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HLA-class I family includes highly polymorphic HLA-class
Ia molecules (HLA-A, HLA-B, and HLA-C), which play a
central role in adaptive immunity, and “nonclassical” HLA-
class Ib molecules (HLA-E, HLA-F, HLA-G, and HLA-H),
characterized by a limited polymorphism and a few alleles
that encode a small number of functional proteins. Both
types of HLA-class I molecules can bind peptides generated
from cytosolic antigens and present them to specific CD8+
T lymphocytes. However, the main function of HLA-class
Ib molecules is the modulation of immune responses, both
in physiological and in pathological conditions. In contrast,
nonclassical major histocompatibility complex (MHC) class I
chain related (MIC) molecules show homology with classical
human leukocyte antigen (HLA) molecules, but they do not
bind beta-2 microglobulin and peptides. Expression of MIC
proteins is upregulated on the cell surface in response to
stress, and these molecules can interact with the activating
natural killer cell receptor NKG2D, which is expressed by
many cells of the immune system.

HLA-G, the best characterized HLA-Ib molecule, was
firstly detected on fetal cytotrophoblast cells during preg-
nancy, where it abrogatesmaternal NK cell activity protecting
fetal tissues. However, HLA-G expression and release can
be detected in different cells and tissues in pathological
conditions, such as tumors, transplantation, bacterial and
viral infections, and inflamed tissues. HLA-G can interact

with at least four specific receptors (ILT2, ILT4, KIR2DL4,
and CD160) that are expressed on T and B lymphocytes,
NK cells, neutrophils, and antigen presenting cells, thus
inhibiting their functions.

HLA-E is expressed by all nucleated cells and binds
peptides derived from the leader sequence of other HLA-
class I molecules. In normal conditions, HLA-E interacts
with CD94/NKG2A inhibitory receptor on NK cells, thus
inhibiting their cytotoxicity against cells expressing HLA-
class I molecules. Transformed or virus-infected cells, which
usually downregulate HLA-class I expression, display a lower
number of HLA-class I-derived peptides. This in turn leads
to downregulation of HLA-E expression, thus allowing NK
cells lo lyse these cells. However, different transformed
cells can upregulate HLA-E expression to avoid NK cell
mediated lysis. Finally, it has been demonstrated that HLA-
E can also interact with CD94/NKG2C activatory recep-
tor, thus leading to the activation of NK cell functions.
This function is important for vascular remodeling during
pregnancy.

HLA-F can act as chaperone for the 𝛽2-microglobulin-
free heavy chain of other HLA-class I molecules, and its
expression can be detected on the surface of activated
lymphocytes. Moreover, it has been demonstrated that this
molecule can be present in a peptide-free (open conformer)
form and can cooperate with other HLA-class I open
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conformers during cross-presentation. Finally, HLA-F open
conformers can interact with different KIR on NK cells.

No functional HLA-H molecules encoded by HLA-H
alleles have been yet characterized.

In this special issue dedicated to nonclassical HLA-class
Ib molecules, we have discussed in a review novel findings
obtained in the last two years, regarding the role of HLA-
G in cancer, infectious diseases, autoimmune/inflammatory
diseases, pregnancy, and transplantation.

One interesting paper by Y. Zhang et al. addressed the
role of MICB in SLE patients. They have demonstrated that
a single nucleotide polymorphism (SNP) called rs3828903
is associated with higher susceptibility to systemic lupus
erythematosus (SLE), and a higher MICB gene expression
was detected in SLE patients, thus suggesting a role of this
molecule in the progression of the disease.

Three papers have addressed the role of HLA-E in patho-
logical conditions. J. Di Cristofaro et al. have demonstrated
that lung transplanted patients that displayed homozygosis
for HLA-E∗01:01 or HLA-E∗01:03 alleles showed impaired
overall survival as compared with patients displaying het-
erozygosis. Moreover, the presence of HLA-E∗01:03 allele
is correlated with a higher incidence of chronic rejection,
as compared with patients with HLA-E∗01:01 homozygosis.
An interesting review by S. A. Joosten et al. discussed the
role of pathogen-specific HLA-E restricted T-cell responses
during infectious diseases. Finally, F. Morandi et al. have
demonstrated that soluble HLA-E concentration was higher
in BM plasma samples from neuroblastoma patients with
metastatic disease than in those with localized tumors, thus
suggesting a role of this molecule in the progression of the
disease. The same results have been also obtained for soluble
HLA-G.

Three papers have addressed the role of HLA-G in patho-
logical conditions. G. Murdaca et al. have discussed in their
review the role of HLA-G during allergic diseases, pointing
out the role of this molecule in the suppression of the allergic
reaction. R. Rizzo and coworkers have demonstrated that
plasma sHLA-G levels were higher in women with primary
human congenital cytomegalovirus (HCMV) infection than
in nonprimary and uninfected pregnant women. Moreover,
sHLA-G levels in amniotic fluid were higher in symptomatic
than in asymptomatic fetuses. Collectively, these data sug-
gested a role for HLA-G as a biomarker for HCMV infection.
L. L. Olesen and T. V. F. Hviid have characterized the role
of HLA-G in left ventricular systolic dysfunction (LVSD).
They have demonstrated that soluble HLA-G was higher in
patients with ejection fraction (EF) < 50% than in those
with EF > 50%. However, sHLA-G was less specific as a
biomarker of LVSD than other classic biomarkers. Moreover,
a combined 14 bp ins-del/+3142SNP HLA-G haplotype was
associated with EF < 40%.

Finally, an interesting review by L. L. Johansen and
coworkers discussed the role of classical and nonclassi-
cal HLA-class I molecules in the progression of human
melanoma.

Collectively, all these papers have added novel important
findings on HLA-class Ib molecules in different settings, thus

confirming their pivotal role in the control of the immune
system both in physiological and in pathological conditions.

Roberta Rizzo
Enrico Fainardi

Nathalie Rouas-Freiss
Fabio Morandi
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Malignant melanoma, a very common type of cancer, is a rapidly growing cancer of the skin with an increase in incidence among
the Caucasian population. The disease is seen through all age groups and is very common in the younger age groups. Several
studies have examined the risk factors and pathophysiological mechanisms of malignant melanoma, which have enlightened our
understanding of the development of the disease, but we have still to fully understand the complex immunological interactions.The
examination of the interaction between the human leucocyte antigen (HLA) system and prognostic outcome has shown interesting
results, and a correlation between the down- or upregulation of these antigens and prognosis has been seen throughmany different
types of cancer. In malignant melanoma, HLA class Ia has been seen to influence the effects of pharmaceutical drug treatment as
well as the overall prognosis, and the HLA class Ib and regulatory T cells have been correlated with tumor progression. Although
there is still no standardized immunological treatment worldwide, the interaction between the human leucocyte antigen (HLA)
system and tumor progression seems to be a promising focus in the way of optimizing the treatment of malignant melanoma.

1. Introduction

Cutaneous malignant melanoma is a type of cancer that
develops in the melanocytes of the skin. The epidermis,
which is the barrier of the body, that protects us from the
outer environment, is made up of different types of cells,
primarily squamous cells, basal cells, and melanocytes. In
addition, the skin also contains important immune cells.
Melanin is produced in the melanocytes and is the pigment
that gives the skin its characteristic color, and it is in these cells
that the malignant melanoma originates from; the tumors
are frequently strongly pigmented. Another type of skin
cancer is nonmelanoma skin cancer, which includes basal
cell carcinoma and squamous cell carcinoma. These types
of cancers are very common; however, they metastasize
rarely. Unfortunately, there has been an annual increase
in the incidence of malignant melanoma among different

populations ranging from 3% to 7%, which corresponds to
a doubling of rates every 10–20 years [1]. Worldwide, the
highest incidence rates have been reported in Australia and
New Zealand with incidence rates as high as 60 cases per
100,000 inhabitants per year [2]. Throughout Europe, age-
standardized incidence rates in 2012 have been estimated to
11.4 per 100,000 for males and 11.0 per 100,000 for females.
These have ranged from six new cases per 100,000 in Central
and Eastern Europe, 10 cases in Southern Europe, and 19 cases
in Northern Europe [3].

The median age is 62 years in the US, when the disease
is detected for the first time. However, the disease also affects
younger people under 30 and is one of themost common can-
cers among young people [4]. However, some studies from
Australia, New Zealand, USA, several Western European,
and Nordic countries have indicated a stabilization in the
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incidence rates in both sexes mainly among young people,
and an increase in the incidence of malignant melanoma
in the age group > 60 years [5, 6]. Based on data from
39,000 patients, the Amercian Joint Committee on Cancer
calculated the five- and ten-year survival rates according to
the TNM classification system: these were for clinical stage
I (histological tumor, thickness ≤ 1 mm and node negative)
97% and 93% (resp., five- and ten-year survival rates), stage
II (tumor thickness >1mm and node negative) 53% and 39%,
and stage III (with regional lymph nodemetastases) 46% and
33%. Additional important tumor factors are ulceration and
mitotic rate [7].

2. Clinical Evaluation and Risk Factors

Regarding anatomic localization, the back has traditionally
been the predilection site in males and the legs in females,
with a tendency in recent years to a change in female pre-
sentation towards a male pattern [8, 9]. Malignant melanoma
can arise from normal skin, benign nevi, and dysplastic nevi,
where dysplastic nevi can be considered as an intermediate
stage.

Of other risk factors, in addition to dysplastic nevi, UV
radiation plays a very important role in the incidence of
malignant melanoma creating cellular lesions in the DNA,
pyrimidine dimers of C-T mutations [10]. Recent research
has shown that C-T mutations are frequently found in
malignant melanomas. However, these mutations are also
seen in pancreatic cancer; therefore, it is uncertain whether
they are directly connected to UV-radiation [11, 12].

Melanoma is related to intermittent sun exposure as well
as to accumulated sun exposure. Twice the risk of developing
malignant melanoma has been seen in individuals with skin
type I or II compared to skin type III or IV. Skin type I is
defined as always sunburned, never tanned, and skin type
IV as never sunburned, always tanned [13–15]. However,
the relationship between the UV radiation and malignant
melanoma is very complex, as it is pointed out that chronic
exposure to UV radiation in subjects with outdoor work
has a protective effect against the development of malignant
melanoma [13–17]. This complex relationship is exposed
further, as malignant melanomas develop not only on the
more UV-exposed areas of the body, but also on the trunk,
most often in men, and on the lower extremities, most often
in women. This may suggest that it is not an accumulated
amount of UV radiation that is important for the malignant
development and, in addition, it may indicate that there
is a significant genetic factor involved [8, 18]. Individuals
with many nevi may have a greater lifetime risk for the
development of malignant melanoma.

