzsko et al. [35] HLA-G
functions as a restriction element and a transplantation antigen in mice).
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localized in lipid rafts on the cell membranes, and they might have
the ability to induce signaling transduction via proteins present in
lipid rafts [38]. Moreover the Qa-2 positive and negative-
expressing mice are available from Jackson Laboratory.
3. Mice expressing HLA-G receptors

At the present time, 6 inhibitory and activating receptors which
recognized HLA-G proteins or complexes containing HLA-G were
identified: ILT2, ILT4, KIR2DL4, CD160, CD4 and CD8. ILT2 is
expressed by B cells, some T cells, some NK cells and all mono-
cytes/DCs and macrophages [21]; ILT4 is expressed by myeloid
cells, DCs and macrophages [22]; KIR2DL4 is expressed by periph-
eral and decidual NK cells and some T cells [23]; CD160 is
expressed by endothelial cells, T cells and NK cells [39–41]; CD4
and CD8 are expressed by T cells [42] (Fig. 3A and B). In order to
discover the mechanisms and signaling pathways that are induced
by the interaction of HLA-G with its receptors, transgenic mice
expressing ILT2 and ILT4 were generated [43]. Horuzsko’s group
generated transgenic mice expressing the human ILT4 gene under
control of the mouse CD11c promoter [43]. These transgenic mice
expressed ILT4 only on DCs, since in human it was known that



Fig. 3. HLA-G and its receptors. (A) Different cell types express HLA-G inhibitory and activating receptors. ILT2 receptors were shown on the cell surface of T cells, NK cells, B
cells, monocytes, dendritic cells and macrophages; ILT4 on monocyte, dendritic cell and macrophage cell surface; KIR2DL4 on T cell and NK cell surface; CD8 and CD4 on T cell
surface; and CD160 on endothelial cell, T cell and NK cell surface. (B) HLA-G subunits a1 and a3 display an important role in the interaction between HLA-G with its receptors.
Data in table modified from Amiot et al. [78]. Biology of the immunomodulatory molecule HLA-G in human liver diseases.
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the inhibitory receptors ILT2 and ILT4 are expressed predomi-
nantly on myeloid DCs [44]. Results obtained by the same group
showed that HLA-G tetrameric complexes are able to generate
tolerogenic DCs with a decrease in expression of MHC class II genes
and co-stimulatory molecules [45]. ILT4 transgenic mice, with the
B6 background, behave very closely to the control mice: ILT4 trans-
genic mice were born at the expected rate, bred well and were phe-
notypically normal. Analysis of tissues (thymus, spleen, liver, brain,
kidney, stomach, intestine and skin) revealed no major abnormal-
ities [43]. DCs isolated from the bone marrow of ILT4 transgenic
mice or normal mice were exposed to HLA-G tetrameric complexes
and tested for their ability to present the murine MHC class II-
binding peptide to the cell hybridoma DO11.10. ILT4-expressing
DCs display decreased ability to present peptide to T cells. The
HLA-G/ILT4 interaction on DCs seems to affect the efficiency of
antigen presentation by MHC class II. The data demonstrated that
the induction of tolerogenic DCs by HLA-G is due to the inhibition
of maturation and differentiation of myeloid DCs. Immature DCs
are defective for the assembly and transport of MHC class II mole-
cules to the cell surface. Indeed, during the maturation process,
DCs increase their surface expression of MHC class II complexes.
This increase is due to a dramatic change in localization of MHC
class II molecules, which move from the endosomal structures onto
the plasma membrane in mature DCs [46].

