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Human leukocyte antigen-G (HLA-G) is a non-classical major histocompatibility complex
class I (MHC I) molecule, and under physiological conditions, its expression is strictly
restricted to the maternal–fetal interface and immune-privileged organs where HLA-G is
expected to contribute to establishment and maintenance of immune tolerance. However,
the expression of HLA-G has been found in various types of tumors, and the level of its
expression frequently correlates with high-grade histology and poor prognosis, raising the
possibility that it may play a negative role in tumor immunity. ILT2 and ILT4, present on a
broad of immune cells, have been identified as the main receptors engaging HLA-G, and
their interactions have been found to allow the conversion of effectors like NK cells and T
cells to anergic or unresponsive state, activated DCs to tolerogenic state, and to drive the
differentiation of T cells toward suppressive phenotype. Therefore, tumors can employ
HLA-G to modulate the phenotype and function of immune cells, allowing them to escape
immune attack. In this review, we discuss the mechanism underlying HLA-G expression
and function, its role played in each step of the tumor-immunity cycle, as well as the
potential to target it for therapeutic benefit.
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INTRODUCTION

Human leukocyte antigen-G (HLA-G) is a member of the nonclassical major histocompatibility
complex (MHC) class I family. Its expression is initially described as restricted to the fetal–maternal
interface, where it protects the fetus from the NK cell-mediated lysis (1). Therefore, the presence of
HLA-G on cytotrophoblasts is proposed as a mechanism employed by the fetal to establish and
maintain maternal–fetal immune tolerance. Subsequently, it was learned that inhibitory receptors,
ILT2 and ILT4, were responsible for HLA-G-mediated inhibitory effect on NK cells (2). Numerous
studies reveal that ILT2 and ILT 4 are broadly expressed on a wide range of immune cells, such as
NK, T, B cells, and DCs, raising the possibility that HLA-G may exert immunosuppressive function
on these cells (3). A series of studies provided strong experimental support for this idea, namely, the
interaction of HLA-G with these inhibitory receptors can inhibit proliferation and cytotoxicity of
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T cells, and modulate the activity of DCs, neutrophils,
macrophages, and B cells (4–10). In addition, HLA-G is
reported to bind CD8 and KIR2DL4, resulting in the apoptosis
of activated CD8+ T cells and the inhibition of NK-mediated
cytotoxicity, respectively (1, 11).

Currently, HLA-G has been receiving increased attention,
since it has been detected in numerous pathological conditions,
particularly in tumors, and is expected to have a direct
implication in the development of these diseases (12, 13). In
this review, we will discuss how HLA-G expression is regulated
under normal or abnormal conditions, and highlight the role of
HLA-G played in tumor escape as well as the potential to target it
for therapeutic benefit.
HLA-G BIOLOGY

Gene and Protein
The HLA-G gene is located within the MHC class I locus on the
short arm of chromosome 6 (p21.31), one of the most
polymorphic regions in the human genome (14). However,
HLA-G shows only minimal variation, with 80 alleles encoding
21 protein variants, far less than that of classical MHC class I
genes (The International Immunogenetics Database-IMGT/
HLA, database version 3.41.0) (15).

The exon/intron organization of HLA-G gene is identical to
that of classical MHC class I molecules, which is composed of
eight exons and seven introns (14). Because a termination code is
located at the second codon of exon 6 of HLA-G gene, most of
exon 6 and all of exons 7 and 8 would not be translated into
protein (Figure 1). HLA-G gene can encode seven isoforms by
alternative splicing of primary transcripts, including four
membrane-bound (HLA-G1, HLA-G2, HLA-G3, and HLA-
G4) and three soluble isoforms (HLA-G5, HLA-G6, and HLA-
G7). Soluble HLA-G (sHLA-G) can also be generated through
proteolytic cleavage of membrane-bound isoforms. HAL-G1 and
HLA-G5 share an identical extracellular structure with classical
Frontiers in Oncology | www.frontiersin.org 2
MHC class I molecules: a heavy chain of three globular domains
noncovalently bound to beta-2-microglobulin (b2M) and a
peptide (16). The other isoforms do not bind b2M due to lack
of one or two extracellular globular domains. It is now
recognized that HLA-G spontaneously dimerizes through the
unpaired cysteine in its a1 domain (17). Several lines of study
reveal that HLA-G dimers bind to ILT receptors with a higher
affinity and their inhibitory function is more efficiently than that
of monomers (18).

Expression of HLA-G
Physiologically, the expression of HLA-G is strictly restricted to
fetal tissues such as amniotic cells, erythroid precursors, and
cytotrophoblasts, and in adults, to immune-privileged organs,
including thymus, pancreatic islets, endothelial cell precursors,
and erythroblasts (19). HLA-G expression can also be induced
during inflammatory-associated diseases such as cancer,
transplantation, autoimmune disease, and infection (12, 13).