3. Diagnosis, Treatment, and
Prognostic Evaluation

The principles of treatment of localized malignant melanoma
consist primarily of surgical intervention. However, med-
ications are also in use when treating advanced disease.
The efficacy of interferon-𝛼 has been investigated in several
studies, and it was shown that high doses of interferon-𝛼

could delay the time of the first distal metastasis; however,
that delay did not have a positive effect on overall survival
[19]. In a more recent prospective study, the role of high-
dose interferon-𝛼2b therapy, or completion lymph node
dissection, for patients with melanoma, staged by sentinel
lymph node biopsy, was evaluated in patients, enrolled
between 1997 and 2003, with 71 months’ follow-up. No
positive effect on disease-free survival or overall survival was
identified for adjuvant therapy with high-dose interferon-
𝛼 in patients with a single tumor-positive sentinel lymph
node [20]. Other studies have found adjuvant treatment
with interferon to have an overall positive effect on survival.
Garbe et al. found that low dose (3MU) interferon-𝛼2a,
administrated subcutaneously, given three times a week for
two years improved overall survival and disease-free survival
in melanoma patients with first manifestation of metastasis
in regional lymph nodes when compared to treatment with
interferon combined with dacarbazine or observation alone
[21]. Another study has found that one-year maintenance
treatment with intermediate-dose adjuvant interferon-𝛼2b
improved relapse-free survival, but this was not the case with
two-year maintenance therapy [22]. Due to the high toxicity
of interferon-𝛼 this drug is not considered standard adjuvant
therapy in some countries [23]. In a retrospective study by
Hughes et al., treatment with high-dose interleukin-2 of 305
patients with either malignant melanoma or metastatic renal
cell carcinoma was investigated. Twenty-five per cent of the
patients with metastatic melanoma or renal cell carcinoma
achieved stable disease, defined as less than 20% progression
in the disease, and not higher than 30% progression in the
disease, after initial treatment with interleukin-2. This was
associated with improved overall survival compared with
patients, who had progressive disease. A disease control rate
(DCR) was listed as the percentage of patients, whose disease
did not progress after initial treatment. If the stable disease
was taken into account, the treatment with interleukin had a
DCR of 37.7%, and the study pointed out that this rate was
more indicative than previously reported response rates of
15–20%, which underestimated the effect of the treatment
[24]. Several medications, such as dacarbazine, vemurafenib,
dabrafenib, and trametinib, are being used in the treatment
of metastatic melanoma, but it seems that there is still a need
for drugs with better long-term effects and less toxicity [25].
Ipilimumab, a recombinant, monoclonal antibody that inter-
acts with and blocks the cytotoxic T lymphocyte associated
protein 4 (CTLA-4) receptor in activated T cells, was the first
systemic treatment that showed an improvement in survival
in a phase III trial, treating patientswith advancedmelanoma.
In 2010, a phase III trial consisting of 676 patients with stage
III-/IV advanced melanoma showed a significantly better
median survival when the treatment with ipilimumab (10.1
months) was compared with the tumor-associated antigen
(TAA) glycoprotein (gp100) vaccine (6.4 months) [26]. Ipil-
imumab and dabarbazine, combined, have also been shown
to have a positive effect on median survival when compared
to dacarbazine combined with placebo [27]. The TAA gp100
was one of the first identified. The gp100 epitope peptide is
restricted to HLA-A∗2402 and has been tested in clinical tri-
als to treat melanoma patients [28]. The positive results from
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the treatment with ipilimumab lead to the approval in the US
by the Food and Drug Administration in 2011 and later by
the EuropeanMedicines Agency [26, 27]. Of other drugs that
have shown promising results in the treatment of melanoma
are the programmed cell death protein 1 (PD-1) inhibitors,
nivolumab, and pembrolizumab. The PD-1 is a receptor
located on T cells that, by binding to the PD-L1 and PD-L2
ligands, prevents the activation of the T cell. In different types
of cancer, these ligands are upregulated and expressed in
the tumor microenvironment, which suppress the activation
of the T cells [29]. The recombinant monoclonal antibody,
nivolumab, has in a recent study shown significant improve-
ments in overall survival and progression-free survival, as
compared with dacarbazine, among previously untreated
patients with metastatic melanoma without a B-Raf pro-
tooncogene, serine/threonine kinase (BRAF) mutation [30].
Interestingly, in a study of melanoma cell lines and patient
samples, Johnson et al. found evidence that melanoma-
specific HLA class II expression may function as a marker for
predicting response to anti-PD-1/PD-L1 therapy [31].

4. The Effect of UV Radiation

UV radiation, which damages the DNA, results in an increase
of the production ofmelanin and blocks the cell cycle through
microphthalmia associated transcription factor (MITF).This
blockage of the cell cycle occurs to prevent unrestrained
progression of melanocytes until the DNA is no longer
being damaged [32]. Melanocortin-1 receptor (MC1R), a
previous link to the activation of MITF, is activated by
melanocyte-stimulating hormone (MSH) which is activated
by UV radiation.

MC1R, a gene with high genetic polymorphism, has a
large influence on the pigmentation of the skin in every
individual. There are a number of recessive MC1R alleles,
which have a high penetrance in individuals with red hair.
These individuals have a reduced ability to increase the
UV-induced pigmentation [33]. Moreover, these alleles are
associatedwithmalignantmelanomawith an odds ratio (OR)
of 1.4–2.4 [34]. Germline mutations in cyclin-dependent
kinase inhibitor 2A (CDKN2A), a kinase that plays a role in
UV-induced melanin production by encoding two different
tumor suppressor genes, p16INK4a and p14ARF, are asso-
ciated with familial melanoma [35]. These mutations have
been observed in 10% of families with two cases of malignant
melanoma and 30–40% of families with three or more cases
of malignant melanoma [36]. High-penetrance mutations in
a kinase, cyclin-dependent kinase 4 (CDK4), which also plays
a role in themelanogenesis by inducing the progression of the
cell cycle, are also observed [37]. BRAF, a member of the raf
family, is a protein kinase that is encoded by the BRAF gene.
This protein kinase is a part of mitogen-activated protein
kinase pathway (MAPK signaling pathway) of melanocyte
proliferation, and through the MAPK signaling pathway,
BRAF regulates a variety of cellular processes, such as growth,
proliferation, and apoptosis. Mutations in BRAF result in
an alteration of the activity of the protein kinase, which
hereby acts as an oncogene. This oncogene can give rise
to benign and malignant neoplasms. The vast majority of

mutations in BRAF are V600E mutations, in which glutamic
acid (E) is replaced with valine (V) at codon 600 and
causes the protein to become overactive [38]. The benign
and malignant changes this transformation may give rise
to are due to an increase in cell proliferation and survival
[32, 39, 40]. As previously mentioned, malignant melanomas
are more commonly found in individuals with skin type I-II,
compared to skin type III-IV.Ahigher incidence ofmalignant
melanomas is also seen in red-haired compared to dark-
haired individuals [41]. Overall, in epidemiological studies, a
higher risk ofmalignantmelanoma is observed by a reduction
in pigmentation and an increased number of nevi [32, 41, 42].

5. Immunological Mechanisms in
Malignant Melanoma

Since the 1950s, the physiological function of the adaptive
immune system in relation to cancer, understood as the
individual’s own defense against the growth of transformed
cells, has been increasingly explored. This function is known
as immune surveillance. Growing tumors may present dif-
ferent molecules that are recognized as foreign antigens and
are therefore defeated by the immune system. These tumor
antigens are recognized by CD8+ T cells that differentiate
into cytotoxic lymphocytes (CTL) and fight the transformed
cells. Tumor antigens are presented by the major histocom-
patibility complex (MHC) class I molecules on dendritic
cells, known as antigen-presenting cells (APC). The major
histocompatibility complex in humans is named the human
leukocyte antigen (HLA) system (Figure 1). In order for the
differentiation of naive CD8+ T cells to the CD8+ CTL to take
place, there must also be a costimulation and/or help from
CD4+ T cells that bind to MHC class II molecules. By APC
B7 costimulation secondary signals help the activation of the
CD8+ CTL.The binding of CD4+ T cells to theMHC releases
cytokines that contribute to the differentiation process.

However, it is not always the case that the foreign tumor
cells are suppressed as they may prevent the presentation to
the CD8+ T cells. This phenomenon is known as immune
escape, which may take place in different ways: lack of
expression of the tumor antigen, lack of expression of the
MHC class I molecules, production of inhibitory cell surface
proteins, or production and secretion of cytokines (Figure 2).
Since the tumor cells have been able to develop these
escape mechanisms, the hypothesis of immune editing was
established, which consists of three parts: elimination, steady
state, and escape [43]. In the first step, the tumor cells are
recognized and killed by the immune response, as described
earlier. In case of tumor variants that are not eliminated
by the immune response, the immune system retains the
growth of these cells throughout the life of the host and thus
achieves steady state. At the final stage, escape, tumor cells
avoid elimination and achieve tumor escape [44]. In cases
where the tumor cells do not expressMHC class I, the natural
killer (NK) cells play an important role. All healthy human,
eukaryotic cells express MHC class I at the cell surface as
well as ligands for activating NK cells. NK cell inhibitory
receptors react with the expressed MHC class I molecule,
thus avoiding the lysing of the healthy cells. As mentioned,
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Figure 1: In some cases, tumor cells, for example, malignant melanoma cells, may obtain through selection processes an HLA expression
profile that in varying degrees mimics the HLA expression on extra-villous trophoblast cells at the fetomaternal interface during pregnancy.
The specific HLA expression profile on tumor cells involving one or several of the HLA class Ib molecules may be one mechanism leading to
immunosuppression and immune escape (ILT: immunoglobulin-like transcript; KIR: killer-cell immunoglobulin-like receptors).

certain tumor cells downregulate their expression of MHC
class I, which protects them from degradation by CD8+ CTL.
In the cases whereMHCclass I is downregulated, theNK cells
are activated by the activating ligands on the surface of the
tumor cell because they do not express MHC class I, which
would otherwise react with the NK cell inhibitory receptors.
In this way, the tumor cell is lysed even though it has achieved
immune escape from the CD8+ CTL. In the 1950s, it was
shown in mice studies that the rejection of grafted tissue
was coupled to the adaptive immune system. This was due
to foreign antigens on the surface of the transplanted cells
and foreign variants of surface proteins, especially MHC
molecules, which mainly the T cells responded to, and a
rejection of the transplanted tissue wasmediated.MHC/HLA
proteins are extremely polymorphic; there are a very high
number of alleles, more than 1,000 for some of the genes.This
makes it very unlikely that two randomly selected individuals
may be able to function as donor and recipient, because the
chance that they have two identical sets of MHC proteins is
very small.

