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Allergy is an inflammatory process determined by a cascade of immune events
characterized by T-helper 2 lymphocytes polarization leading to interleukin-4
upregulation, IgE secretion, and mast cell and eosinophil activation. HLA-G molecules,
both in membrane-bound and in soluble forms, are known to play a key immunoregulatory
role and their involvement in allergic diseases is supported by increasing literature data.
HLA-G expression and secretion is specifically induced in peripheral blood mononuclear
cells of allergic patients after in vitro incubation with the causal allergen. Elevated levels of
soluble HLA-G molecules are detected in serum of patients with allergic rhinitis correlating
with allergen-specific IgE levels, clinical severity, drug consumption and response to
allergen-specific immunotherapy. HLA-G genetic polymorphisms confer susceptibility to
allergic asthma development and high levels of soluble HLA-G molecules are found in
plasma and bronchoalveolar lavage fluid of patients with allergic asthma correlating with
allergen-specific IgE levels. Interestingly, allergic pregnant women have lower plasma
sHLA-G levels than non-allergic women during the 3rd trimester of pregnancy and at
delivery. Finally, in allergic patients with atopic dermatitis HLA-G molecules are expressed
by T cells, monocytes-macrophages and Langerhans cells infiltrating the dermis. Although
at present is difficult to completely define the role of HLA-G molecules in allergic diseases,
it may be suggested that they are specifically expressed and secreted by immune cells
during the allergic reaction in an attempt to suppress allergic inflammation.
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INTRODUCTION

HLA-G
Human leukocyte antigen-G (HLA-G) is an HLA class Ib antigen characterized by a restricted tissue
expression, low polymorphism and 7 isoforms (HLA-G1 to HLA-G7) generated by alternative
splicing of the primary HLA-G transcript (1, 2). Four of them, HLA-G1, -G2, -G3 and -G4, are
bound to the cell surface, while the remaining three, HLA-G5, -G6 and -G7, are detectable in soluble
org January 2022 | Volume 12 | Article 7896841
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form (sHLA-G) (1). HLA-G, both membrane-bound and soluble
form, exerts several immune-modulatory effects. In fact, it
inhibits CD4+ T cells allogeneic proliferation (3), natural killer
(NK) and CD8+ T cells cytotoxicity (4), dendritic cells (DC)
maturation (5), and B cells activation (6). In addition, soluble
HLA-G molecules (sHLA-G) trigger apoptosis in antigen specific
CD8+ T lymphocytes (4, 7, 8).

Furthermore, HLA-G may induce immune tolerance leading
to the development of tolerogenic DC with induction of anergic
and immunosuppressive T cells promoting the expansion of
CD4+ CD25+ FoxP3+ T regulatory lymphocytes (Tregs) and
triggering the differentiation of CD4+ T-cells in suppressor
cells (9). HLA-G seems also to be involved in the tuning of
immune responses, as incubation of peripheral blood
mononuclear cells (PBMC) with HLA-G-expressing cells
favors a shift towards a Th-2 cytokine profile, whereas
incubation with soluble HLA-G molecules may have a
counterbalancing effect by creating an anti-inflammatory
environment due to the release of interleukin (IL)-10 (10, 11).
While originally described as restricted in its constitutive tissue
expression (12–16), HLA-G expression can be induced in
several pathologic conditions (17–24). Of note, cytokines
such as interferon (IFN)-g and IL-10 trigger the expression of
HLA-G by PBMC. Particularly, IL-10 enhances HLA-G
expression and down-regulates classical HLA class I and class
II antigens expression on monocytes, thus regulating NK cells
and T lymphocyte responses (25, 26).