Regulation of HLA-G Expression
Given the important role in immune tolerance, HLA-G
expression is tightly regulated at both the transcription and
post-transcription levels. Like classical MHC class I genes,
HLA-G promoter presents a CCAAT box and an unusual
TATA element, TCTTA, controlling basal regulation (Figure
1). There are three conserved cis-regulatory elements in the
MHC class I proximal promoter, namely enhancer A, the
interferon-stimulated regulatory element (ISRE), and SXY
module, by which transactivation of classical MHC class I
genes is finely mediated (20–22). However, HLA-G gene
exhibits nucleotide sequence variations, mutations, and/or
deletions in those regions, rendering HLA-G unresponsive to
NF-kB, interferon regulatory factor 1, and class II transactivator
DNA-binding factors (22). Indeed, significant difference in
expression distribution and function of HLA-G from those of
classical MHC class I molecules suggests the existence of
alternative mechanisms beyond the principal MHC class I
FIGURE 1 | The structure of gene of HLA-G. The schematic diagram of HLA-G gene. It is composed of eight exons and seven introns. Many regulatory elements
have been identified and characterized to regulate HLA-G expression. Three conserved cis-regulatory elements, enhancer A, the interferon-stimulated regulatory
element (ISRE), and SXY module, mediating the transactivation of classical MHC class I genes; locus control region (LCR), located at least 1.2 kb upstream and
crucial for spatio-temporal transcription; heat shock element (HSE), binding heat shock factor 1 in response to heat-shock or arsenate treatments; progesterone
response element (PRE), mediating the up-regulation of HLA-G by progesterone during pregnancy; hypoxia response element (HRE), bound by hypoxia-inducible
factor in response to hypoxia commonly observed in a majority of malignant tumors; three cAMP response elements (CRE), crucial for basal level of promoter activity
of HLA-G; an additional functional ISRE, located at position −746 and capable of transactivating HLA-G following IFN-b treatment; three ras response elements
(RREs), served as the binding site for transcriptional repressive factor RREB 1 (ras responsive element binding 1).
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transactivation mechanisms. To date, several active regulatory
elements have been described (21). These include locus control
region (LCR), heat shock element (HSE), progesterone response
element (PRE), hypoxia response element (HRE), three cAMP
response elements, an additional functional ISRE, and three ras
response elements, by which the expression of HLA-G is
mediated in response to specific signals from environment, by
which HLA-G expression is regulated in response to specific
environment cues, such as hypoxia and progesterone (Figure
1) (21).

Numerous studies have revealed that sequence polymorphism
at 5’ upstream regulatory region (5’ URR) and 3’ untranslated
region (3’UTR) is also associated with the expression of HLA-G
(23–25). In contrast to classical MHC, HLA-G genes is shown to
be well conserved in the coding region, but its 5’URR and 3’UTR
display a high level of polymorphism (24, 25). Currently, three
variable sites in the 3’UTR, including the 14-base pair insertion/
deletion (14-bp INS/DEL), +3142C/G and +3187A/G, have been
reported to affect HLA-G expression by modifying mRNA
stability or microRNA binding sties as well as the pattern of
alternative splicing (26, 27). By analyzing the data from the 1000
Genomes project, 32 polymorphic sites have been identified
within 5’URR, of which some—for example, variable site at
positions −762 (between a CRE and ISRE)—are close to
known regulatory elements and may somehow influence the
binding of transcription factors (28). Notably, because
polymorphism observed at non-coding regions of HLA-G can
affect its expression pattern, it seems to be a genetic factor
implicated in the cancer susceptibility. 14-bp INS/DEL, the
most extensively studied polymorphism of HLA-G, has been
shown to have a strong association with many tumor types,
particularly breast and liver cancer, and is generally indicative of
an increased risk of cancer (29).

HLA-G gene transcription activity could also be controlled by
cis-acting epigenetic mechanisms involving DNA methylation
and histone acetylation (30, 31). It has been reported that CpG
methylation was associated with the HLA-G silencing in cultured
cell lines of various origins and this methylation-mediated
repression could be reversed by demethylating treatment for all
cell-lines studied (30). Mouillot et al. have demonstrated that the
level of histone acetylation in HLA-G promoter of HLA-G-
expressing cells is significantly higher than that of HLA-G-
deficient cells (31). In addition, several microRNAs, including
the miR-152 family (miR-148a, miR-148b, and miR-152) and
miR-133, have been characterized to regulate HLA-G expression
at a post-translational level (32).

HLA-G Function
Although HLA-G shows high degree of sequence and structure
similarities with classical MHC class I molecules, its main
function is not in antigen presentation (18). It is well accepted
that the primary function of HLA-G is to serve as an inhibitory
ligand for immunocompetent cells, contributing to the
establishment and maintenance of tolerance. HLA-G-induced
tolerance mainly operates in two mechanisms. The first
comprises direct suppression of effector cells: HLA-G directly
binds to inhibitory receptors ILT2 and ILT4 that are widely
Frontiers in Oncology | www.frontiersin.org 3
expressed on NK cells, T cells, B cells, and neutrophils in which
they mediate negative signaling that counteract immune
activation, such as inhibiting T cell proliferation, cytotoxicity,
and secretion of cytotoxic mediators (4–10). Moreover, it has
been found that HLA-G can induce a shift in the expression of
surface proteins present on NK, T, B cells, and antigen-
presenting cells (APCs), such that immunosuppressive effects
of HLA-G are amplified and maintained. For example, HLA-G
significantly up-regulated the expression of its inhibitory
receptors, ILT2, ILT3, ILT4, and KIR2DL4 on a broad range of
immune cells, and down-regulated the expression of chemokine
receptors, CCR2, CXCR3, and CXCR5 on T cells and CXCR4
and CXCR5 on germinal center B cells, which are crucial for the
migration, differentiation, and function of immune cells (33–35).
A second category of tolerogenic mechanisms comprises the
induction of DCs tolerization, which, in turn, renders primed
effector cells unresponsive, or promoted the development of
regulatory cells. It has been shown that the treatment of
human monocyte-derived DCs with HLA-G generated
tolerogenic DCs, with a decrease in the level of expression of
MHC class II and costimulatory molecules CD80 and CD86 (8).
Stimulation T cells with HLA-G-treated DCs could favor to
convert naïve CD4+ and CD8+ T cells to CD4+CD25+CTLA4+

and CD8+CD28- regulatory T cells, respectively, rather than
effector T cells (8).