The tumor microenvironment has for many years been
a point of interest in melanoma research. The melanoma
cells interact with the microenvironment in many different
ways, for example, through cell-matrix contact and through
secreted growth factors and cytokines. In order for the

melanoma cells to successfully migrate and invade, the cells
need to activate growth factors that regulate cell-adhesion
[45]. Basic fibroblast growth factor (bFGF), a growth factor
that is produced and secreted in melanoma cells, which
promotes proliferation and survival in human melanocytes
in an autocrine manner, has been described to correlate with
melanoma tumor progression. Furthermore, overexpression
of bFGF enhances the proliferation of melanocytes and
anchorage-independent growth [46]. The melanocytes that
overexpress bFGF can, without the presence of insulin-like
growth factor (IGF-1) and melanocyte-stimulating hormone
(MSH), grow and proliferate, and the bFGF secreted by
melanoma cells can stimulate proliferation of stromal cells
in a paracrine manner [47]. Besides bFGF, other melanoma-
secreted growth factors, such as platelet-derived growth
factor (PDGF) and transforming growth factor- (TGF-) 𝛽,
seem to induce proliferation and activation of fibroblasts and
endothelial cells and in this way exercise paracrine functions
in angiogenesis and stroma formation. The effects of PDGF
stimulate the production of collagen and the glycoproteins,
fibronectin and laminin, by neighboring fibroblasts [48].
PDGF, secreted by melanoma cells, furthermore stimulates
the production and secretion of IGF-1, which stimulates the
proliferation of melanoma cells.The promotion of melanoma
growth is enhanced by the release of bFGF and endothelin by
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Figure 2: Schematic representation of immunological mechanisms discussed in the text that may lead to escape of malignant melanoma
cells from immune surveillance.The expression of HLA class Ia molecules on the tumor cell surface may be compromised or downregulated.
The tumor cell may begin, or may be selected, to express immunosuppressive HLA-G molecules that exist in both membrane-bound forms
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activated fibroblasts [49]. Awell-knownmechanism in tumor
progression is angiogenesis. Inmelanoma cells, this process is
stimulated by both autocrine and paracrine growth factors,
such as vascular endothelial growth factor (VEGF), bFGF,
PDGF, and TGF-𝛽, and the progression of the melanoma
cells leads to increased levels of VEGF and bFGF [45, 50]. A
member of the VEGF family produced by melanoma cells,
placental growth factor (PIGF), binds to neuropilin-1 and
neuropilin-2 receptors on endothelial cells, which, in synergy
with VEGF, exert the angiogenic actions of the endothelial
cells. The prognosis and tumor progression have been cor-
related with levels of PIGF, and a study by Fischer et al. has
suggested that treatment against PIGF could be a potential
target when developing novel anticancer therapies [51]. The
secretion of interleukin-8 (IL-8) by endothelial cells has an
effect on vascular permeability and stimulates the migration
of melanoma and endothelial cells [50]. UV radiation (UVB),
TGF-𝛽1, and hypoxia can induce the expression of IL-8
in melanoma cells, potentially increasing their metastatic
potential, and a study byUgurel et al. suggested that increased

levels of serum IL-8 in melanoma patients were correlated
with advanced disease and poor overall survival [52]. Under-
standing the tumor microenvironment is essential in the
ongoing development of treatments for melanoma, as well as
other types of cancer, as itmakes the foundation of knowledge
required to target the many different molecular mechanisms
in tumor progression.

6. HLA Class Ia Molecules in
Malignant Melanoma

Major histocompatibility complex molecules are divided into
two classes, classes I (which is subdivided into Ia and Ib) and
II.TheMHC class Ia, known as the classical class I molecules,
is composed of HLA-A, HLA-B, and HLA-C and class Ib of
HLA-E, HLA-F, and HLA-G [53].

HLA class Ia molecules consist of three subunits, a
HLA class I heavy chain, 𝛽

2
-microglobulin (𝛽

2
m), and a

peptide [54]. In order for these molecules to be expressed
on the cell surface, they have to undergo assembly in the
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endoplasmatic reticulum followed by a transport to the
cell surface. This process requires the transporter associated
with antigen processing 1 (TAP1), TAP2, and different ER-
resident chaperons such as calnexin, calreticulin, and tapasin
[55, 56]. The heavy chain-𝛽

2
m heterodimer is stabilized

through noncovalent protein-protein interactions by 𝛽
2
m,

which makes the binding of endogenous antigenic peptides
possible with the help from TAP, and thereby allows for the
assembled heavy chain-𝛽

2
m-peptide trimeric complexes to

be transported to the cell surface, where they are recognized
by CTL [57]. The expression of HLA class Ia molecules
on the tumor cells may be modulated by cytokines in the
tumormicroenvironment. One examplewould be interferon-
𝛼 (IFN-𝛼) and interferon-𝛽 (IFN-𝛽) that upregulate HLA
class Ia expression.

It appears that low or no expression ofHLA class Ia results
in a poorer prognosis for patients with cervical cancer, rectal
cancer, and melanoma patients with advanced disease [58–
60]. However, it has also been shown that a total loss of
HLA class Ia expression is correlated with improved survival
in colorectal cancer patients [61]. The downregulation of
HLA class Ia molecules has been shown to be correlated
with a poorer response to immunotherapy of malignant
melanoma patients in one study [62]. Tumors are known
to downregulate the expression of HLA class Ia molecules,
resulting in a significant tumor escape mechanism. This
is due to a change in the interaction between tumor cells
and specific T cells and NK cells [63–66]. In a study by
Carretero et al., the amount of expressed HLA class Ia
protein for ten metastatic lesions from a melanoma patient,
who was under immunotherapy treatment, was measured.
Two out of ten lesions showed tumor progression and had
a low expression of HLA class Ia. The eight other lesions
showed tumor regression and expressed a high amount of
HLA class Ia [58]. In patients with rectal cancer, there has
been demonstrated a higher amount of stage IV tumors in
patients with a loss of HLA class Ia expression [60]. It has
been suggested that immunotherapy leads to an alteration
of the tumor microenvironment promoting a release of
immune-stimulating factors by immune cells, which leads to
an upregulation of HLA class Ia expression in tumor cells,
eventually leading to the recognition and destruction of the
tumor cells by antigen-specific T cells. However, if the tumor
cells bear irreversible defects in the HLA class Ia genes, the
antigen presentation remains defective after immunotherapy
leading to tumor immune escape due to an impairment of the
amplification of the immune response [67, 68].

Large series of tumor lesions from solid tumors of
melanoma, colorectal, bladder, head and neck, breast, kidney,
lung, prostate, and cervical carcinoma have shown a defect in
HLA class Ia expression [69–72]. Depending on the tumor
type, the downregulation, loss of HLA loci, and HLA class
I allospecificities have ranged between 3.4% and 60%. The
loss of heterozygosity at the HLA loci is frequent in tumors
such asmelanoma and colorectal carcinomas, but not in renal
cell carcinoma, and this loss of heterozygosity could therefore
contribute to the downregulation of HLA class Ia in specific
types of tumors [73]. Total loss of HLA class Ia by tumor
cells has been found to alter the immunological response

against tumor cells due to resistance to recognition by CTL
[74]. The formation of HLA class I heavy chain-𝛽

2
m-peptide

complexes and the transport to the cell surface requires 𝛽
2
m,

and a loss of 𝛽
2
m is frequently found in phenotypes, where

loss of HLA class Ia is observed [75, 76]. The underlying
mechanism for this loss of 𝛽

2
m in malignant cells has been

found to be due to loss of heterozygosity, mutations in one
copy of the 𝛽

2
m gene, and loss of the other copy [76]. In a

study by Chang et al., where themolecular defects underlying
HLA class I loss in five melanoma cells lines derived from
recurrent metastases following initial clinical response to T
cell-based immunotherapy were characterized, has suggested
the emergence of mutations in the 𝛽

2
mgene following strong

T cell-mediated immune selection [77]. An interesting point
was that the development of multiple escape mechanisms
by melanoma cells to avoid T cell-mediated selective events
might be reflected by multiple HLA class I defects within the
tumor cell population [77].

7. HLA-G and Regulatory T Cells in Cancer
and Pregnancy

Human leukocyte antigen-G, which is one of the nonclassical
MHCclass Ibmolecules, can be detected in fetal tissue such as
the amniotic sac, cell precursors, and cytotrophoblasts. HLA-
G has basically a similar structure to HLA class Ia molecules
but is, in contrast to these, known for a low genetic diversity
[66]. In adults, HLA-G is found in the cornea, thymus,
pancreas, endothelial cell precursors, and erythroblasts [78].
In addition, HLA-G is also expressed in antigen-presenting
cells (APC) and macrophages. Overall, HLA-G is found in
two different forms: membrane-bound HLA-G (G1–G4) and
secreted isoforms (G5–G7) [79]. Human leukocyte antigen-G
has an important tolerance-inducing function and can mod-
ulate the immune system by binding to inhibitory receptors
on lymphoid cells, NK cells, dendritic cells, macrophages,
and monocytes. HLA-G binds to three receptors:
immunoglobulin-like transcript 2 (ILT2), immunoglobulin-
like transcript 4 (ILT4), and killer immunoglobulin-like
receptors 2DL4 (KIR2DL4). The ILTs are inhibitory, and
KIR2DL4 possesses activating properties as well [80–83]. By
binding to these inhibitory receptors, HLA-G may induce
tolerance in various ways, such as differentiation, prolifera-
tion, cytokine secretion, and cytolysis of the normal immune
response [79]. The complex between HLA-G and APCs has
a certain inhibitory effect on CD4+ T cells by inducing their
differentiation into regulatory T cells [84]. Regulatory T
cells are important to sustain immune tolerance and prevent
autoimmune diseases. Using a process called trogocytose,
wherein the plasma membrane and anchored proteins are
transferred via cell-cell contact, the NK cells, dendritic cells,
and T cells that receive membrane-bound HLA-G molecules
from cancer cells, downregulate the immune response [85].
Thereby, HLA-G might contribute to a reduced immune
response against the tumors of cancer patients [79]. Aberrant
HLA-G expression has often been found in tumor lesions but
is rare in adjacent “nontumor” tissue [73], and the expression
of the nonclassical class Ib antigen in tumors has often been
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associated with tumor progression and a poor prognosis for
cancer patients [86–89]. Studies have shown that HLA-G
is expressed in a variety of cancers, such as hepatocellular
carcinoma, gastric cancer, and breast cancer, and is correlated
with a poor survival [90–92]. HLA-G expression has, besides
in cancer, also been found in other pathological situations
such as transplantation and viral infections [89, 93–95]. Both
soluble and membrane-bound HLA-G have the ability to
upregulate inhibitory receptors [96].

A high frequency of HLA-G surface expression and high
serum HLA-G concentration has been measured in both
hematological and solid tumors, and it has been shown that
the high expression of HLA-G and sHLA-G is correlated
with a poorer prognosis in cancer patients. Therefore, it
might indicate that HLA-G plays an important role in the
development of tumors by inducing immune escape [97].
Soluble HLA-G is secreted by both tumor cells and cells of
the immune system, such asmonocytes, T cells, and dendritic
cells, and it is conceivable that sHLA-G levels can be used
as a diagnostic tool to distinguish benign from malignant
tumors [79, 98]. The most abundant expression of HLA-
G in normal conditions is on the surface of trophoblast
cells. It is important to understand how the trophoblast
cells and HLA-G-expressing cancer cells are partly similar
to each other (Figure 1). The manner in which cancer cells
avoid the immune system of the host by immune escape
may be comparable to the fetomaternal tolerance observed
between the mother and the fetus consisting of semiallogenic
cells. Human leukocyte antigen-G molecules expressed on
trophoblast cells can effectively suppress the local immune
response in the uterus so that the fetus is not recognized
as a foreign organism to be combated [53, 66]. This would
provide a better understanding of how the tumor cells may
avoid the host immune system. It may partly be by some of
the same mechanisms as the semiallogenic fetus is accepted
by the pregnant woman.

The regulatory T cells have an important task of promot-
ing and maintaining immune tolerance by inhibiting other
effectors, such as helper T cells and cytotoxic T cells, and
prevent an excessive T cell response in chronic infections. It
has been shown that CD4+ and CD8+ T cells that were stimu-
lated in the presence of HLA-G lost their ability to respond to
antigenic stimulation and developed into regulatory T cells
with the ability to inhibit other T cells [84]. A study by
Baumgartner et al. evaluated the amount of regulatory T cells
in advanced melanoma disease and found that higher levels
of regulatory T cells were correlated with a worse outcome in
patients with advanced malignant melanoma, and this might
probably be due to a negative effect on the antitumor response
[99, 100].Therefore, it can be speculated that high expression
of HLA-G, as well as regulatory T cells, might contribute to a
poor prognosis in patients with malignant melanoma. It has
been difficult to characterize and study the regulatory T cells
due to lack of biomarkers. However, it has been shown that
these cells express the transcription factor Foxp3, which can
both be used as a biomarker and also as an overall target for
their development.