It has been reported that HLA-G molecules could form dimeric
complexes [11,47], and its efficiency to bind to its receptors
depend on its ability to polymerize. Chemical analysis showed that
dimerization of HLA-G molecules occurs via a disulfide bond, due
to the cysteine residue localized in position 42 of the a1 domain
[47–51]. M8 cells were transfected with HLA-G1 through HLA-G6,
and total proteins were extracted from the transfected cells. Wes-
tern blot analysis under reducing and non-reducing conditions
demonstrated the presence of HLA-G1, G2, G4, G5 and G6
dimers/homodimers [11]. Using the ILT2-mediated signaling and
NFAT-GFP (nuclear factor of activated T-cells-green fluorescence
protein) reporter system, Liang and co-workers found that HLA-
G5 dimeric and HLA-G1 tetrameric complexes are potent to induce
the most efficient ILT-mediated inhibitory signaling [52]. Using
ILT4 transgenic mice, they showed that in the presence of HLA-
G5 dimers and HLA-G1 tetramers, a fewer number of activated/
mature DCs was observed in lymph nodes. In contrast, the pres-
ence of HLA-G5 monomers could induce more efficiently acti-
vated/mature DCs. DCs isolated from HLA-G5 dimers and HLA-G1
tetramers injected into ILT4 transgenic mice regulate positively
the transcription of interleukin 6 (Il6), which displays an important
function in the down-regulation of expression of MHC class II
molecules. Moreover, the treatment of ILT4-expressing DCs with
HLA-G1 tetramers induces phosphorylation of STAT3 molecules
(Signal transducer and activator of transcription 3). Kitamura and
co-workers discovered that the IL-6/STAT3 signaling pathway con-
trols the intracellular MHC class II ab dimer level through cathep-
sin S activity in DCs [53]. One question remains to be clarified: how
the interaction of HLA-G with ILT4 could induce expression of the
Il6 gene? The answer to this question came from data obtained
from Horuzsko’s group, which showed that the interaction
between HLA-G and ILT4 induces the recruitment and activation
of SHP-1 and SHP-2 phosphatases [52]. SHP-1, and especially
SHP-2, modulate the NF-jB pathway (nuclear factor kappa B) in
a MAPK (mitogen-activated protein kinase)-independent fashion
in induction of Il6 transcription (Fig. 4A).

Skin allograft experiments were performed on ILT4 transgenic
mice to study the role of HLA-G in graft survival. Injection of tetra-
meric HLA-G complexes into normal mice (B6 background) mar-
ginally prolonged the allograft survival due to the interaction of
HLA-G with the murine paired immunoglobulin-like receptor
(PIR)-B [54]. However, the effect of HLA-G was more impressive
when a skin allograft was performed on ILT4 transgenic mice that
received HLA-G tetrameric complex injection. The presence of
HLA-G tetrameric complexes prolonged significantly the allograft
survival, and 75% of the grafts survived over 40 days (Fig. 5A). Fur-
thermore, analysis of CD4+ and CD8+ cells from spleens of ILT4
transgenic mice showed decreased synthesis of IL-2. These data
demonstrated that the interaction of HLA-G with its ILT4 receptor
modulates the immune response of allogeneic T cells in vivo and
prolongs skin allograft survival.

ILT2 transgenic mice, with the B6 background, were generated,
with the expression of ILT2 under the control of the human CD2
promoter [55]. ILT2 transgenic mice expressed high levels of ILT2
on the majority of the peripheral T and B cells, and on almost all
NK and NKT cells and thymocytes. The pattern of ILT2 expression