In addition, HLA-G can drive macrophages reprogramming
to a M2 phenotype, as indicated by up-regulated CD163 and
IDO-1, and down-regulated CD86, and these M2-like
macrophages suppress T cell responses, such as inhibition of
IFN-g production and proliferation (10, 36). Besides inhibiting
effector function of T cells, M2 macrophages are viewed as
obligate partners for tumor cell due to secreting a wide range
of bioactive mediators, such as VEGF and MMP-9, to promote
tumor migration, invasion, and metastasis. Therefore, HLA-G
could profoundly alter the phenotype and functional activity of
immune cells, and thus may be involved in regulating multiple
aspects of the immune response during tumor development.
HLA-G AND CANCER

ctopic expression of “tissue-restricted”HLA-Ghas been detected in
many types of malignancies and is frequently associated with
advanced tumor stage and poor prognosis in multiple cohorts of
patientswith cancer (13, 37).Table 1 summarizes the studies on the
diagnostic andprognostic potential ofHLA-G inmalignancies (38–
74). HLA-G functions as a tolerogenic molecule and contributes to
establish an immunosuppressive milieu, enabling tumors to
develop without challenge. This may explain why overexpression
of HLA-G in tumors correlates with high-grade histology and
poor prognosis in patients with breast, lung, ovarian, and
pancreatic cancer.

HLA-G Suppresses T Cell-Mediated
Antitumor Immune Responses
T cells are presumed to be key effectors in cancer immunosurveillance,
but to perform this role, they must be properly activated by
December 2020 | Volume 10 | Article 597468
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TABLE 1 | Clinical studies involving diagnostic and prognostic significance of HLA-G in cancer.

Diagnostic and prognostic potential Association with other parameters

Breast cancer HLA-G expression was significantly correlated with tumor size, nodal status,
and clinical disease stage.
Patients with positive HLA-G expression had a lower survival rate than those
with negative expression.

38

HLA-G expression was more frequently observed in advanced disease stage
and tumor grade.

Increased frequency of Treg was correlated to sHLA-G levels. 39

For early breast cancer patients with loss of classical HLA class I expression,
expression of HLA-G resulted in a worse relapse-free period.

40

Lung cancer HLA-G correlated with high-grade histology. Loss of classical HLA class I was associated with HLA-G
upregulation.
IL-10 expression coincided with HLA-G upregulation.
NK cells infiltration was associated with loss of HLA class I on
tumor cells.

41

HLA-G expression in non-small cell lung cancer was correlated with lymph
nodal metastasis, clinical stages of the disease, and host immune response.
Patients with HLA-G positive tumors had a shorter survival time than those
with tumors that were HLA-G negative
HLA-G exhibited an independent prognostic factor.

42

Patients with lower level of sHLA-G showed prolonged overall survival. 43
Esophageal
squamous cell
carcinoma

The expression of HLA-G in the tumors was correlated with histologic grade,
depth of invasion, nodal status, host immune response, and clinical stage of
disease.
Patients with positive HLA-G expression had a worse prognosis.
HLA-G was an independent prognostic factor.

44

HLA-G expression was more frequently observed in patients with advanced
disease stage.
Patients with HLA-G expression had a worse survival.
HLA-G could be an independent prognostic factor.

45

Gastric cancer The HLA-G-positive group had a more differentiated histology, less nodal
invasion, and earlier clinical stage than the HLA-G-negative group.
The 5-year survival rate in the HLA-G-positive group was higher than that in
the HLA-G negative group.

HLA-G expression was negatively correlated with NK cells
infiltrate.

46

HLA-G expression in the tumors was correlated with the tumor location,
histological grade, depth of invasion, lymph nodal metastasis, clinical stages of
the disease, and host immune response.
Patients with HLA-G positive tumors had a shorter survival time than those
patients with tumors that were HLA-G negative.
HLA-G demonstrated an independent prognostic factor.

47

Patients with HLA-G positive expression had poorer survival at 5 years after
operation.
HLA-G expression was an independent prognostic factor.

HLA-G expression positively correlated with the presence of
tumor-infiltrating Tregs.

48

Patients with HLA-G-positive primary tumors had a poorer prognosis than
patients with HLA-G-negative tumors.
HLA-G expression was independent unfavorable factor for patient survival.

Positive correlation between HLA-G expression and the
number of tumor infiltrating Tregs and a negative correlation
with the number of CD8+T lymphocytes

49

Colorectal
cancer

HLA-G expression in the tumors was correlated with the depth of invasion,
histological grade, host immune response, lymph nodal metastasis, and
clinical stages of the disease.
Patients with HLA-G positive tumors had a significantly shorter survival time
than those patients with tumors that were HLA-G negative.
HLA-G demonstrated an independent prognostic factor.

50

Hepatocellular
carcinoma

Patients with high HLA-G expression possessed shortened survival and
significantly accelerated recurrence compared with those with low level in early
HCC.

A positive correlation between tumor HLA-G expression and
Tregs/CD8+ ratio

51

Patients with HLA-G-positive tumors had a shorter postoperative survival time
than those with HLA-G-negative tumors.
HLA-G was an independent prognostic factor.

52

HLA-G expression in HCC was strongly correlated to advanced disease stage.
HLA-G expression was also more frequently observed in elder patients.

53

Oral squamous
cell carcinoma

HLA-G expression was associated with the clinical tumor stage and lymphatic
metastasis.
HLA-G level exhibited an inverse correlation with survival rate and a significant
direct relationship with clinical stage.

54

(Continued)
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DCs, home to tumor, and recognize and respond to their target.
HLA-G can prevent all of the above requirements for T cell
immunosurveillance by directly inhibiting DC maturation, T cell
proliferation, and T cell-mediated cytotoxicity, as well as by
inducting naïve T cell differentiation into regulatory T cells and
recruiting immunosuppressive cells into tumor (Figure 2).