8. HLA-G in Malignant Melanoma: A Role for
Cancer Immune Therapy Based on HLA-G?

Anumber of studies have investigatedHLA-Gprotein expres-
sion in malignant melanoma. Controversies exist regarding
the detection of HLA-G protein expression in melanoma
tumor biopsies, while nearly all melanoma cell lines seem
to be negative [101–105]. These controversies might be due
to the use of different monoclonal antibodies, different
technical procedures, and low number of samples in some
studies. However, in general, approximately 30% of surgically
removed lesions or biopsies are positive for HLA-G protein
[102, 105, 106]. HLA-G expression seems to be correlated with
malignant transformation and a worse prognosis with relapse
or metastasis in some studies [104–106]. However, these are
all small studies. Furthermore, soluble HLA-G serum levels
have been reported to be elevated inmelanoma patients [107].

Based on a mouse model it has been shown that HLA-
G-positive tumor cells develop and tolerize the host antitu-
mor immune response in vivo [108]. The xenotumor model
involves the injection of human tumor cells (M8) transfected
with HLA-G subcutaneously in immunocompetent mice.
The model works because HLA-G can bind and mediate
signals via the murine receptor paired immunoglobulin-
like receptor-B (PIR-B), which is the homolog of human
ILTs [108]. With the use of this model it was demonstrated
that human tumor cells expressing HLA-G can grow in an
immunocompetent host and that it affects both the innate
and the adaptive immune system. The main mechanisms for
the tumor escape mediated by HLA-G were an expansion
of blood myeloid-derived suppressor cells (MDSCs), loss of
peripheral CD4+ and CD8+ T cells, and a cytokine profile
in favor of Th2 versus Th1/Th17 [108]. Interestingly, it was
possible to inhibit the development of the tumor in vivo
with the administration of a specific anti-HLA-G blocking
antibody.This opens for the possibility for considering HLA-
G as an immune checkpoint molecule, and blocking the
function of HLA-G may be a new therapeutic strategy in
cancer immunotherapy.

Results from an in vitro study of samples from renal cell
cancer patients indicate that HLA-G-peptide-based cancer
immunotherapy may be possible [109]. Several peptides
derived from the HLA-G molecule were tested based on
the binding motif to HLA-A24 alleles. One peptide, HLA-
G
146–154, was observed to effectively induce peptide-specific

CTLs and these exhibited cytotoxic activity against HLA-
G-expressing HLA-A24-positive renal cell carcinoma cells
[109]. Furthermore, a recent study showed that a MHC class
II-binding peptide, HLA-G

26–40, was effective in eliciting
a tumor-reactive CD4+ T cell response [110]. It will be
interesting in the future to explore the opportunities for
modulating HLA-G expression in melanoma tumor cells and
other tumors or induce an HLA-G peptide-specific immune
response as new innovative cancer immunotherapy.

9. Conclusion

The incidence of malignant melanoma has been increasing
through the years. Skin type, the number of nevi and
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dysplastic nevi, and sun exposure are among the currently
well-known risk factors in the development of this type of
cancer. Several medications are being used in the treatment
of the disease but have not yet been able to substitute for
surgical excision as a stand-alone treatment. The effects of
UV radiation are well known, and several mutations, such as
CDKN2AandBRAFmutations, have been shown to correlate
with malignant melanoma. The focus on and the exploration
of the immunological side of the pathophysiology have,
with an advance in medical technology, increased through
the years, and correlations between the prognosis and the
human leucocyte antigen (HLA) system have been described.
A loss or downregulation of HLA class Ia has been seen
to have a negative impact on the prognosis of malignant
melanoma but has been seen to have a positive impact on
the prognosis of other types of cancer. A high expression of
HLA-G and regulatory T cells have both, separately, been
shown to worsen the outcome of malignant melanoma. More
studies are needed for a better understanding of the complex
mechanisms behind the impact of HLA classes Ia and Ib
on the prognosis in order to further advance the current
diagnostic tools and treatment of the disease.
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[82] M. López-Botet, F. Navarro, and M. Llano, “How do NK cells
sense the expression of HLA-G class Ib molecules?” Seminars
in Cancer Biology, vol. 9, no. 1, pp. 19–26, 1999.

[83] W. H. Yan and L. A. Fan, “Residues Met76 and Gln79 in HLA-
G 𝛼1 domain involved in KIR2DL4 recognition,” Cell Research,
vol. 15, no. 3, pp. 176–182, 2005.

[84] J. LeMaoult, I. Krawice-Radanne, J. Dausset, and E. D.
Carosella, “HLA-G1-expressing antigen-presenting cells induce
immunosuppressive CD4+ T cells,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 101, no.
18, pp. 7064–7069, 2004.

[85] L. L. Nilsson, S. Djurisic, and T. V. F. Hviid, “Controlling the
immunological crosstalk during conception and pregnancy:
HLA-G in reproduction,” Frontiers in Immunology, vol. 5, article
198, 2014.

[86] E. M. de Kruijf, A. Sajet, J. G. H. van Nes et al., “HLA-E and
HLA-G expression in classical HLA class I-negative tumors is
of prognostic value for clinical outcome of early breast cancer
patients,” Journal of Immunology, vol. 185, no. 12, pp. 7452–7459,
2010.

[87] E. A. Donadi, E. C. Castelli, A. Arnaiz-Villena,M. Roger, D. Rey,
and P. Moreau, “Implications of the polymorphism of HLA-G
on its function, regulation, evolution and disease association,”
Cellular and Molecular Life Sciences, vol. 68, no. 3, pp. 369–395,
2011.

[88] R. Ferguson, A. V. Ramanakumar, A. Koushik, F. Coutlée, E.
Franco, and M. Roger, “Human leukocyte antigen G polymor-
phism is associated with an increased risk of invasive cancer of



Journal of Immunology Research 11

the uterine cervix,” International Journal of Cancer, vol. 131, no.
3, pp. E312–E319, 2012.

[89] S.-M. Yie and Z. Hu, “Human leukocyte antigen-G (HLA-G) as
a marker for diagnosis, prognosis and tumor immune escape in
humanmalignancies,”Histology andHistopathology, vol. 26, no.
3, pp. 409–420, 2011.

[90] M.-Y. Cai, Y.-F. Xu, S.-J. Qiu et al., “Human leukocyte antigen-
G protein expression is an unfavorable prognostic predictor of
hepatocellular carcinoma following curative resection,” Clinical
Cancer Research, vol. 15, no. 14, pp. 4686–4693, 2009.

[91] H.-X. Chen, A. Lin, C.-J. Shen et al., “Upregulation of human
leukocyte antigen-G expression and its clinical significance in
ductal breast cancer,” Human Immunology, vol. 71, no. 9, pp.
892–898, 2010.

[92] L. Du, X. Xiao, C. Wang et al., “Human leukocyte antigen-G is
closely associated with tumor immune escape in gastric cancer
by increasing local regulatory T cells,” Cancer Science, vol. 102,
no. 7, pp. 1272–1280, 2011.

[93] A. Lin, X. Zhang, W.-J. Zhou et al., “Human leukocyte antigen-
G expression is associatedwith a poor prognosis in patientswith
esophageal squamous cell carcinoma,” International Journal of
Cancer, vol. 129, no. 6, pp. 1382–1390, 2011.

[94] T. G. Silva, J. C. O. Crispim, F. A. Miranda et al., “Expression
of the nonclassical HLA-G and HLA-E molecules in laryngeal
lesions as biomarkers of tumor invasiveness,” Histology and
Histopathology, vol. 26, no. 12, pp. 1487–1497, 2011.

[95] I. Zidi and N. Ben Amor, “HLA-G regulators in cancer
medicine: an outline of key requirements,” Tumour Biology, vol.
32, no. 6, pp. 1071–1086, 2011.

[96] J. LeMaoult, K. Zafaranloo, C. Le Banff, and E. D. Carosella,
“HLA-G up-regulates ILT2, ILT3, ILT4, and KIR2DL4 in anti-
gen presenting cells, NK cells, and T cells,” FASEB Journal, vol.
19, no. 6, pp. 662–664, 2005.

[97] P. Paul, N. Rouas-Freiss, I. Khalil-Daher et al., “HLA-G expres-
sion in melanoma: a way for tumor cells to escape from
immunosurveillance,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 95, no. 8, pp. 4510–
4515, 1998.

[98] M. Cao, S.-M. Yie, J. Liu, S. R. Ye, D. Xia, and E. Gao,
“Plasma solubleHLA-G is a potential biomarker for diagnosis of
colorectal, gastric, esophageal and lung cancer,” Tissue Antigens,
vol. 78, no. 2, pp. 120–128, 2011.

[99] J. M. Baumgartner, R. Gonzalez, K. D. Lewis et al., “Increased
survival from stage IV melanoma associated with fewer regu-
latory T cells,” Journal of Surgical Research, vol. 154, no. 1, pp.
13–20, 2009.
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Left ventricular systolic dysfunction (LVSD) defined by ejection fraction (EF) <40% is common, serious but treatable, and
correct diagnosis is the cornerstone of effective treatment. Biomarkers may help to diagnose LVSD and give insight into the
pathophysiology. The immune system is activated in LVSD, and the immunomodulatory molecule human leukocyte antigen-G
(HLA-G) may be involved. The primary aim was to measure soluble HLA-G (sHLA-G) in the blood in different stages of LVSD
(<30% and 30–40%), in the midrange EF 40–50%, and in preserved EF ≥ 50% and to validate sHLA-G as a LVSD biomarker. The
secondary aim was to examine associations between HLA-G gene polymorphisms influencing expression levels and LVSD.The 260
study participants were ≥75 years old, many with risk factors for heart disease or with known heart disease. Soluble HLA-G was
significantly and uniformly higher in the groups with EF < 50% (<30, 30–40, and 40–50%) compared to EF > 50% (𝑝 < 0.0001).
N-terminal fragment-pro-B-type natriuretic peptide (NT-proBNP) and uric acid values were inversely related to EF. According to
Receiver Operating Characteristic (ROC) curves NT-proBNP outperformed both sHLA-G and uric acid as biomarkers of LVSD.
Soluble HLA-G in blood plasma was elevated in LVSD regardless of EF. A novel finding was that a combined 14 bp ins-del/+3142
SNP HLA-G haplotype was associated with EF < 40%.

1. Introduction

The new European guidelines for heart failure define three
groups based on ejection fraction (EF): a group with reduced
EF < 40% (left ventricular systolic dysfunction (LVSD)); a
group in the grey zone with EF in the midrange 40–49%; and
a groupwith preserved EF≥ 50%. It is concluded that patients
in the grey zone probably have mild systolic dysfunction
and the reason for creating a separate group is to stimulate
research into characteristics, pathology, and treatment of this
group of patients [1]. A problem related to the grey zone is an
uncertain definition of LVSD, as shown and described in the
echocardiographic study of the present study [2].