Recently, a novel subset of thymus-derived T lymphocytes
expressing HLA-G have been described as distinct population of
Tregs (27). HLA-G+ Tregs can be differentiated from classical
CD4+ Tregs because of the phenotype lacking Forkhead Box P3
(FoxP3), CD39 and CD25 expression (27) and since
mediate their immunomodulatory functions through cell-to-cell
contact independent mechanisms (28) whereas classical
CD4+CD25+FoxP3+ Tregs act mainly via cell-to-cell
mechanisms (29). HLA-G-expressing Tregs exert their
regulatory activity through various tolerogenic soluble molecules
such as sHLA-G5, IL-10, IL-35 and transforming growth factor
(TGF)-b (30, 31). Besides thymus-derived HLA-G+ Tregs, normal
CD4+ and CD8+ T cells may acquire the HLA-G1 molecule from
antigen presenting cells (APCs) through trogocytosis thus
modulating their function from effectors to regulatory cells
capable to inhibit alloproliferative responses (32). Interestingly,
the acquisition of HLA-G via trogocytosis mechanism has also
been reported for NK cells and monocytes (33, 34). A non-
cytolytic subset of NK cells expressing HLA-G (NK-ireg) can be
generated in vitro from peripheral blood CD34+ hematopoietic
progenitors. NK-ireg cells display a mature NK cell phenotype,
release suppressive molecules (sHLA-G, IL-10, IL-21) and through
these factors down-modulate DCs activity and NK cells
cytotoxicity (35).

HLA-G+ immune cells are present in the peripheral blood of
healthy subjects where they probably contribute to maintain
immune tolerance. Conversely, increased percentages of
circulating and tissue-infiltrating HLA-G+ immune cells (e.g.,
T and NK cells, monocytes, DCs, mast cells) can be observed in
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different pathological situations such as infections, cancers,
transplants and autoimmune disorders suggesting a potential
role for these cells in the pathogenesis of diseases in which
immune system is strictly implicated (1, 2, 24, 36–38). Based on
these findings, it has been proposed that HLA-G should be
qualified as an ‘immune checkpoint’ molecule (39).

Allergy
Allergic diseases are characterized by an IgE mediated antibody
response to an environmental allergen. Both genetic and
environmental factors contribute to the development of allergic
disease. Exposure of a genetically predisposed individual to
allergen results in uptake of the allergen by APC followed by
intracellular digestion of the allergen into peptide fragments and
display of the peptide fragments by HLA on the APC membrane.
Allergen-specific T helper cells type 2 (Th2) interact with the
APC and secrete cytokines like interleukin (IL)-4, IL-5 and IL-13
which induce mast cell, basophil and eosinophil proliferation
and IgE production by B cells. In addition, it is now appreciated
that other T cell types, such as Th17 and Th9 may be involved in
allergy development (40). Cross-linking of FcϵRI through
allergen-IgE binding sensitizes mast cells and basophils to
release biologically active mediators including histamine,
serotonin, proteoglycans, tryptase, leukotrienes and
prostaglandins causing the allergic reaction and tissue
inflammation (40). Recent studies have identified a new type of
Th cells localized in B-cell follicles in the secondary lymphoid
organs, named follicular helper T (Tfh) cells, that produce IL-4
and IL-13 and regulate antibody isotype switching required for
IgE production (41). Furthermore, a subset of Tregs has been
identified within lymphoid follicles that counteract Tfh cells and
suppress IgE production thus preventing allergic responses (41).
Therefore, a tilted balance in the Tfh/Tregs axis may represent an
essential feature of allergic diseases. From a clinical perspective,
allergic diseases comprise allergic rhinitis, asthma, conjunctivitis
and dermatitis, and food allergy.
HLA-G AND ALLERGIC RHINITIS

Allergic rhinitis is sustained by mucosal IgE-dependent
inflammation characterized bymast cell and eosinophil activation.

Our group investigated sHLA-G serum levels in adult allergic
rhinitis patients allergic to seasonal and perennial allergens.
Serum sHLA-G levels are significantly higher in allergic
patients as compared to healthy controls and strongly correlate
with allergen-specific IgE levels as well as with rhinitis clinical
severity and anti-allergic drug consumption (Table 1). Of
interest, serum sHLA-G levels are higher in patients with
seasonal allergy than in those with perennial allergy (42–46,
51) Moreover, sHLA-G levels significantly decrease 3 months
after the end of allergen-specific immunotherapy and correlate
with the increased production of IFN-g by peripheral blood
mononuclear cells suggesting a successful shift from Th2 to Th1
immune response (52, 53).
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These data agree with those recently published by another
research group revealing that allergic rhinitis patients have
significantly higher serum sHLA-G levels than normal subjects
and that there is a highly significant and positive correlation
between sHLA-G and specific IgE levels (54). Finally, elevated
serum sHLA-G amounts have been also found in children with
allergic diseases (49, 55) (Table 1).
HLA-G AND ASTHMA
Allergic asthma is characterized by persistent airway inflammation,
structural remodelling and bronchial hyperresponsiveness in lower
airways driven by Th2 lymphocytes activation and IL-4, IL-5 and
IL-13 release.