HLA-G Rendered DCs Tolerogenic
T cell-mediated immunosurveillance is initiated in draining
lymph nodes where naïve T lymphocytes differentiate into
cytotoxic T lymphocytes upon encountering mature DCs that
Frontiers in Oncology | www.frontiersin.org 5
present tumor-derived antigens with proper co-stimulation
signals. A series of studies by Horuzsko group clearly revealed
that HLA-G can induce the decrease in the level of expression of
MHC class II (HLA-DR) and co-stimulatory molecules (CD80
and CD86) in human monocyte-derived DCs, all of which are
required for T cell priming and activation (8, 75). Functional
assays further confirmed that these HLA-G treated DCs not only
display a reduced capacity to present antigen on MHC II and
activate CD4+ T cells, but also preferentially promote the
differentiation of naïve CD4+ T cells into immunosuppressive/
regulatory cells (8). Therefore, HLA-G can convert DCs into
TABLE 1 | Continued

Diagnostic and prognostic potential Association with other parameters

Cervical cancer sHLA-G in plasma may have significance in the early detection of cervical
malignant lesions.

55

HLA-G expression was associated with disease stage. HLA-G expression positive association with human
papillomavirus infection and TIL score or the counting of CD57
NK cells

56

The frequency of HLA-G expression was associated with the disease
progression.

57

HLA-G expression was correlated to the tumor development. 58
Ovarian cancer Patients with HLA-G expression had a worse prognosis.

There is a correlation between HLA-G and patient survival and cancer stages.
HLA-G expression was correlated with CA-125 elevation. 59

A positive HLA-G expression status in tumor tissue is a promising candidate
parameter to predict disease recurrence.

60

HLA-G in effusions was correlated with solid metastases.
The reduced expression of HLA-G in post-chemotherapy effusions was
correlated with improved survival.

61

HLA-G was associated with advanced stages and emergence of the first
metastases.

62

Endometrial
adenocarcinoma

HLA-G was associated with advanced stage and metastases. 63

Bladder cancer There was a highly significant increase in the expression of HLA-G on cancer
bladder cases with metastatic prostate infiltration.

64

Melanoma HLA-G expression was associated with the disease progression. 65
There was a correlation of sHLA-G serum level with advanced stages and
tumor load.
Patients undergoing immunotherapy with IFN-alpha showed an increased
serum sHLA-G, whereas other treatment regimens did not influence sHLA-G
serum concentrations.

66

Leukemia There was a highly significant relationship between elevated sHLA-G plasma
levels and the absence of anterior myelodysplasia and high-level leukocytosis.

67

Patients with lower level of HLA-G expression had a longer progression-free
survival (PFS) time.

68

Cutaneous
lymphomas

HLA-G expression was associated with high-grade histology and advanced
stage.

IL-10 expression was correlated with HLA-G protein presence. 69

Pancreatic
cancer

HLA-G was associated with both shorter OS and DFS. 70
There was a positive association between tumoral HLA-G expression and T
stage.
Diffuse expression of HLA-G in tumor tissues was associated with poor OS.

71

High level of HLA-G correlated with PDAC aggressive features, such as more
advanced stage (TNM Stage II), extrapancreatic infiltration (T3 stage), lymph
node involvement, and poor differentiation.

The level of sHLA-G was inversely related to numbers of
peripheral activated T cells (CD8+CD28+ T cells).

72

Glioma Tumors with high HLA-G expression were associated with larger tumors and
lower mean hyperintensive contrast.
Patients with tumors having high HLA-G expression were less likely to have
undergone complete resections.

73

Thyroid cancer HLA-G expression was associated with an increased occurrence of lymph
node metastasis and capsular invasion.
HLA-G could have an independent prognostic value, principally for tumor
recurrence.

74
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tolerogenic phenotype. Gregori et al. identified and characterized
a novel subset of tolerogenic DCs, termed DC-10, which could
also express HLA-G. DC-10 is present in vivo, and can be
inducible in vitro from monocytes in the presence of IL-10
(76). Notably, when cultured in the presence of IL-10, DCs up-
regulate the expression of HLA-G and its receptor, and produce
more IL-10, resulting in a positive feedback loop.

HLA-G-expressing DCs have been detected in many types of
tumor in vivo, such as in lung, breast, and ovarian cancer and
melanoma, and correlated with a poor clinical outcome (77). In
vitro, Grange et al. found that CD105+ cancer stem cells (CSCs)
inhibited the maturation of DCs in a cell contact independent
manner when they were cultured together (78). HLA-G released
by CSCs was thought to be responsible for this inhibitory effect
because the addition of blocking antibodies for HLA-G
permitted monocyte-derived DCs to differentiate into mature
state. These data, together with experimental studies described
above, argue that HLA-G alone or in combination with IL-10
could drive DCs development toward a tolerogenic state at
tumor sites.

HLA-G Treated or Positive DCs Inducing Tumor
Specific T Cell Tolerance
Tolerogenic DCs is viewed as a crucial factor responsible for
tumor immune escape. It has been shown that the interaction
of naïve T cells with tolerogenic DCs can result in the
Frontiers in Oncology | www.frontiersin.org 6
induction of peripheral T cell tolerance in a T cell-intrinsic
(e.g., antigen-specific anergy and deletion) or -extrinsic (e.g.,
via T regulatory cells or cytokines) fashion (79). The effect of
HLA-G treated or positive DCs on T cell differentiation,
expansion, and effector function has been extensively studied
in vitro (8, 75, 76). Ristich et al. demonstrated that HLA-G
treated DCs changed the cytokine profile (e.g., reducing the
production of IL-2 and INF-g, and increasing IL-10) and
inhibited the expansion of activated CD4+ T cells and thus
rendered T cell anergic (8). LeMaoult et al. also demonstrated
that HLA-G-transfected DCs (HLA-G+ DCs) not only induced
CD4+ T cell anergy but also caused the differentiation of CD4+

T cells into suppressive cells, as indicated by unresponsiveness
to allostimulation in mixed lymphocyte reactions (80). Further
phenotypic and functional analysis revealed that these HLA-
G+ DCs primed T cell were CD4low Foxp3- or CD8low Foxp3-,
and exerted immunosuppressive function through the actions
of IL-10 (81).