Left ventricular systolic dysfunction affects about 2% of
the population in the western world, including many with
unrecognized LVSD. It accumulates in the elderly population

because LVSD is the final stage in most cardiac diseases,
mostly caused by atherosclerosis in the coronary arteries [3].
The prognosis is grave, but treatment can delay progression
and reduce morbidity and mortality. Screening for systolic
heart failure in high risk populations should be considered
because correct diagnosis is the cornerstone of effective
treatment.

Echocardiography is the gold standard to diagnose LVSD,
but access is limited, and referral to echocardiography
requires a well-founded suspicion of LVSD [3]. Thus it is
pivotal to look for new biomarkers, which might also give
a better insight into the pathophysiology because LVSD is
a complex disorder with hemodynamic, metabolic, neuro-
hormonal, inflammatory, and immunological changes [4].
New biomarkers should be validated against established
biomarkers.
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B-type natriuretic peptide (or brain natriuretic peptide
(BNP)) and N-terminal fragment-proBNP (NT-proBNP) are
well established as diagnostic and prognostic biomarkers
in LVSD, and combination with ECG might increase the
specificity and the ability to screen for LVSD in high-risk
populations [5, 6]. NT-proBNP synthesis is initiated by LVSD
via neurohormonal activation and increased wall stress in the
heart, and it is a hemodynamic cardiacmarker. Uric acid is an
old biomarker that may be ready for a renaissance [7].

Almost every disease and any injury to the body are
accompanied by inflammation and activation of the immune
system. The inflammatory system is complex and crucial for
survival, but it is a double-edged sword. In LVSD, prolifera-
tion of monocytes and macrophages is observed. There is an
increase in harmful oxygen-free radicals, primarily produced
by xanthine oxidase; uric acid reflects xanthine oxidase
activity. Proinflammatory cytokines with detrimental effects
on myocardial function include tumour necrosis factor-
(TNF-) 𝛼, interleukin-1, and interleukin-6 [4, 8–10]. These
evoke a counterbalance reaction with increased production
of anti-inflammatory interleukin-10 and HLA-G [11, 12].

This study aims to evaluateHLA-Gas a newbiomarker for
LVSD. Human leukocyte antigen (HLA)-G is an HLA class
Ib molecule with immunomodulatory, immunosuppressive,
and tolerance-inducing functions [13]. It is well described in
pregnancy protecting the fetus from an immune response
from the mother. It is associated with a lower risk of
rejection of a transplanted organ, [13–16], and, in cases of
heart transplantations, myocardial expression of HLA-G has
been significantly correlated with low risk of rejection [17].
In contrast, in pathological conditions, like infections and
cancer, inwhich a vigorous andmaintained immune response
is desirable, the expression of HLA-G is detrimental. In
cancer, it has deleterious escape-effects and the expression
of HLA-G by the tumour cells seems to accelerate relapse
[18]. The HLA-G protein has under normal conditions a
very restricted expression pattern [13]. It is expressed during
pregnancy by extravillous cytotrophoblast cells at the feto-
maternal interface and is important for inducing maternal
tolerance to the semiallogenic fetus [19, 20]. Furthermore,
HLA-G is expressed by certain monocytes, T cells, and
dendritic cells [21]. Four membrane-bound HLA-G isoforms
and three soluble HLA-G isoforms generated by alternative
splicing have been reported [13, 22]. Membrane-bound full-
length HLA-G1 can also be cleaved from the cell surface by
metalloproteinases [23].

A single published study has indicated that soluble HLA-
G (sHLA-G) in plasma is upregulated in patients with systolic
heart failure, compared to healthy controls, and indepen-
dent of NYHA class, EF, and other biomarkers [24]. The
study included only ten control subjects who were markedly
younger than the participants in the present study. The
current study compares sHLA-G with the state-of-the-art
biomarker NT-proBNP and with uric acid, both independent
biomarkers, in order to clarify if sHLA-G in blood plasma
can be used as a biomarker for LVSD in a group of high-risk
elderly persons. For the first time, two polymorphisms in the
HLA-G gene are investigated in relation to EF. Several studies

have indicated that these polymorphisms modulate HLA-G
expression.

2. Materials and Methods

2.1. Patients and Samples. Individuals ≥ 75 years old from the
general population and from a heart failure clinic, with heart
disease risk factors or with former or present cardiac disease,
especially LVSD, as well as healthy persons, were invited to
participate. Two hundred and sixty subjects were included in
the study. All participants provided written informed consent
and the study was carried out in accordance with the ethical
standards of the Declaration of Helsinki and was approved by
the local ethics committee of Region Zealand and the Danish
Data Protection Agency. Baseline characteristics of the study
subjects are shown in Table 1.

While resting in supine position at room temperature all
of the 260 subjects had a blood sample taken. Blood samples
were obtained as EDTA plasma and heparin plasma samples,
whole blood (EDTA tubes), and serum, with rapid flow from
a large antecubital vein using standard venipuncture tech-
niques. For the plasma samples, subsequently, centrifugation
was performed to obtain platelet-poor plasma. The plasma
supernatant was separated and the aliquot was transferred
to cryotubes. All blood aliquots were stored at −80∘C until
analyzed.

Within the same hour a transthoracic echocardiography
was performed by an experienced level 3 echocardiographer
using General Electric Vingmed Vivid 7 or 9 and MJS
probe 1.5–4.0MHz and following guidelines from the Danish
Society of Cardiology. Based on EF the study subjects were
divided into four groups: (1) ≥50% (preserved EF, considered
as normal), (2) midrange EF 40–50%, (3) LVSD with EF of
30–40%, and (4) LVSD with EF < 30%. Presence of moderate
or severe valvular dysfunction was registered.

2.2. ELISA for Full-Length sHLA-G (The sHLA-G1 and HLA-
G5 Isoforms). The level of sHLA-G1/HLA-G5 molecules in
blood plasma samples was determined by a commercially
available sandwich enzyme immunoassay (ELISA) (EXBIO,
Praha, Czech Republic) according to the manufacturer’s
instructions. This ELISA specifically detects sHLA-G1 and
HLA-G5 in a 𝛽2-microglobulin- (𝛽2m-) associated form.
Samples were analyzed in duplicate on two independent
assay plates, always with the same calibrators and positive
and negative controls on each plate, and the first set of
samples was also reanalyzed as the last samples to secure
the reproducibility and precision of the assay. Blood plasma
samples were diluted 1 + 3 with the provided Dilution Buffer
(60 𝜇L samples to 180 𝜇L Dilution Buffer). Samples were
thawed and mixed thoroughly and 100 𝜇L of diluted plasma
were loaded in duplicate ontomicrotiter plates precoatedwith
the monoclonal antibody MEM-G/9 (anti-HLA-G1/G5). The
plates were then incubated overnight at 4∘C (with no shak-
ing). Following five washing steps with 350𝜇L of the supplied
washing buffer, 100𝜇L of conjugate solution was added and
the plates were incubated at room temperature (RT) for one
hour. The conjugate solution consisted of monoclonal anti-
human 𝛽2-microglobulin antibody labeled with horseradish
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Table 2:The distribution of soluble HLA-G (U/mL), NT-proBNP (pmol/L), and uric acid (mmol/L) according to the left ventricular ejection
fraction (median, range).

Parameter All study population 𝑛
Left ventricular ejection fraction

>50% 40% to 50% 30% to 40% <30%
Soluble HLA-G (U/mL) 61 (4–1144) 259 44 (4–960) 90 (11–758) 71 (12–1144) 71 (14–331)
NT-proBNP (pmol/L) 35 (4–1620) 259 24 (4–347) 41 (7–273) 134 (21–389) 307 (69–1620)
Uric acid (mmol/L) 0.37 (0.18–0.92) 257 0.34 (0.18–0.87) 0.37 (0.20–0.68) 0.44 (0.19–0.80) 0.44 (0.19–0.92)

peroxidase (HRP). After five additional washing steps, 100 𝜇L
of substrate solution with tetramethylbenzidine (TMB) were
added to the plate, and the plate incubated once more at
RT for 25min with no shaking. Finally, 100𝜇L of acidic
stop solution were added to the plates. The plates were then
analyzed using a microplate reader. The assay was performed
in a BEP2000 ELISA robot instrument (Siemens Healthcare
Diagnostics, Germany).

2.3. Analysis of NT-proBNP and Uric Acid. NT-proBNP
was measured on the Elecsys 2010 system (Roche Diag-
nostics). The assay is an electrochemiluminescent sandwich
immunoassay that uses two polyclonal antibodies directed
at residues 1–21 and 39–50 of the NT-proBNP molecule. The
CV% of the assay is 3.2–2.4% from 20.7 to 585.5 pmol/L (175–
4,962 ng/L) with an analytical range of 0.6–4138.6 pmol/L (5–
35,000 ng/L). Plasma uric acid was measured on ARCHI-
TECT ci8200 Integrated System (Abbott Diagnostics, North
Chicago, IL, USA). One NT-proBNP test failed reducing the
total number of study participants with a NT-proBNP test
result to 259.

2.4. Genotyping of the 14 bp Insertion/Deletion Polymorphism
(rs66554220) and the +3142 Single-Nucleotide Polymorphism
(rs1063320) in the 3-Untranslated Region of the HLA-G
Gene. EDTAblood sampleswere carefully thawed andmixed
thoroughly before processing. The DNA purification, using a
Maxwell� 16 DNA Purification Kit, was performed in accor-
dance with the manufacturer’s instructions, and genomic
DNA was stored at −20∘C for further use. The real-time
TaqMan PCR assay for genotyping of the HLA-G 14 bp inser-
tion/deletion (ins/del) polymorphism in exon 8 (rs66554220)
was performed using a LightCycler480 instrument (Roche
Diagnostics, Switzerland) and performed as described by
Djurisic et al. [25]. The genotyping of the +3142 SNP in the
3UTR of the HLA-G gene (rs1063320) was performed as
described by Bortolotti et al. [26].

2.5. Statistical Analysis. Specific a priori hypotheses were
formulated. Each variable was tested for Gaussian (normal)
distribution. In cases of a normal distribution, parametric
tests were used (one-way ANOVA and unpaired 𝑡-test). Else,
nonparametric tests were used (Kruskal-Wallis test, Mann–
Whitney 𝑈 test, and Jonckheere-Terpstra test). Receiver
Operating Characteristic (ROC) curves were drawn for
sHLA-G, proBNP, and uric acid. Charlson comorbidity index
was calculated as described by Hall et al. [27]. Statistical anal-
ysesweremadewith the use of IBMSPSS version 22.0.Graphs
were made in GraphPad Prism version 6 and IBM SPSS.
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Figure 1: Soluble HLA-G in peripheral blood in relation to left
ventricular ejection fraction (box andwhiskers plot,min. tomax., all
points shown; 𝑝 < 0.001, Kruskal-Wallis test; Dunn’s multiple com-
parisons test, ∗𝑝 < 0.05, ∗∗𝑝 < 0.01) (one NT-proBNP test failed in
the group with ejection fraction >50% reducing the number to 153).

3. Results

3.1. Characteristics of the StudyGroup. Table 1 shows the base-
line characteristics of the study group (EF < 40%) versus the
control group (EF ≥ 40%). According to echocardiography
there were 154 (59.2%) subjects with EF ≥ 50%, 106 (40.8%)
subjects with EF < 50%, 45 with EF 40–50%, and 61 (23.5%)
with EF < 40% (30 with EF 30–40% and 31 with EF < 30%);
55 subjects had mitral or aortic valvular dysfunction to some
degree, no one had severe valvular disease, and 20 patients
with valvular disease also had LVSD.