Fig. 4. Signaling mechanisms induced by HLA-G and its receptors. (A) Proposed signaling pathways induced by HLA-G-ILT4 causing arrest of maturation/activation of DCs.
HLA-G induces phosphorylation of its receptor ILT4 and recruitment of SHP-1 and SHP-2 phosphatases. SHP-2 enhances activation of NF-jB and downstream IL-6 production.
IL-6 induces STAT3 phosphorylation, which decreases cystatin C level, the endogenous inhibitor of cathepsins, and enhanced cathepsin S activities. Cathepsin S decreases
intracellular MHC class II ab dimer levels, invariant chain (li), and H2-DMmolecule levels in DCs (from Liang et al. [52].Modulation of dendritic cell differentiation by HLA-G and
ILT4 requires the IL-6-STAT3 signaling pathway). (B) Potential mechanisms of enhancing the immunosuppressive activities of MDSCs by HLA-G and ILT2. Interaction between
HLA-G with ILT2 on MDSCs increases secretion of IL-4 and IL-13, and expression of IL-4Ra, which enhance production and activation of Arginase I. Arginase I inhibits T cell
proliferation, decreases expression of IL-2 in T cells, causing potential loss of CD3f chain, decreases cytotoxic T lymphocytes (CTL) development and activity. In addition,
release of IFN-c from antigen-activated T cells promotes the activation of MDSCs with enhance expression of chemokine ligands CXCL5 and CCL8 to augment their
suppressive effect on antigen-activated T cells (from Zhang et al. [61]. Human inhibitory receptor ILT2 amplifies CD11b+Gr1+ myeloid-derived suppressor cells that promote long-
term survival of allograft).
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in transgenic mice is similar to that observed in humans [56,57].
However, deeper analysis showed 1) the number of thymocytes
in ILT2 transgenic mice was lower compared to control mice; 2)
the number of double negative (DN, CD4� CD8�) cells was
increased; and 3) the number of double positive (DP, CD4+ CD8+)
and single positive (SP CD4+ or SP CD8+) cells was reduced. These
observations indicate that thymic hypocellularity in ILT2 trans-
genic mice may be due to a defect at the double negative stage
of development. Furthermore, these transgenic mice exhibited an
accumulation of cells in the DN3 stage, which consists in the time
point that the TCRb (T cell receptor beta) locus is rearranged by a
RAG-dependent mechanism in order to form the pre-TCR complex.
Interruption of this complex leads to the arrest of cells in DN3
stage [58]. Liang and co-workers demonstrated that the expression
of ILT2 on mature T cells down-regulates ZAP-70 and CD3f phos-
phorylation and also inhibits the early TCR-mediated T cell activa-
tion process. They identified at least one of the murine MHC class I
molecules, H-2Db, that binds to the human ILT2 in vivo [55].

Using ILT2 transgenic mice for skin graft survival analysis, Hor-
uzsko’s group found that a skin graft from a fully allogeneic donor
was prolonged in ILT2 transgenic mice (Fig. 5B) and a skin graft
from bm1 donors, carrying the MHC class I alloantigen, was pro-
longed or accepted (Fig. 5C). The same experiments were per-
formed with allogeneic MHC class II-disparate allografts on ILT2
transgenic mice; the data showed that expression of ILT2 increased
prolongation and acceptance of the skin graft (Fig. 5D). They also
detected increased expression of PD-1 (programmed cell death 1)
receptor in these ILT2 mice. This receptor is expressed by activated,
but not unstimulated T cells, and plays an important function in
maintenance of peripheral tolerance to self-antigens and preven-
tion of allograft rejection [59]. Furthermore, comparisons between
CD11b+Gr-1+ cells isolated from ILT2 transgenic mice and non-
transgenic mice pointed to different mechanisms used by these
cells in the presence of HLA-G to prolong allograft survival.
CD11b+Gr-1+ cells were identified as a heterogeneous population
of myeloid-derived cells including immature DCs, macrophages,
granulocytes, and other myeloid cells at early stages of differenti-
ation. These cells were shown to exhibit suppressive immune
responses and to express ILT2 receptor, and were named
myeloid-derived suppressor cells (MDSCs) [60]. In healthy, non-
transgenic mice, these cells were found in the bone marrow,
peripheral blood and spleen. In the absence of HLA-G, the number
of MDSCs in peripheral blood mononuclear cells (PBMCs) was
higher in ILT2 transgenic mice compared to non-transgenic mice
(6.6% vs 3.4%). The same data concerning MDSC number were
obtained by analyzing the spleen (3.6% vs 1.7%) [61]. It was
reported by Horuzsko’s group that ILT2 has at least one natural
murine ligand, H-2Db, and that the interaction between H-2Db

and ILT2 requires the presence of b2m [55]. By using ILT2+/b2m�

and b2� transgenic mice, Zhang and co-workers showed: 1) in
the absence of HLA-G, the number of MDSCs is similar between
b2m� and ILT2+/b2m� mice in PBMCs; and 2) in the presence of
HLA-G, this number increased more than 2.5-fold in ILT2+/b2m�

compared to b2m� mice (3.6% vs 9.4%). These results demonstrated
the ability of HLA-G to induce the expansion of MDSCs in vivo [61].
In order to better understand the mechanisms used by MDSCs to
prolong allograft survival when HLA-G binds on its receptor ILT2
in vivo, allogeneic skin grafts were performed on normal mice
and ILT2 transgenic mice. Graft-induced CD11b+Gr-1+ cells from
these two groups were analyzed. Gene analysis showed that
CD11b+Gr-1+ cells from ILT2 mice exhibit lower expression of
MHC class I genes and CD11c. In contrast, higher expression of
IL4-Ra and its ligands IL-4 and IL-13 was detected on MDSCs from
ILT2 mice. IL4-Ra was known to play an important role in the sup-
pressive activity of MDSCs. Moreover, the transcriptional level of
Arginase I was increased 3.8-fold in MDSCs from ILT2 mice com-
pared to control mice. Arginase I and iNOS2 are the key enzymes
that are produced by myeloid cells and play a crucial role in the
immunosuppressive function of MDSCs on T cells. To determine
the suppressive potential of graft-induced MDSCs isolated from



Fig. 5. Skin allograft survival prolonged by the interaction of HLA-G and its receptors. (A) ILT4 transgenic mice received a skin graft from MHC class II-mismatched donor
mice. Two days before grafting, one group of mice received HLA-G1. The presence of HLA-G1 increases significantly the survival of the graft in the ILT4 recipient mice. The
results shown are the mean survival time (MST) (from Ristich et al. [79] Mechanisms of prolongation of allograft survival by HLA-G/ILT4-modified dendritic cells). (B) Fully
allogeneic skin graft survival was prolonged on ILT2 transgenic mice compared to non-transgenic mice. (C) Skin graft survival was prolonged or accepted on ILT2 transgenic
mice that received an allograft from MHC class I-mismatched mutant mice. (D) Skin graft survival was prolonged or accepted on ILT2 transgenic mice that received an
allograft from MHC class II-mismatched mutant mice (B, C, D from Liang et al. [55] Human ILT2 receptor associates with murine MHC class I molecules in vivo and impairs T cell
function). (E) Prolongation of allograft survival on B6 mice treated with MDSCs isolated from ILT2 mice (from Zhang et al. [61] Human inhibitory receptor ILT2 amplifies
CD11b+Gr1+ myeloid-derived suppressor cells that promote long-term survival of allografts).
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ILT2 or control mice, these two groups of MDSCs were co-cultured
with T cells (Fig. 4B). MDSCs isolated from ILT2 mice induce
reduced T cell proliferation and inhibit production and secretion
of IL-2 by T cells (Fig. 5B). Previous data obtained by the same
group proved that skin allografts performed on ILT2 mice exhibited
long-term survival or acceptance [55]. To dissect the role of MDSCs
in this process, graft-derived CD11b+Gr-1+ cells from ILT2 mice
were adoptively transferred into normal mice, the recipient of
the allogeneic skin. 2 � 105 of these cells prolonged the allogeneic
graft survival in normal mice (Fig. 5E). Data obtained by Zhang and
co-workers indicate that the binding of HLA-G to its ILT2 receptor
on MDSCs favors the expansion of these cells and increases their
immunosuppressive function on T cells in order to delay or avoid
the rejection of an allogeneic graft.

HLA-G proteins seems to display an important function in the
tolerization of the immune system via the interaction with its
receptors present on DCs, B cells, T cells, NK, NKT, and myeloid
cells. However, the question concerning how HLA-G binds to its
receptors in order to induce the tolerization effect remains unclear.
Carosella’s group generated different recombinant HLA-G proteins
that mimic the complexes formed by HLA-G1 with b2m (B2m-
HLA-G1s-Fc), HLA-G5 with b2m (B2m-HLA-G5), HLA-G subunit a
with mouse IgG Fc (Alpha1-Fc) and only HLA-G subunit a
(Alpha1-peptide). They demonstrated in vivo that these complexes
could exist as monomers, dimers or multimers [62]. Other data
support these observations since ILT2 and ILT4 receptors exhibit
higher affinity for HLA-G multimers than the monomeric struc-
tures [49]. All of the HLA-G recombinant proteins display a positive
effect by increasing the graft survival even if the recombinant
B2m-HLA-G5 is more efficient than B2m-HLA-G1s-Fc, and
Alpha1-Fc is more efficient than Alpha1-peptide. It was reported
that subunits a1 and a3 are very important for the function of
HLA-G since they serve as binding sites to b2m, ILT2 and ILT4
(Fig. 3B). Dimeric (a1-a3) synthetic polypeptides were generated
and were tested in vivo. Results showed that a single dose injection
of this polypeptide before skin graft transplantation increases sig-
nificantly the graft survival [62].