Genetic factors play a central role in asthma pathogenesis and
over 100 genes have been implicated in asthma susceptibility. The
potential involvement of HLA-G in asthma development has been
suggested by pivotal studies indicating a linkage between asthma and
chromosome 6p21 (56, 57). Particularly, HLA-G polymorphisms
may confer susceptibility to airway hyperresponsiveness and asthma
development. The G/G genotype at SNP -964 G/A in the promoter
region is associated with asthma in the offspring of mothers with
asthma or bronchial hyperresponsiveness, while the A/A genotype is
associated with asthma in the offspring of asthma-free and
hyperresponsiveness-free mothers (57).

In following years, a genome-wide association study (GWAS)
performed in 6819 participants from the Framingham Heart
Study identified potential susceptibility loci in the HLA-G gene
regions as risk factors for IgE dysregulation and atopy (58).

Further studies analyzed the potential interaction among
maternal asthma, microRNA regulation of soluble HLA-G in the
airway and offspring subsequent risk for asthma. Variants in the
HLA-G 3′ UTR including SNP +3142 C/G (rs1063320) that
disrupts a target site for the microRNA (miR)-152 family were
evaluated. Results indicated that +3142 genotypes were associated
with elevated miR-148b and sHLA-G concentrations in BAL fluid
among asthmatic subjects with an asthmatic mother but not among
those with a non-asthmatic mother. These results are consistent
with +3142 allele-specific targeting of HLA-G by the miR-152
family and support the hypothesis that miRNA regulation of
sHLA-G in the airway is influenced by both the asthma status of
the subject’s mother and the subject’s genotype (59, 60).
Frontiers in Immunology | www.frontiersin.org 3
More recently, HLA-G haplotypes were characterized by next
generation sequencing from position −1983 to +3447 and sHLA-
G serum levels were quantified both in a cohort of 330 healthy
subjects and in 580 asthmatic patients from a French multicenter
cohort. HLA-G haplotypes displayed statistically significant
differential distribution between healthy subjects and asthmatic
patients and a significant association with eosinophil count as
well as with history of near-fatal asthma and asthma
exacerbations. By contrast, no association was found between
sHLA-G serum level and genetic data suggesting the hypothesis
that sHLA-G is not overexpressed as a systemic immune
response to control local inflammation (61).

The potential role of HLA-G in asthma has been also reported
in a Brazilian study evaluating the HLA-G untranslated region
(3′UTR) in 115 asthmatic patients stratified according to disease
severity (mild, moderate, and severe) and in 116 healthy
individuals. The +3010C and +3142G alleles were overrepresented
in mild asthma patients when compared to controls and the
+3010G and +3142C alleles were overrepresented in severe
asthma patients in comparison to patients with mild asthma.
These results suggest that HLA-G 3′UTR segment variation sites
were differentially associated according to asthma severity (62).