3.2. Soluble HLA-G Levels in Blood Plasma Are Associated
with Heart Failure. Soluble HLA-G in the blood plasma was
significantly and uniformly higher in the two LVSD groups
with EF < 30% and EF 30–40% and in the midrange group
with EF 40–50%, compared to the group with preserved
EF ≥ 50% (𝑝 < 0.0001, Kruskal-Wallis test (Figure 1
and Table 2)). The values of NT-proBNP and uric acid
were increased with decreasing EF (Table 2). Furthermore,
Receiver Operating Characteristic (ROC) curves showed that
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Figure 2: (a) Receiver Operating Characteristic (ROC) curve of soluble HLA-G with heart failure defined as ejection fraction <50%. Area
under the curve is 0.676, 𝑝 < 0.001. (b) Receiver Operating Characteristic (ROC) curve of soluble HLA-G with heart failure defined as
ejection fraction <40%. Area under the curve is 0.639, 𝑝 = 0.001.
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Figure 3: (a) Receiver Operating Characteristic (ROC) curve of NT-proBNPwith heart failure defined as ejection fraction <50%. Area under
the curve is 0.811, 𝑝 < 0.001. (b) Receiver Operating Characteristic (ROC) curve of NT-proBNP with heart failure defined as ejection fraction
<40%. Area under the curve is 0.902, 𝑝 < 0.001.

NT-proBNP outperformed both sHLA-G and uric acid as a
biomarker of LVSD (Figures 2–4).

There was no correlation between sHLA-G and uric acid,
neither in thewhole population nor in the patients with LVSD
(Spearman, 𝑝 = 0.295, 𝑛 = 256; 𝑝 = 0.529, 𝑛 = 105).

There was a significant higher level of sHLA-G in cases
of significant valvular heart disease for the whole study
population of 260 subjects (𝑝 = 0.002, Mann–Whitney test
Figure 5(a)). However, there was only a trend for the fraction
of the population without LVSD (𝑝 = 0.067; Figure 5(b)).
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Figure 4: (a) Receiver Operating Characteristic (ROC) curve of uric acid with heart failure defined as ejection fraction <50%. Area under
the curve is 0.721, 𝑝 < 0.001. (b) Receiver Operating Characteristic (ROC) curve of uric acid with heart failure defined as ejection fraction
<40%. Area under the curve is 0.788, 𝑝 < 0.001.
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Figure 5: (a) Soluble HLA-G in peripheral blood in relation to significant valvular heart disease (box and whiskers plot, min. to max., all
points shown; 𝑝 = 0.002, Mann–Whitney test). (b) Soluble HLA-G in peripheral blood in relation to significant valvular heart disease in
patients without heart failure (EF > 50%) (box and whiskers plot, min. to max., all points shown; 𝑝 = 0.067, Mann–Whitney test).

3.3. HLA-G Gene Polymorphisms and Association with Risk
of Heart Failure. There were no significant differences in
the distributions of the 14 bp ins/del genotypes between
the different EF groups (Table 3; 𝑝 = 0.82, Chi-Square

test). However, there was a tendency, when the group with
EF > 40% was compared with the group with EF < 40%
(𝑝 = 0.10, Chi-Square test). In the group with EF >
40%, the frequency of the Ins 14 bp/Ins 14 bp genotype
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Table 3: Distribution of genotypes of the 14 bp insertion/deletion polymorphism in the 3-untranslated region of the HLA-G gene in relation
to left ventricular ejection fraction.

Ejection fraction Del 14 bp/Del 14 bp Del 14 bp/Ins 14 bp Ins 14 bp/Ins 14 bp Total
>50%a 61 (39.6%) 66 (42.9%) 27 (17.5%) 154 (100.0%)
40% to 50% 17 (37.8%) 17 (37.8%) 11 (24.4%) 45 (100.0%)
30% to 40% 12 (40.0%) 16 (53.3%) 2 (6.7%) 30 (100.0%)
<30% 12 (38.7%) 16 (51.6%) 3 (9.7%) 31 (100.0%)
>40%b 78 (39.2%) 83 (41.7%) 38 (19.1%) 199 (100.0%)
<40%b 24 (39.3%) 32 (52.5%) 5 (8.2%) 61 (100.0%)
a𝑝 = 0.82 (Chi-Square test, 0.40, df = 2); b𝑝 = 0.10 (Chi-Square test, 4.57, df = 2).

Table 4: Distribution of haplotypes of the 14 bp insertion/deletion polymorphism (Del/Ins) and the +3142 SNP (C/G) in the 3-untranslated
region of the HLA-G gene in relation to left ventricular ejection fraction.

Ejection fraction DelC/DelC DelC/DelG DelC/InsC DelC/InsG DelG/DelG DelG/InsG InsG/InsG Total
>40%a 62 (31.2%) 15 (7.5%) 1 (0.5%) 74 (37.2%) 1 (0.5%) 8 (4.0%) 38 (19.1%) 199 (100.0%)
<40%a 20 (32.8%) 4 (6.6%) 0 (0.0%) 23 (37.7%) 0 (0.0%) 9 (14.8%) 5 (8.2%) 61 (100.0%)
a𝑝 = 0.033 (Chi-Square test, 10.50, df = 4), for the Chi-Square test DelC/InsG was added to the DelC/DelC group and DelG/DelG was added to the DelG/InsG
group.

was 19.1% and only 8.2% in the group with EF < 40%
(Table 3).

This difference was statistically significant, when the
combined haplotype of the twoHLA-G gene polymorphisms,
the 14 bp ins/del and the +3142 SNP, was analyzed (Table 4;
𝑝 = 0.033, Chi-Square test). The combined genotype of the
haplotype InsG/InsGwasmore frequent among subjects with
EF > 40% than among patients with EF < 40%; the opposite
was observed for the DelG/InsG combination of haplotypes.

In a separate analysis of the +3142 HLA-G SNP alone,
no differences were observed in the distributions of the three
genotypes between the group with EF < 40% and the group
with EF > 40%. For the group with EF > 40%, the frequencies
were C/C (32.2%), C/G (43.7%), and G/G (24.1%). For the
group with EF < 40%, they were C/C (32.8%), C/G (44.3%),
and G/G (23.0%).

4. Discussion

This study shows that sHLA-G is increased in patients with
EF < 40 compared to patients with EF ≥ 40%. There was no
difference in the concentration of sHLA-G in LVSD patients
with EF< 30% andwith EF between 30 and 40%.Thus, sHLA-
G in the blood plasma does not indicate the severity of LVSD,
and, in accordance with the study by Almasood et al., we
conclude that sHLA-G is a very sensitive LVSD biomarker
[8, 9, 24]. The assay used in the current study detects both
soluble HLA-G5 and soluble HLA-G1 associated with 𝛽2-
microglobulin.The source of sHLA-G in the blood frommen
and nonpregnant women is not well established but is proba-
bly derived from immune cells [21]. It can be speculated that
the raise in sHLA-G associated with LVSD might originate
from activated immune cells or from the heart.

Neither sHLA-G nor serum uric acid is comparable with
NT-proBNP as LVSD-biomarker, primarily due to a poor
specificity [5]. Soluble HLA-G is influenced by many other
conditions, for example, cancer and autoimmune disease,

which may confound the analysis and the results and reduce
the suitability of sHLA-G as a biomarker for LVSD.

Specificity may be increased by genotyping for the com-
bined haplotypes of the two tested HLA-G gene polymor-
phisms. An interesting novel finding in the current study
was that the distribution of the combined haplotypes of the
two testedHLA-G gene polymorphisms, the 14 bp ins/del and
the +3142 SNP in the 3UTR of the gene, was statistically
significant between the subjects with EF > 40% and patients
with EF < 40% (Table 4; 𝑝 = 0.033). InsG/InsG was more
frequent among subjects with EF > 40% than patients with
EF< 40%; the opposite was observed forDelG/InsG. Interest-
ingly, in healthy blood donors, the Ins 14 bp/Ins 14 bp HLA-G
genotype has been significantly associated with low sHLA-G
levels in the blood in several studies [28, 29]. Furthermore,
the DelG/InsG combination has also been associated with
a higher level of sHLA-G than the InsG/InsG combination,
for example, in patients with multiple sclerosis; however, the
DelC/DelC combination showed the highest concentrations
of sHLA-G in the same study [30]. This is supported by the
observations in the current study, which could indicate that
specific HLA-G gene polymorphisms or haplotypes might
influence the sHLA-G level in the blood and thereby the
individual sHLA-G response in specific patients with systolic
heart failure. It is not known whether this is due to genetic or
epigenetic factors or if it is an adaptive mechanism triggered
by the inflammatory process [19, 20].

There are certain limitations to the present study. One
limitation of the current study is that the number of study
participants is rather small; however, it is still the largest study
until now regarding HLA-G in subjects with and without
systolic heart failure. The study reflects clinical practice. The
diagnosis of heart failure is uncertain for the small group
with EF in the grey zone of 40–50%, but echocardiography
is the standard diagnostic test and in this study performed
by the most qualified [1, 2]. Important confounding factors
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are morbidities other than systolic heart failure, and these are
common and inevitable (Table 1).

One of the reactions of the body to injury is inflammation
represented in this study by serum uric acid, which might
trigger an immunologic response represented in this study by
sHLA-G [10]. Both are biomarkers of LVSD, and thus inflam-
mation and immune modulation seem to be involved in
LVSD.This is in accordance with accumulating evidence that
systemic and persistent inflammatory disorders predispose to
cardiovascular diseases. This is the case in gout, rheumatoid
arthritis, psoriasis, inflammatory bowel disease, lupus ery-
thematosus, sclerosis disseminatus, and other autoimmune
diseases and in chronic infections and cancers [4, 5, 18, 31].
It is also observed in conditions associated with long-lasting
low grade inflammation and endothelial dysfunctions like
atherosclerosis, diabetes mellitus, the metabolic syndrome,
venous thromboembolism, smoking, and affective disorders
and in chronic heart failure [4, 12]. Upregulation of HLA-
G is present in most of these disorders, which neverthe-
less are dominated by inflammation [18]. Out-of-balance
inflammation with persistent rise in inflammatory cytokines
seems to be the common denominator for many potentially
coherent diseases and disorders, and it acts self-reinforcing
in a complex vicious circle [4]. The inflammatory triggers
and mediators are poorly understood, but they promote and
regulate the inflammatory cascade that predisposes to, for
example, atherosclerosis and LVSD [31].

HLA-G is elevated in many conditions, and thus there
is a lack of diagnostic precision and specificity, which
may obscure evaluation of the significance of HLA-G as
a biomarker of LVSD in a multimorbid ageing population
like the one in the current study. Furthermore, it cannot
be determined from the current study, which role sHLA-G
might have in the pathogenesis and the clinical course and
prognosis of LVSD and whether it is a simple marker or
participate in LVSD.