HLA-G Impacted the Infiltration of Effector Cells
Into Tumor
To effectively control the growth of cancer cells, T cells must gain
access to, and function within the tumor microenvironment.
Migration of lymphocytes into tissues is a complex process that
requires highly coordinated interactions, involving chemokine
receptors and chemokines, and integrins, selectins, and their
December 2020 | Volume 10 | Article 5974
FIGURE 2 | The effect of HLA-G on antitumor immunity. The antitumor immunity can be broadly divided into four major stages, DC maturation, T cell priming,
leukocyte infiltration, and elimination. HLA-G can influence every stage of antitumor immune responses by inhibiting DC maturation, inducing T cell tolerance,
hampering the migration of leukocyte, and suppressing the effector function and recruiting immunosuppressive cells at tumor sites.
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respective ligands. A role of HLA-G in regulating chemokine
receptor repertoires in T cell was first described by Morandi et al.
who demonstrated that HLA-G can significantly down-regulate
the expression of CCR2, CXCR3, and CXCR5 on CD4+ T cells,
and CXCR3 on CD8+ T cells and Vg9Vd2 T cells (81). Similar
result has been found in NK cells, sHLA-G inducing CXCR3,
CX3CR1, and CCR2 down-regulation in NK cells (82).
Increasing evidence has suggested that these chemokine
receptors are crucial for the migration of effector T and NK
cells toward inflamed tissues. For example, CXCR3-deficient NK
cells fail to migrate toward tumor following activation (83).
Additionally, in the germinal centers (GCs) that are the main
sites where activated B cells differentiate into memory B cells and
plasma cells, CXCR4 and CXCR5 expressions on B cells were
significantly down-regulated following exposure to sHLA-G,
which limited B cell development by dampening B cell
trafficking in GCs (35). It has been reported that HLA-G
expressed on endothelial cells inhibited NK cells adhesion
and transmigration, two key events which occurred during
activated NK cells infiltrating from blood into inflamed sites
(84). Mociornita et al. also found that in the model of cardiac
allograft vasculopathy, HLA-G is overexpressed in vascular
endothelial following everolimus treatment, which leads to the
inhibition of HCASMC proliferation and of TNFa-stimulated
neutrophil adhesion to endothelial cells at all concentrations (85).
However, HLA-G has little effect on themigration of control T cells.
Given that a high level of serum sHLA-G was frequently detected
in patients with cancer, the importance of HLA-G in hampering the
migration of NK and T cells into tumor microenvironment is
becoming increasingly appreciated.

HLA-G Inhibited T Cell Function at Tumor Site
It has been well-established that HLA-G can directly bind to the
inhibitory receptor, ILT-2 and ILT-4, on activated T cells,
resulting in dramatically diminishing their proliferative and
cytotoxic activities (4–6). Besides direct inhibitory actions,
HLA-G can recruit suppressive cells to inflammatory site, by
which effector functions of T cells are suppressed. According to
the study of Agaugué et al, they developed an HLA-G+

xenotumor model by injecting melanoma tumor cells (M8) or
M8 transfected with HLA-G into immunocompetent mice, and
found that M8 expressing HLA-G grew rapidly, whereas M8
were rejected immediately in vivo (86). Analysis of the immune
responses following the tumor progression released that HLA-G
promoted accumulation and suppressive activity of MDSCs in
HLA-G+ tumor-bearing mice through engagement of the paired
immunoglobulin like receptor-B (PIR-B), the homolog of human
ILTs. Therefore, HLA-G can inhibit the antitumor T cell
responses in a direct and/or indirect manner.

HLA-G Converted Innate Immune Cells to
Immunosuppressive and Protumoral
Phenotypes
Generally, innate immune cells, such as NK cells and
macrophages, function as the first line resistance against
Frontiers in Oncology | www.frontiersin.org 7
transformed cells, and activate a much more potent T cell
response against tumors. HLA-G is initially characterized as a
suppressive regulator for NK cells to induce maternal-fetal
tolerance by inhibiting their cytotoxic activity (1). For tumors,
ectopic expression of “tissue-restricted” HLA-G is essential for
evading NK-mediated killing, since malignant transformation
of cells is frequently associated with the loss of expression of
MHC class I molecules, rendering them directly susceptible to
NK-mediated lysis, as proposed by the “missing self
hypothesis” (87). It has been reported that in lung cancer
and classical Hodgkin’s lymphoma, a frequent focal or
complete loss of HLA class I molecules associated with HLA-
G protein expression (41, 88). In addition to exerting direct
inhibitory action on NK cells, HLA-G is found to impair NK/
DC crosstalk, resulting in a slight inhibition of NK cell
cytotoxicity (89). Several studies have revealed an important
role of HLA-G in promoting vascular remodeling by activating
uterine NK cells that secrete pro-angiogenic factors during
early progeny (90, 91). This finding raises the possibility that
HLA-G may alter the functional properties of tumor-
infiltrating NK cells in a microenvironment similar to that of
embryo and thus contribute to the angiogenesis at the
tumor sites.