Generation of HLA-G transgenic mice and ILT2, ILT4 transgenic
mice allowed a better understanding of the mechanisms induced
by the interaction between HLA-G and its receptors concerning
the tolerization process. Recombinant and synthetic HLA-G
polypeptides brought to light that HLA-G dimeric complexes are
more efficient than monomers and that especially subunits a1
and a3 are essential for its tolerization function in graft survival.

4. Humanized mouse models

In vivo analysis of complex biological processes can provide a
definitive understanding of their mechanistic functions. In this
aspect, mouse models mimicking human biological systems have
been invaluable for research. Yet, often these models are not cap-
able of recapitulating the human physiological system, and
research conducted in the former cannot be directly applied to
the latter. Herein, humanized mouse models have been developed
as an integral research tool for the study of human cells and tissues
[63]. These mouse models are defined as immunodeficient mice



Table 1
Engraftment sources for humanized mouse models.

Model Engraftment source Application

PBMC humanized mice
(Human Peripheral
Blood Lymphocyte)

Engraftment of
human mature
immune cells

Study of human mature
immune system

CD34+ humanized mice Human CD34+

hematopoietic stem
cell engraftment

Study of human naive
immune system and
hematopoiesis

BLT mice Human fetal liver
and thymus
engraftment

Study of human naive
immune system with
minimal GVHD
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engrafted with human hematopoietic cells or as mice that can
transgenically express human genes. Development of such models
has been dependent on a systemic progression of genetic modifica-
tion on immunodeficient mice, amongst them the humanized NOD
(non-obese diabetic) scid (severe combined immunodeficiency)
gamma (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) (NSG) mice is one of the
most adaptable strains for research [27,64]. The NSG mouse has
shown the highest rates of successful engraftment and generation
of human B and T cells. The strain was developed by the research
team of Leonard D. Shultz at Jackson Laboratory and was affection-
ately called ‘‘Lenny’s mouse” [65]. The mouse is a non-obese dia-
betic model harboring the Prkdcscid mutation and is homozygous
for a targeted mutation in the Il2r gamma chain locus. The Prkdc
(Protein kinase, DNA-activated, catalytic polypeptide) gene
encodes the protein kinase responsible for repairing DNA double-
strand breaks occurring during V(D)J recombination. A loss of func-
tion in this gene causes the recombination events to be inhibited,
leading to sub-optimal expression of T cell receptors and
immunoglobulin genes. As a result, the mice lack mature T and B
cells [66]. The IL-2R gamma chain serves as an integral receptor
for numerous cytokines and impairs NK cell development. Most
advantageously, the loss in signaling across this receptor signifi-
cantly increased the life span of the strain, while most of the
NOD-scid mice died due to thymic lymphomas, a phenomenon
abrogated by the Il2r gamma mutation [67]. In combination, the
NSG mice showed altered antigen expression, imperfect myeloid
lineage differentiation, defective NK cell activity and immature T
and B cell responses, showing the best engraftment rates amongst
all other humanized mouse models [68]. As a result the NSGmouse
has become the most versatile model for clinical and biomedical
research [69,70].