A role for HLA-G in asthma pathogenesis is further suggested
by the demonstration of sHLA-G molecule expression in the
airway epithelium and of increased levels of sHLA-G in plasma
and bronchoalveolar lavage (BAL) fluid of children with atopic
asthma (47–49) (Table 1). However, no significant association
was observed between plasma sHLA-G, total IgE and allergen
specific IgE levels. Moreover, sHLA-G levels were not
significantly related to HLA-G 14-bp insertion/deletion
polymorphism. Other studies indicated that, among subjects
with asthma, BAL sHLA-G concentrations were inversely
correlated with markers of inflammation in the airway. In
particular, sHLA-G concentrations were highest in subjects
with low BAL eosinophils, low fractional exhaled nitric oxide
(FENO), a marker of airways inflammation, and low serum IgE
suggesting that sHLA-G concentrations were highest in patients
with low inflammatory endotype of asthma and best pulmonary
function (50, 63) (Table 1). Interestingly, bronchial epithelial
cells from patients with mild and severe asthma display impaired
mRNA expression of HLA-G1, -G4, and -G5 functional isoforms
and HLA-G expression is not affected by IL-13 supporting the
hypothesis that an impaired expression of HLA-G isoforms in
asthmatic patients could contribute to the loss of inflammation
control and epithelium structural remodeling (64).

Of note, it has been reported that in infants with asthma
sHLA-G plasma levels were significantly higher in subjects with
persistent wheezing compared with subjects with transient
wheezing. However, there was no significant difference in
peripheral blood eosinophil count and total IgE level between
the two groups. These results may suggest that the increased
sHLA-G levels in infants with persistent wheeze may be able to be
used to distinguish persistent from transient wheeze (47).

The potential role of pregnancy and labor on plasma sHLA-G
levels was evaluated in allergic and non-allergic women (65). Plasma
samples were obtained during the 3rd trimester of pregnancy, at
delivery and at a non-pregnant state 2 years post-partum. Levels of
TABLE 1 | sHLA-G plasma levels in Allergic Rhinitis and Asthma.

Patients Controls Ref. n.

Allergic rhinitis 35.86* 12.79 (42)
42.80 9.80 (43)
35.38 9.76 (44)
24.68 7.03 (45)
46.36 6.75 (46)

Asthma (Children) 67.9** n.a. (47)
52 42 (48)

179.3 35.2 (49)

Bronchoalveolar lavage (adults) 6.8 1.6 (50)
*ng/mL; **U/mL.
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the sHLA-G1 isoform in plasma significantly increased during labor
compared to levels detected during the 3rd trimester of pregnancy
and two years after delivery. However, allergic women had lower
plasma sHLA-G levels than non-allergic women during the 3rd

trimester of pregnancy and at delivery. Interestingly, no significant
differences were found in samples obtained 2 years after pregnancy.
Finally, spontaneous production of sHLA-G by PBMCs resulted
significantly higher in patients with isocyanate-induced asthma than
in other groups of asthmatic patients (66).

HLA-G binding of KIR2DL4 (CD158d) receptor on NK cells
induces the secretion IFN-g, a cytokine critical for the generation
of tolerogenic DC. As consequence it might be predicted that
individuals with a functionally defective allele of KIR2DL4 would
not be able to secrete IFNg and might therefore be prone to Th2-
biased immune responses and produce fewer tolerogenic DC.
KIR2DL4 genotypes were analyzed in 2 cohorts of children at
high risk for atopic disease and asthma. However, there was no
significant relationship between KIR2DL4 genotype and the
prevalence of atopy and asthma (67).

It has been suggested that infections may play a role in the
pathophysiology of allergic diseases, in particular asthma. The
relationship among allergy, infections and HLA-G is an intriguing
question, however no data are currently available on this topic.
HLA-G AND ATOPIC DERMATITIS

Atopic dermatitis (AD) is a chronic disease usually beginning in
childhood. AD is characterized by increased production of IL-4,
IL-13 and IgE. In AD biopsies, HLA-G positive cells were always
found in the papillary and, less frequently, in the reticular dermis.
HLA-G was expressed mainly by infiltrating T cells but also, to a
lesser extent and less frequently, by monocytes-macrophages or
Langerhans cells (20). It is noteworthy that topical administration
of purified recombinant HLA-G1 ameliorate the AD-like skin
lesions in the mice. In addition, serum levels of IgE, IL-13, and IL-
17A are significantly reduced in HLA-G1-treated mice. Taken
together, these observations suggest a potential role for
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recombinant HLA-G as novel therapeutic strategy for AD and
other chronic inflammatory skin disorders (68).
IN VITRO DATA