Similarly, HLA-G has long been known to be a potent
negative regulator of macrophages (36). Moreover, it has been
shown that HLA-G can drive macrophage polarization toward a
protumoral phenotype, characterized by increased expression
IDO, IL-6, and CXCL1, which could result in the inhibition of T
cell response and the tumor progression; that is, HLA-G-
polarized macrophages act as tumor-associated macrophages
at tumor sites (36, 37). It has been found that in breast cancer
and clear cell renal cell carcinoma, macrophages bearing
ILT2 and ILT4 receptor, respectively, are present around
HLA-G-positive tumor cells, which cooperatively establish an
immune-tolerant microenvironment (92, 93). Therefore, HLA-
G not only exerts immunosuppressive effects on macrophages
and NK cells but also drives reprogramming into tumor-
promoting cells.
The Environmental Factors Activating
HLA-G Expression in Tumors
Currently, no clear explanation for the ectopic expression of
“tissue-restricted” HLA-G in various types of tumors exists.
Because no genetic alternation that is heavily implicated in
the upregulation of HLA-G gene, such as copy number gain
or translocation, is detected in cancer genome, elevated HLA-
G promoter activity is thought to be crucial for its expression
in tumors. As described above, there are several cis-regulatory
elements present in the promoter region of HLA-G gene
which may respond to specific signals from the tumor
microenvironment (Figure 1). For example, HRE can be
bound by hypoxia-inducible factor in response to hypoxia
commonly observed in a majority of malignant tumors; an
additional functional ISR that is located at position −746 is
capable of transactivating HLA-G following administration of
December 2020 | Volume 10 | Article 597468
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IFNs for immunotherapy of malignant diseases; PRE has been
reported to mediate the up-regulation of HLA-G by
progesterone implicated in breast cancer progression; HSE
can bind heat shock factor 1 in response to hypoxic stress and
induce HLA-G gene transcription. Therefore, tumor
microenvironmental factors, such as hypoxia, stress,
hormones, and inflammation, have been proposed to
activate HLA-G expression in tumor cells. It has been
observed that HLA-G expression is gradually downregulated
or even lost during long-term culture of primary tumor cells,
which provides direct evidence for this hypothesis (41). A
series of in vitro studies using tumor models have investigated
the effect of these microenvironmental factors on HLA-G
expression of tumor cells. Mouillot et al. found that hypoxia
can activate HLA-G gene transcription in HLA-G-negative
cell lines (94). He et al. demonstrated that HLA-G expression
in breast cancer MCF-7 cells was upregulated by progesterone
but was inhibited by its antagonist (38). Additionally, analysis
of HLA-G expression in malignant lesions reveals that
upregulation of HLA-G expression frequently correlates with
high inflammatory infiltration, which in turn releases a variety
of cytokines (91). In vitro studies have shown that GM-CSF
and IFN-g secreted by the infiltrating cytotoxic T cells can
enhance HLA-G expression in tumor cells. In contrast, by
systematically testing the effect of various cytokines in the
choriocarcinoma cell line JEG-3, Persson et al. recently found
that cytokines studied had no or adverse effect on HLA-G
expression (95). These conflicting results suggest that HLA-G
modulation by cytokines may be a cell-type specific phenomenon;
Frontiers in Oncology | www.frontiersin.org 8
JEG-3 decreases the production of HLA-G when exposed to the
persistence of cytokines with high concentration.
CONCLUSION

Many immunosuppressive mechanisms are evolved by the host
immune system to protect tissue damage caused by excessive or
inappropriate immune activation, but they also provide
opportunities for tumor to evade antitumor immune responses.
Physiologically, HLA-G expression is strictly restricted to the
maternal–fetal interface and immune-privileged organs where it
is expected to contribute to establishment and maintenance of
immune tolerance. However, overexpression of HLA-G is
frequently detected in patients with cancers and thus is viewed
as a commonly immunosuppressive strategy employed by tumor
to counteract effective immune responses by manipulating the
phenotype and function of immune cells, such as DCs,
macrophages, and NK and T cells (Table 2). As we are now
recognizing, HLA-G influences almost every stage of antitumor
immune responses, such as T cell priming by DCs, and infiltration
and function of effector cells at tumor (Figure 2). Therefore, HLA-
G may represent an attractive target for therapeutic intervention.
Several preclinical studies have provided some evidence that
blocking HLA-G/ILTs signaling with antibody or down-
regulating HLA-G expression with RNA interference can restore
function of immune cells and prevent tumor reoccurrence (37, 96,
97). Currently, a clinical trial in phase I (NCT04485013) is
underway targeting HLA-G by TTX-80, a monoclonal antibody,
TABLE 2 | Significant changes in phenotype and function of immune cells induced by HLA-G.

Changes in phenotype Changes in function

Up-regulated expression Down-regulated expression

NK cell ILT2, ILT3, ILT4, KIR2DL4, TNF-a, IFN-g, MIP-1,
MIP-3, IL-1b, IL-6, IL-8, IL-23

CXCR3, CX3CR1, CCR2 Inhibition of cytotoxic function, proliferation,
and chemotaxis
Induction of apoptosis
Increased secretion of pro-angiogenic
factors

CD4+ T cell ILT2, ILT3, ILT4, KIR2DL4, IL-3, IL-4, IL-10 CD4, CCR2, CXCR3, CXCR5, TNF-a, IFN-g Inhibition of alloreactivity, proliferation, and
chemotaxis
Induction of anti-inflammatory response by
shifting the Th1/Th2 balance
Induction of regulatory/suppressive cells

CD8+ T cell ILT2, ILT3, ILT4, KIR2DL4 CXCR3 Inhibition of cytotoxic function, proliferation,
and chemotaxis
Induction of apoptosis
Induction of regulatory cells

DCs ILT2, ILT3, ILT4, KIR2DL4, IL-1b, CD83a HLA-DR, CD80, CD86, HLA-DM, GILT, CD74,
LAMP3, Dynactin 2, Dectin-1, DCSTAMP

Inhibition of maturation
Induction of tolerogenic state
Induction of T cell tolerance

Macrophage CD163, IDO-1, IL-6, CXCL1, IL-12, TGF-b CD86 Inhibition of phagocytic function
Induction of differentiation toward M2-like
phenotype

B cell CXCR4, CXCR5 Inhibition of Ig secretion, proliferation, and
chemotaxis

Neutrophil Reactive oxygen species Inhibition of phagocytic function
De
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for patients with HLA-G-positive advanced cancers. Dumont et al.
recently demonstrated the potential of combination of HLA-G
and PD-1/PD-L1 blockade to confer a greater benefit to cancer
patients, particularly for those with nonresponsiveness to anti-PD-
1/PD-L1 (98). Therefore, combination blocking HLA-G with
other immune checkpoints (PD-1/PD-L1 or CTLA-4) represents
an inspiring strategy for cancer treatment, which may help
overcome the resistance routinely developing in patients treated
with a single immunotherapy. Currently, to bring HLA-G
blockade therapy into clinical reality, several problems have yet
to be solved, such as identifying predictive biomarkers for
assessing the therapeutic effectiveness and elucidating the exact
ways in which environmental factors and/or genetic changes
regulate the expression of HLA-G in tumor or immune cells.
Frontiers in Oncology | www.frontiersin.org 9
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Strominger JL. Protection From Natural Killer Cell-Mediated Lysis by
HLA-G Expression on Target Cells. Science (1996) 274:792–5. doi: 10.1126/
science.274.5288.792