Likewise, the pathophysiologic effect of uric acid in LVSD
is unknown. Serum uric acid has a negative correlation with
EF [8, 9]. It is an independent risk factor for LVSD, but it is
not known if it is cause, consequence, or simply an epiphe-
nomenon. The serum uric acid concentration is increased in
patients with chronic LVSD, probably due to both reduced
renal excretion and augmented production [8, 9]. Low-
sodium diet, diuretics, and insulin resistance may increase
reabsorption of uric acid. Cardiac and renal disorders are
related and as cardiac function deteriorates with falling
cardiac output, the glomerular filtration rate (GFR) falls,
which leads to a reduction in renal uric acid excretion [10]. At
the same time the inflammatory process associated with the
chronic diseases accelerates, which contributes to an increase
in serum uric acid, TNF, interleukin-1 and interleukin-6,
and other cytokines and in sHLA-G [7]. The simultaneous
elevation of uric acid and sHLA-G might represent different
aspects of the same process, acting in negative feedback as
proinflammatory and anti-inflammatory markers.

In LVSD there is an imbalance between proinflammatory
and anti-inflammatory cytokines [32]. The clinical signifi-
cance remains to be determined. There are indications that

the prognosis may be improved by restraining the inflam-
matory process, and an increase in EF in LVSD has been
observed following treatmentwith, for example, thalidomide,
pentoxifylline, intravenous immunoglobulin, glucocorticoid,
colchicines, methotrexate, biological agents, interleukin-10,
influenza vaccination, HIV-therapy, antidiabetic sodium glu-
cose cotransporters, and antidepressant drugs [4, 12, 32, 33].
However, no improvement was observed in a variety of
antibiotic trials and in studies antagonizing TNF in patients
with LVSD, and there have been mixed results in studies of
the use of allopurinol, which inhibits xanthine oxidase [4, 8,
11, 12, 31]. In the future, therapies directed at downregulating
or inhibiting inflammationmay reduce atherosclerosis and its
complications including heart failure [33]. Further studies are
needed to elucidate the role of HLA-G in this scenario.

5. Conclusion

For the first time, it was shown in the current study that
a combined haplotype (DelG/InsG) of two HLA-G gene
polymorphisms, the 14 bp ins/del and the +3142 SNP, were
more frequent among patients with EF < 40% than among
subjects with EF ≥ 40%. The opposite was observed for the
combined haplotype InsG/InsG.This probably influences the
sHLA-G level in the blood, and this study also showed that
sHLA-G was increased in patients with EF < 40 compared to
patients with EF ≥ 40%.
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Human leukocyte antigen-G (HLA-G) is a nonclassical HLA class I antigen that is expressed during pregnancy contributing
to maternal-fetal tolerance. HLA-G can be expressed as membrane-bound and soluble forms. HLA-G expression increases
strongly during viral infections such as congenital human cytomegalovirus (HCMV) infections, with functional consequences in
immunoregulation. In this workwe investigated the expression of soluble (s)HLA-G and beta-2microglobulin (component ofHLA)
molecules in correlation with the risk of transmission and severity of congenital HCMV infection. We analyzed 182 blood samples
from 130 pregnant women and 52 nonpregnant women and 56 amniotic fluid samples from women experiencing primary HCMV
infection. The median levels of sHLA-G in maternal serum of women with primary HCMV infection were higher in comparison
with nonprimary and uninfected pregnant women (𝑝 < 0.001). AF from HCMV symptomatic fetuses presented higher sHLA-G
levels in comparison with infected asymptomatic fetuses (𝑝 < 0.001), presence of HLA-G free-heavy chain, and a concentration
gradient from amniotic fluid to maternal blood. No significant statistical difference of beta-2 microglobulin median levels was
observed between all different groups. Our results suggest the determination of sHLA-G molecules in both maternal blood and
amniotic fluid as a promising biomarker of diagnosis of maternal HCMV primary infection and fetal HCMV disease.

1. Introduction

Human cytomegalovirus (HCMV) is themost common cause
of intrauterine infection, occurring in 0.3% to 2.3% of births
[1]. HCMV intrauterine transmission is more common after
primary infection (30–40% of probability) than after nonpri-
mary infection (1%) [2, 3]. Nevertheless, it was estimated that,
for all population seroprevalences, nonprimary maternal

infections are responsible for themajority of congenital CMV
infections [4].

Ten to fifteen percent of congenitally infected infants of
primarily infected women will have symptoms at birth and
around 10% of them will not survive. Moreover, 70–80% of
surviving babies will suffer delayed sequelae such as sen-
sorineural hearing loss, delay of psychomotor development,
and visual impairment [5]. Most congenital infected infants
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(85–90%) have no symptoms at birth, but 8% to 15% of them
will develop delayed injury [3, 5].

The fetal compartment can be studied by invasive (amnio-
centesis) and noninvasive (ultrasound examination) tech-
niques [6]. Ultrasonographic findings are helpful but not
diagnostic findings since HCMV has features in common
with other intrauterine infections and its sensitivity is poor
[7]. HCMV detection in amniotic fluid with virus isolation
and/or Real-Time PCR is useful for prenatal diagnosis of fetal
infection, due to its high sensitivity and specificity [8–10].
There is still a need for reliable prognostic factors for the
outcome of HCMV fetal infection.

HCMV can modulate the expression and/or function of
human leukocyte antigens (HLA), by encoding proteins to
detain and destroy the expression of HLA molecules on the
surface of infected cells, or selectively upregulate specific
HLA class I molecules binding to immune cell inhibitory
receptors [11]. In this scenario, there is an interesting non-
classical HLA class I antigen, HLA-G, characterized by
low allelic polymorphism, restricted tissue distribution, and
alternative mRNA splicing which creates different isoforms,
4 membrane-bound (HLA-G1–G4) and 3 soluble (HLA-G5–
G7) [12]. In addition, the HLA-G1 isoform can produce a
soluble form called sHLA-G1, derived frommembrane prote-
olytic shedding [13]. HLA-G is expressed at thematernal-fetal
interface, on surface of trophoblasts [12], and the concentra-
tions of soluble (s)HLA-G increase in the plasma samples of
pregnant women during the first trimester of pregnancy [14].
HCMV infection modifies HLA-G expression in tissues and
immune cells, with a downmodulation in infected cytotro-
phoblasts [15] and upregulation in infected peripheral blood
cells [16]. SpecificHCMVproteinsmodifyHLA-G expression
interacting with the HLA-G promoter, and affecting mRNA
stability, protein translation, and the secretory pathway [17–
19].The increase inHLA-G expression is suggested as amech-
anism for virus immune escape, due to the immune-inhibi-
tory functions of HLA-G. Finally, it has been observed that
another important component of HLA class I molecules,
beta-2 microglobulin (b2M), has a diagnostic efficacy for
differentiating symptomatic from asymptomaticHCMVcon-
genital infection [20].

In order to explore the possible role of HLA-G molecules
in congenital HCMV infection, we analyzed maternal and
fetal sHLA-G and b2M expression in correlation with the risk
of transmission and severity of HCMV infection.

2. Materials and Methods

2.1. Subjects. The study analyzed the serum samples of a
cohort of 130 pregnant women who were referred to the
Maternal-Fetal Medicine Unit, St. Orsola-Malpighi Univer-
sity Hospital, Bologna, between 2006 and 2011 for sus-
pected primary maternal HCMV infection. Maternal pri-
mary HCMV infection was assessed at the Virology Unit of
the same University Hospital. Written informed consent for
the studies was obtained from all patients according to the
protocol approved by the Scientific Ethical Committee of the
Ferrara and Bologna Universities.

The women, aged between 18 and 40 years, were in the
first or second trimester of pregnancy. They presented no
previous autoimmune and inflammatory diseases and they
were not on any anti-inflammatory or immune-modulatory
drugs or hyperimmune globulin.

Primary infection was diagnosed based on clinical and
laboratory history and HCMV IgM-positive and low/mod-
erate HCMV IgG avidity results as well as positive DNAemia
and/or seroconversion for HCMV. Nonprimary maternal
HCMV infection was diagnosed, within the first 16 weeks
of gestation, according to blot-confirmed IgM-positivity with
high avidity anti-HCMV IgG and presence of DNA-HCMV
in blood and/or urine and/or saliva.

HCMV-seronegativewomen (for both IgG and IgM)were
defined as uninfected.

Fifty-two nonpregnant women with HCMV past infec-
tion (IgGpositive and IgMnegative) were recruited as healthy
controls.

Moreover, 56 amniotic fluid samples were collected dur-
ing amniocentesis (20-21 weeks of gestation) from those preg-
nant women with primary HCMV infection arising before
the 14th week of gestation; HCMV detection on amniotic
fluid samples was performed with virus isolation and real-
time PCR.

2.2. Diagnosis of Congenital HCMV Infection in Fetuses and
Infants. Infection status of the aborted fetuses was classified
on the basis of histological and immunohistochemical tissue
examination, whereas the infection status of infants was
classified on the basis of viral isolation and real-time PCR
from urine within the first 2 weeks of life.

Fetal symptomatic infection was defined as the presence
of ultrasound abnormalities and histological and immuno-
histochemical findings in fetal organs with particular atten-
tion to the brain [21]. CMV disease in infected newborns was
investigated through clinical, instrumental, and laboratory
examination in the neonatal and subsequently monitored up
to 6 years of age [22].

2.3. Anti-HCMV IgM and IgG Detection and IgG Avidity.
Maternal serum samples were tested using the Enzygnost�
HCMV IgM and Enzygnost HCMV IgG assays (Siemens
Healthcare Diagnostics) and an in-house immunoblot for
detection of HCMV-specific IgM [23]. HCMV IgG avidity
was testedwith theRadim�Cytomegalovirus IgGAvidity EIA
WELL assay (Radim).

2.4. Virological Examinations. HCMV isolation from amni-
otic fluid was performed by shell-vial procedure as described
elsewhere [24]. DNA was extracted from amniotic fluid and
saliva with theNucliSens easyMAGSystem (bioMerieux) and
from blood and urine with the QIAsymphony SP/AS System
(QIAGEN).

HCMV-DNA was quantified with a real-time PCR assay
(HCMV ELITe MGB kit, ELITechGroup) using the ELITe
MGB technology. Amplification, detection, and analysis were
performed with the ABI PRISM 7300 platform (PE Applied
Biosystems). The detection limit was 11 copies/reaction and
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viral load was reported as number of copies/mL for all body
fluids examined.

2.5. Enzyme-Linked Immunosorbent Assay (ELISA) for Soluble
HLA-G. sHLA-G levels in serum and amniotic fluid samples
were assayed in triplicate as previously reported [25, 26]
using the monoclonal antibody (MoAb) MEM-G9 (Exbio),
which recognizes the HLA-G molecules, in b2M associated
form. The intra-assay coefficient of variation (CV) was 1.4%
and the interassay CV was 4.0%. The limit of sensitivity was
1.0 ng/mL.

2.6. ELISA for Soluble Beta-2 Microglobulin and Albumin.
b2M concentration was determined in triplicate using a
commercial humanbeta-2microglobulin ELISAKit (Abcam)
with a detection limit <6 pg/mL.

Albumin concentration was determined in triplicate with
a 1 : 200 dilution using the commercial human albumin
ELISA Kit (Alpha Diagnostic International) with intra-assay
CV of 6.8 to 11.4% and interassay CV of 3.5 to 6.4%.

2.7. Determination of sHLA-G Index. Fetal production of
HLA-G was calculated with the following formula [27]:

sHLA-G Index = amniotic fluid : serum sHLA-G
amniotic fluid : serum albumin

, (1)

where the ratio between amniotic fluid and serum albumin
concentrations represents the status of placental barrier.