There are multiple technical approaches for the engraftment of
a functional human immune system within the NSG model. Two
fundamental steps include: a) myeloablation of host bone marrow,
which provides a niche for the donor stem cells; and b) enrichment
of the successfully engrafted cells [71]. The source for repopulating
the immune system of the NSG mice can be: 1) fetal cells; 2)
human peripheral blood leukocytes; and 3) human stem cells
[72]. In the first approach, human fetal thymus and lymph nodes
are surgically transplanted onto the mice. Since the fetal cells are
immature and incapable of self- vs non self-recognition, expanded
donor human T cells do not elicit the graft-versus-host reaction
(GVHR), which is a distinct advantage to the model. However, this
route requires advanced surgical skills and technical expertise. The
second technique makes use of human peripheral blood leuko-
cytes. The cells themselves can be injected either intravenously
or through the intrafemoral route. By using mature cells, this
model provides a fast and efficient means of studying the human
immune system in vivo. The third approach involves direct injec-
tion of enriched human hematopoietic stem cells (HSCs). Their
sources include umbilical cord blood, bone marrow, fetal liver
and peripheral blood [67]. The initial 12 weeks, post engraftment,
during which expansion of the human immune system takes place,
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will be critical, with the mice being acutely vulnerable to patho-
gens. After this period, human CD45+ cells can be detected in the
peripheral blood of the NSG mice via flow cytometry [70]. Ideally,
human immune cells should occupy at least 35% of the overall
blood population, denoting successful engraftment and repopula-
tion in the mice (Table 1).

In the field of transplantation research, the NSG humanized
mouse has become the go-to model for studying GVHR as well as
for testing T regulatory cells (Tregs) as a potential therapy for min-
imizing rejection [73]. Xenograft studies using the NSG model have
demonstrated the action of human Tregs in modulating transplan-
tation rejection and have provided insights into the pathological
nature of graft-versus-host disease (GVHD) [64,67]. In the tumori-
genesis field, NSG mice have become the standard model for
studies on primary human acute myeloid leukemia (AML) [74].
The strain has been integral for defining the nature of human
tumor stem cells phenotypically and functionally. Application of
the NSG model in tumor studies has been impactful in understand-
ing the features of antitumor immune responses, providing new
approaches for cancer immunotherapy [75,76]. These studies have
demonstrated the ability of human breast carcinomas to generate a
tumor-promoting microenvironment responsible for inducing
crosstalk between DCs and CD4+ TH2 (T helper 2 cells) [66]. In
addition, since the NSG mice provide successful generation of
human T cells, this model has been impactful for the study of drugs
that target such a cell population, e.g., teplizumab. In retrospect,
the NSG mouse strain has proven to be a versatile strain for the
study of the human immune system and disease condition in mice
(Table 2).

In the field of HLA-G research, humanized mouse models can
advance our current knowledge of this non-classical MHC mole-
cule. Our laboratory is focusing on the investigation of the effects
of different HLA-G molecules on modulation of the function of
immune cells using NSG humanized models. We have also
developed methods and humanized models to control human allo-
graft rejection using classical and modified immunosuppressive
therapies. This will allow clinicians to optimize and immunologi-
cally ‘‘personalize” the treatment of allograft rejection. Presently,
the available NSG models for other HLA molecules, such as the
NSG-HLA-A2/HHD model, have been impactful for the in vivo
examination of human immune responses [77]. Such humanized
mice possessing HLA transgenes have been integral in investigating
type 1 diabetes, multiple sclerosis and rheumatoid arthritis, all of
which are autoimmune disorders associated with the HLA family
of molecules.
5. Concluding remarks and future directions

Although impactful, there are yet debilitating limitations for the
NSG model, the most crucial being the limited development of
lymph nodes. Other problems, such as a lack of the human HLA
immune system have been overcome with transgenes for this fam-
ily of molecules [27]. However, complex issues such as the limited
migration of human immune cells into non-lymphoid mouse
organs are difficult to overcome. Transgenic expression of human
cytokines and appropriate adhesion molecules can be used to solve
such trafficking issues [63,66]. The greatest obstacle still remaining
is the inability of mature human myeloid cells to migrate into the
murine system due to anemia, making the establishment of the
model difficult and time consuming. However, even with such
challenges, the advantages posed by the NSG model outweigh their
defects. With more strains of immunodeficient mice still in devel-
opment, the humanized mouse models have become an essential
tool for biomedical research providing valuable insights into the
human immune system. In the future, it will be advantageous to
generate new NSG-HLA-G mice, for example NOD.Cg-Prkdcscid-
Il2rgtm1WjlTg(HLA-G/H2-D/B2M)1Dvs/SzJ, to study functions of
HLA-G in several other models of human diseases.
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