3. Hirayasu K, Arase H. Functional and genetic diversity of leukocyte
immunoglobulin-like receptor and implication for disease associations.
J Hum Genet (2015) 60:703–8. doi: 10.1038/jhg.2015.64

4. Le Gal FA, Riteau B, Sedlik C, Khalil-Daher I, Menier C, Dausset J, et al. HLA-
G-mediated inhibition of antigen-specific cytotoxic T lymphocytes. Int
Immunol (1999) 11:1351–6. doi: 10.1093/intimm/11.8.1351

5. Bahri R, Hirsch F, Josse A, Rouas-Freiss N, Bidere N, Vasquez A, et al. Soluble
HLA-G inhibits cell cycle progression in human alloreactive T lymphocytes.
J Immunol (2006) 176:1331–9. doi: 10.4049/jimmunol.176.3.1331

6. Riteau B, Menier C, Khalil-Daher I, Sedlik C, Dausset J, Rouas-Freiss N, et al.
HLA-G inhibits the allogeneic proliferative response. J Reprod Immunol
(1999) 43:203–11. doi: 10.1016/s0165-0378(99)00034-0

7. Riteau B, Rouas-Freiss N, Menier C, Paul P, Dausset J, Carosella ED. HLA-
G2, -G3, and -G4 isoforms expressed as nonmature cell surface glycoproteins
inhibit NK and antigen-specific CTL cytolysis. J Immunol (2001) 166:5018–
26. doi: 10.4049/jimmunol.166.8.5018

8. Ristich V, Liang S, Zhang W, Wu J, Horuzsko A. Tolerization of dendritic
cells by HLA-G. Eur J Immunol (2005) 35:1133–42. doi: 10.1002/
eji.200425741

9. Baudhuin J, Migraine J, Faivre V, Loumagne L, Lukaszewicz AC, Payen D,
et al. Exocytosis acts as a modulator of the ILT4-mediated inhibition of
neutrophil functions. Proc Natl Acad Sci USA (2013) 110:17957–62.
doi: 10.1073/pnas.1221535110

10. Lombardelli L, Aguerre-Girr M, Logiodice F, Kullolli O, Casart Y, Polgar B, et al.
HLA-G5 induces IL-4 secretion critical for successful pregnancy through
differential expression of ILT2 receptor on decidual CD4+ T cells and
macrophages. J Immunol (2013) 191:3651–62. doi: 10.4049/jimmunol.1300567

11. Contini P, Ghio M, Poggi A, Filaci G, Indiveri F, Ferrone S, et al. Soluble HLA-
A,-B,-C and -G molecules induce apoptosis in T and NK CD8+ cells and
inhibit cytotoxic T cell activity through CD8 ligation. Eur J Immunol (2003)
33:125–34. doi: 10.1002/immu.200390015

12. Carosella ED, Favier B, Rouas-Freiss N, Moreau P, Lemaoult J. Beyond the
increasing complexity of the immunomodulatory HLA-G molecule. Blood
(2008) 111:4862–70. doi: 10.1182/blood-2007-12-127662

13. Rouas-Freiss N, Moreau P, LeMaoult J, Carosella ED. The dual role of HLA-G
in cancer. J Immunol Res (2014) 2014:359748. doi: 10.1155/2014/359748

14. Heinrichs H, Orr HT. HLA non-A,B,C class I genes: their structure and
expression. Immunol Res (1990) 9:265–74. doi: 10.1007/BF02935526
15. Robinson J, Barker DJ, Georgiou X, Cooper MA, Flicek P, Marsh S. IPD-IMGT/
HLA Database. Nucleic Acids Res (2020) 48:D948–55. doi: 10.1093/nar/gkz950

16. Morales PJ, Pace JL, Platt JS, Langat DK, Hunt JS. Synthesis of beta(2)-
microglobulin-free, disulphide-linked HLA-G5 homodimers in human
placental villous cytotrophoblast cells. Immunology (2007) 122:179–88.
doi: 10.1111/j.1365-2567.2007.02623.x

17. Gonen-Gross T, Achdout H, Gazit R, Hanna J, Mizrahi S, Markel G, et al.
Complexes of HLA-G protein on the cell surface are important for leukocyte
Ig-like receptor-1 function. J Immunol (2003) 171:1343–51. doi: 10.4049/
jimmunol.171.3.1343

18. Shiroishi M, Kuroki K, Ose T, Rasubala L, Shiratori I, Arase H, et al. Efficient
leukocyte Ig-like receptor signaling and crystal structure of disulfide-linked
HLA-G dimer. J Biol Chem (2006) 281:10439–47. doi: 10.1074/jbc

19. Carosella ED, HoWangYin KY, Favier B, LeMaoult J. HLA-G-dependent
suppressor cells: Diverse by nature, function, and significance. Hum Immunol
(2008) 69:700–7. doi: 10.1016/j.humimm.2008.08.280

20. Gobin SJ, van den Elsen PJ. Transcriptional regulation of the MHC class Ib
genes HLA-E, HLA-F, and HLA-G. Hum Immunol (2000) 61:1102–7.
doi: 10.1016/s0198-8859(00)00198-1

21. Moreau P, Flajollet S, Carosella ED. Non-classical transcriptional regulation of
HLA-G: an update. J Cell Mol Med (2009) 13:2973–89. doi: 10.1111/j.1582-
4934.2009.00800.x