The in vitro expression and release of HLA-G molecules by PBMC
after incubation with both allergenic and non-allergenic stimuli
was evaluated in allergic rhinitis patients HLA-G membrane
expression was specifically induced by incubation with the causal
allergen, but not by incubation with non-causal allergens or non-
specific stimuli. Monocytes and to a lesser extent CD4+ T cells,
particularly Th2 cells, expressed HLA-G after allergenic challenge
whereas CD8+ T lymphocytes, B lymphocytes, NK cells and Tregs
did not show any detectable HLA-G expression after incubation
with allergens. The exposure to the causal allergen seems to be the
main factor inducing HLA-G expression. In fact, patients allergic to
mites, evaluated during winter, when the exposure to mite was still
present, showed the more intense membrane HLA-G expression,
whereas grass pollen allergic patients, who were evaluated far from
the pollen season, showed a very low increase of HLA-G
expression. The measurement of sHLA-G in culture supernatants
confirmed that high amounts of sHLA-G molecules are found
when the causal allergen is used as stimulus. Soluble molecules
detected in culture supernatants mainly belong to the HLA-G5
isoform suggesting that they are actively secreted by immune cells
after incubation with allergen (69, 70).
CONCLUSIONS

HLA-G molecules have a complex immune regulatory role in
transplantation, cancer, viral infections, chronic inflammatory
diseases and pregnancy (Table 2). In general, HLA-G is a
tolerance-inducing molecule by inducing Treg cells, but it is
also a pro-inflammatory molecule stimulating Th2 responses
(Figure 1). Allergic diseases are driven by a Th2-polarized
ABLE 2 | HLA-G in non-allergic diseases.

isease Analyzed data Pathophysiologic relevance Ref. n.

hron’s disease Polymorphisms Increased disease susceptibility (71)
Elevated serum levels Positive correlation with disease severity

heumatoid arthritis Polymorphisms Increased disease susceptibility (72)
Elevated serum levels Negative correlation with disease severity

ystemic lupus erythematosus Polymorphisms Increased disease susceptibility (73, 74)
Elevated expression and serum levels Positive correlation with disease severity

ystemic sclerosis Low serum levels Negative correlation with disease severity (75, 76)
Elevated serum levels No correlation with disease severity

ultiple sclerosis Polymorphisms Increased disease susceptibility (77, 78)
Elevated dimer levels Positive correlation with decreased inflammation

soriasis Polymorphisms Positive correlation with treatment response (79)
oxoplasmosis Elevated trophoblast release Abnormal pregnancy (80)
alaria Elevated cord blood levels Low weight at birth and infection risk (81)
elycobacter pylori infection Increased expression Negative correlation with inflammation (82)
CV – HBV – HIV Polymorphisms Worse outcome and response to treatment (83–85)

Elevated serum levels
umors (Gastrointestinal, kidney, breast, lung, melanoma) Increased expression and serum levels Increased metastasis and worse outcome (86–92)
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inflammation and allergic patients display a defect in Treg cells
which may be restored by specific immunotherapy. Taken
together, the studies reported in this review suggest that: i)
sHLA-G plasma levels are greater in atopic than in normal
subjects and decrease after specific immunotherapy; ii) HLA-G
is an asthma susceptibility gene; iii) HLA-Gmolecules are present
in airway epithelium and BAL fluid of asthmatic subjects; iv)
HLA-G is expressed and secreted by immune cells of atopic
patients following in vitro allergenic challenge. At present, it
remains unclear whether the presence of HLA-G is reactive in
attempt to restore a proper balance in inflammatory cells and
cytokines activated in allergic diseases or is a part of their
pathogenesis by diverting the immune response towards a Th2
phenotype or by altering the presence and function of Treg cells.
This latter hypothesis is supported by the finding that antigen
presenting cells and monocytes expressing HLA-G molecules
Frontiers in Immunology | www.frontiersin.org 5
create a tolerogenic milieu enriched in IL-10 which, in turn,
promotes Treg cells activity. In conclusion, it could be postulated
that HLA-G molecules in allergy may be either compensatory or
pathogenetic, but their precise mechanism of action is not yet
completely known and needs further investigation.
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