22. van den Elsen PJ. Expression regulation of major histocompatibility complex
class I and class II encoding genes. Front Immunol (2011) 2:48. doi: 10.3389/
fimmu.2011.00048

23. Larsen MH, Hviid TV. Human leukocyte antigen-G polymorphism in relation
to expression, function, and disease. Hum Immunol (2009) 70:1026–34.
doi: 10.1016/j.humimm.2009.07.015

24. Hviid TV, Sørensen S, Morling N. Polymorphism in the regulatory region
located more than 1.1 kilobases 5’ to the start site of transcription, the
promoter region, and exon 1 of the HLA-G gene. Hum Immunol (1999)
60:1237–44. doi: 10.1016/s0198-8859(99)00130-5

25. Castelli EC, Mendes-Junior CT, Deghaide NH, de Albuquerque RS, Muniz
YC, Simões RT, et al. The genetic structure of 3’untranslated region of the
HLA-G gene: polymorphisms and haplotypes. Genes Immun (2010) 11:134–
41. doi: 10.1038/gene.2009.74

26. Rousseau P, Le Discorde M, Mouillot G, Marcou C, Carosella ED, Moreau P.
The 14 bp deletion-insertion polymorphism in the 3’UT region of the HLA-G
gene influences HLA-G mRNA stability. Hum Immunol (2003) 64:1005–10.
doi: 10.1016/j.humimm.2003.08.347

27. Manaster I, Goldman-Wohl D, Greenfield C, Nachmani D, Tsukerman P,
Hamani Y, et al. MiRNA-mediated control of HLA-G expression and
function. PLoS One (2012) 7:e33395. doi: 10.1371/journal.pone.0033395

28. Castelli EC, Veiga-Castelli LC, Yaghi L, Moreau P, Donadi EA.
Transcriptional and posttranscriptional regulations of the HLA-G gene.
J Immunol Res (2014) 2014:73408. doi: 10.1155/2014/734068

29. Dias FC, Castelli EC, Collares CV, Moreau P, Donadi EA. The Role of HLA-
G Molecule and HLA-G Gene Polymorphisms in Tumors, Viral Hepatitis,
December 2020 | Volume 10 | Article 597468

https://doi.org/10.1073/pnas.94.21.11520
https://doi.org/10.1126/science.274.5288.792
https://doi.org/10.1126/science.274.5288.792
https://doi.org/10.1038/jhg.2015.64
https://doi.org/10.1093/intimm/11.8.1351
https://doi.org/10.4049/jimmunol.176.3.1331
https://doi.org/10.1016/s0165-0378(99)00034-0
https://doi.org/10.4049/jimmunol.166.8.5018
https://doi.org/10.1002/eji.200425741
https://doi.org/10.1002/eji.200425741
https://doi.org/10.1073/pnas.1221535110
https://doi.org/10.4049/jimmunol.1300567
https://doi.org/10.1002/immu.200390015
https://doi.org/10.1182/blood-2007-12-127662
https://doi.org/10.1155/2014/359748
https://doi.org/10.1007/BF02935526
https://doi.org/10.1093/nar/gkz950
https://doi.org/10.1111/j.1365-2567.2007.02623.x
https://doi.org/10.4049/jimmunol.171.3.1343
https://doi.org/10.4049/jimmunol.171.3.1343
https://doi.org/10.1074/jbc
https://doi.org/10.1016/j.humimm.2008.08.280
https://doi.org/10.1016/s0198-8859(00)00198-1
https://doi.org/10.1111/j.1582-4934.2009.00800.x
https://doi.org/10.1111/j.1582-4934.2009.00800.x
https://doi.org/10.3389/fimmu.2011.00048
https://doi.org/10.3389/fimmu.2011.00048
https://doi.org/10.1016/j.humimm.2009.07.015
https://doi.org/10.1016/s0198-8859(99)00130-5
https://doi.org/10.1038/gene.2009.74
https://doi.org/10.1016/j.humimm.2003.08.347
https://doi.org/10.1371/journal.pone.0033395
https://doi.org/10.1155/2014/734068
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liu et al. HLA-G Contributed to Tumor Escape
and Parasitic Diseases. Front Immunol (2015) 6:9. doi: 10.3389/fimmu.
2015.00009

30. Moreau P, Mouillot G, Rousseau P, Marcou C, Dausset J, Carosella ED. HLA-
G gene repression is reversed by demethylation. Proc Natl Acad Sci USA
(2003) 100:1191–6. doi: 10.1073/pnas.0337539100

31. Mouillot G, Marcou C, Rousseau P, Rouas-Freiss N, Carosella ED, Moreau P.
HLA-G gene activation in tumor cells involves cis-acting epigenetic changes.
Int J Cancer (2005) 113:928–36. doi: 10.1002/ijc.20682

32. Zhu XM, Han T, Wang XH, Li YH, Yang HG, Luo YN, et al. Overexpression
of miR-152 leads to reduced expression of human leukocyte antigen-G and
increased natural killer cell mediated cytolysis in JEG-3 cells. Am J Obstet
Gynecol (2010) 202:592.e1–e7. doi: 10.1016/j.ajog.2010.03.002

33. LeMaoult J, Zafaranloo K, Le Danff C, Carosella ED. HLA-G up-regulates
ILT2, ILT3, ILT4, and KIR2DL4 in antigen presenting cells, NK cells, and T
cells. FASEB J (2005) 19:662–4. doi: 10.1096/fj.04-1617fje

34. Morandi F, Ferretti E, Bocca P, Prigione I, Raffaghello L, Pistoia V. A novel
mechanism of soluble HLA-G mediated immune modulation:
downregulation of T cell chemokine receptor expression and impairment of
chemotaxis. PLoS One (2010) 5(7):e11763. doi: 10.1371/journal.pone.0011763
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