2.8. Western Blot Analysis. Serum samples and amniotic
fluids were biotinylatedwith 0.2mg/mLEZ-Link Sulfo-NHS-
LC-Biotin (Pierce) in pH 8.0 PBS 1x for 30min at 4∘C [26].
Samples were then immunoprecipitated for 2 hrs at room
temperature with anti-HLA-G MoAb (MEM-G1, specific for
HLA-G free-heavy chain, or MEM-G9, specific for b2M
conjugatedHLA-G, Exbio), washed twice in PBS 1x, and incu-
bated overnightwith proteinG-Sepharose beads (SantaCruz)
at 4∘C. The samples were washed twice and resuspended in
20𝜇L Laemmli Buffer (BioRad). We quantified protein con-
centration in immunoprecipitates by the Bradford assay (Bio-
Rad Laboratories) using bovine albumin (Sigma-Aldrich) as
standard. Total proteinwas denatured at 100∘C for 5min. Pro-
teinswere loadedwith native or reducing buffers in 10%TGX-
Precast gel (Biorad), with subsequent electroblotting transfer
onto a PVDFmembrane (Millipore) [28].Themembrane was
incubated with a horseradish peroxidase- (HRP-) conjugated
antimouse antibody (1 : 5000; Amersham Biosciences) and
developed with the ECL kit (Amersham Biosciences). The
images were acquired by Geliance 600 (Perkin Elmer).

2.9. Statistics. Statistical analysis was performed with Stat
View software package (SAS Institute Inc). Given that the
data, screened by Kolmogorov-Smirnov test, presented a
normal distribution, statistical analyses were performed
using Student’s 𝑡-test. Frequencies of positive samples for
a specific variable were compared by Fisher exact test. A
logistic regression analysis was performed to evaluate the
effect of different variables. The relationship between sHLA-
G presence and HCMV infection status was investigated by

the Receiver Operating Characteristic (ROC) curve analysis
(JROCFIT software, John Hopkins University).

3. Results

3.1. sHLA-G and Beta-2 Microglobulin Levels in Maternal
Serum Samples. We evaluated sHLA-G and b2M levels in
sera of 130 pregnant women, 30 uninfected, 56 with primary
HCMV infection, and 44 with nonprimary HCMV infection,
and 52 nonpregnant women with HCMV past infection.

Detectable serum levels of sHLA-G were significantly
more frequent in pregnant (130/130; 100%) than in nonpreg-
nant women (31/52; 59.6%) (𝑝 < 0.0001). b2M molecules
presented only slightly higher positive samples in pregnant
women (65/100; 50%) than in nonpregnant women (20/52;
38.5%) (𝑝 = 0.14) (data not shown).

Regarding themedian levels of sHLA-G, pregnantwomen
showed higher levels of molecules in comparison with
nonpregnant women (49 versus 21 ng/mL; range: 37.4–
76.5 ng/mL versus 0.0–20.5 ng/mL) irrespective of HCMV
infection (𝑝 < 0.001) (Figure 1(a)). In addition, we observed
no statistical differences in sHLA-G serum median levels
between actively HCMV infected (56 with primary and
44 with nonprimary infection) and 30 uninfected pregnant
women (47 versus 50 ng/mL; range: 36.2–69.8 versus 37.4–
76.5 ng/mL; 𝑝 = 0.43) (data not shown).

Interestingly, subdividing the subjects according to the
maternal HCMV infection status, primary infected preg-
nant women presented higher levels of sHLA-G median
concentrations (62 ng/mL; 46.9–69.8 ng/mL) than nonpri-
mary infected women (44 ng/mL; 36.2–57.2 ng/mL) (𝑝 <
0.001). Moreover, primary infected pregnant women pre-
sented higher sHLA-G median concentrations than unin-
fected women (50 ng/mL; 37.4–76.5 ng/mL) (𝑝 = 0.006)
(Figure 1(a)).

The median levels of b2M were only slightly higher in
actively HCMV infected (primary and nonprimary) than in
uninfected pregnant women (1.8 versus 1.3 𝜇g/mL; 𝑝 = 0.14),
in primary than in nonprimary HCMV infected (1.9 versus
1.4 𝜇g/mL; 𝑝 = 0.12), and, finally, in primaryHCMV infected
than in uninfected women (1.9 versus 1.3 𝜇g/mL; 𝑝 = 0.06)
(Figure 1(b)).

3.2. sHLA-G and Beta-2 Microglobulin Levels in Amniotic
Fluid. We evaluated sHLA-G and b2M levels in 56 amniotic
fluid samples from women who were primarily HCMV
infected before week 14 of gestation and accepted amniocen-
tesis.

Out of the 56 amniotic fluids, 39 samples were HCMV
negative with PCR and virus isolation and no congenitally
infected newborns were found in this group.

Out of 17 amniotic fluids from mothers who transmitted
the virus to their fetuses/babies, two were negative for both
virus isolation and PCR. Despite these negative results, the 2
babies were congenitally infected, but asymptomatic at birth
and during the follow-up period, as already described in the
literature [9, 10]. The remaining 15 amniotic samples were
positive for both virological tests (6 × 105 copies/mL median
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Figure 1: Maternal serum samples expression of (a) sHLA-G and (b) b2Mmolecules in nonpregnant and pregnant women. Pregnant women
are classified as uninfected and primarily and nonprimarily HCMV infected. 𝑝 values obtained by Student’s 𝑡-test and mean ± standard
deviation are reported.

viral load) except for one case where only HCMV-DNA was
detected (103 copies/mL).

Overall, out of the 17 fetuses/babies infected with con-
genital HCMV, 5 newborns were asymptomatic at birth and
during subsequent monitoring and 11 fetuses and 1 newborn
were symptomatic.

The brains of all symptomatic fetuses were HCMV
positive with severe histological brain damage and cerebral
necrosis; 4 of the fetuses also showed pathological neu-
rosonographic findings (periventricular hyperechogenicity
and ventriculomegaly).

Moreover, the only symptomatic newborn had hepatosple-
nomegaly, thrombocytopenia (platelet count: <100.000/mm3),
and alanine aminotransferase elevation (>80U/L) at birth
and developed sequelae with sensorineural hearing loss and
mild psychomotor retardation.

No statically significant difference in amniotic fluid
HCMV load was observed between asymptomatic and symp-
tomatic fetuses/newborns (𝑝 = 0.88, 95% CI: −3583021 to
3110188).

All the 56 amniotic fluid samples were positive for sHLA-
G and b2Mmolecules (data not shown).

Median detectable levels of sHLA-G were significantly
higher in amniotic fluids from infected symptomatic fetuses
(73 ng/mL; 69–79 ng/mL) than in infected asymptomatic
fetuses (32 ng/mL; 28–42 ng/mL) (𝑝 < 0.001) and in
uninfected fetuses (31 ng/mL; 29–40.2 ng/mL) (𝑝 < 0.001)
(Figure 2(a)).

b2M presented slightly higher median levels in amniotic
fluids from infected symptomatic fetuses (4.5𝜇g/mL) than in
infected asymptomatic fetuses (3.6𝜇g/mL) (𝑝 = 0.039) and
uninfected fetuses (3.9 𝜇g/mL) (𝑝 = 0.042) (Figure 2(b)).

When we considered maternal serum levels according to
fetus infection status, we observed that sHLA-G concentra-
tions were slightly higher in serum from women with symp-
tomatic fetuses (51.2 ng/mL, 45–57 ng/mL) and in women

with infected asymptomatic fetuses (49 ng/mL, 42–55 ng/mL)
in comparison with uninfected fetuses (46 ng/mL, 44–
52 ng/mL) (𝑝 = 0.045, 𝑝 = 0.042, resp.) (Figure 2(c)).

b2M presented no differences in serum samples from
women with infected symptomatic fetuses, infected asymp-
tomatic fetuses, and uninfected fetuses (Figure 2(d)).

3.3. sHLA-GConcentrationGradient betweenMaternal Serum
and Amniotic Fluid. The sHLA-G increase in amniotic fluids
of infected symptomatic fetuses prompted the question of
whether sHLA-G was produced locally in amniotic com-
partment or derived from maternal blood. Fetal and mater-
nal compartments are mutually interconnected and several
molecules are exchanged through the amniotic and chorionic
membrane. This molecular interchange could be hypothe-
sized also for HLA molecules. Therefore we evaluated the
concentration gradient between serum samples fromprimary
infected women and the corresponding amniotic fluids.

A sHLA-G concentration gradient from the amniotic
fluid to the maternal serum was observed only in infected
symptomatic fetuses, while uninfected and infected asymp-
tomatic fetuses presented an inverse sHLA-G gradient (Fig-
ure 3(a)). These results suggest a local fetal production of
sHLA-G, increased only in fetuses with symptomatic HCMV
infection.

3.4. sHLA-G Index. The association between fetal HCMV
infection and increased sHLA-G expression in amniotic fluid
was confirmed calculating the sHLA-G index in comparison
with albumin. Albumin is the most prevalent serum protein
which surrounds the embryo and is detected in amniotic
fluids. Fainardi et al. [27] reported the use of cerebrospinal
fluid and serum albumin content to evaluate sHLA-G brain
production. Since both blood-brain interface andplacenta are
considered selective barriers, we applied the same concept
to quantify the fetal compartment production of sHLA-G,
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Figure 2: Amniotic fluid samples expression of (a) sHLA-G and (b) b2Mmolecules according to the fetal/neonatal outcome.Maternal serum
samples expression of (c) sHLA-G and (d) b2Mmolecules according to the fetal/neonatal outcome. 𝑝 values obtained by Student’s 𝑡-test and
mean ± standard deviation are reported.

evaluating the relative amount of amniotic sHLA-G and
albumin compared with maternal serum levels. Any increase
in the index could be ascribed to sHLA-G production in
the fetal compartment. The highest sHLA-G indexes were
detected in infected symptomatic fetuses (19.5%) compared
to infected asymptomatic fetuses (6%) and uninfected (5.1%)
(𝑝 < 0.001, 𝑝 < 0.001, resp.) (Figure 3(b)).

3.5. HLA-G Free-Heavy Chain Analysis. HLA-G can be
expressed as b2M associated or free-heavy chain. Previous
studies documented a different distribution of these two con-
formations at the maternal-fetus interface [29]. We evaluated
the presence of HLA-G free-heavy chain in both sera and
in amniotic fluids from primary HCMV infected pregnant
women with asymptomatic or symptomatic fetus. HLA-G
free-heavy chain was detected with a tendency to be more

frequent in amniotic fluids from symptomatic fetuses (𝑝 =
0.074). On the contrary, maternal sera did not present HLA-
G free-heavy chain (Table 1).

Representative examples of maternal serum and AF reac-
tivity to antigens on theWestern blot are shown in Figure 3(c).
In lines 1, 2, and 3, we reported HLA-G positive samples
analyzed for b2M associated form (MEM-G9 detection),
while the same samples were analyzed for HLA-G free-heavy
chain (MEM-G1 detection) in lines 4, 5, and 6.

3.6. sHLA-G Predictive Efficacy. We analyzed serum and
amniotic fluid samples for sHLA-G and selected different cut-
offs to be used as differentiation values. ROC analysis showed
serum values above 50 ng/mL and amniotic values above
30 ng/mL with the highest sensitivity and specificity and an
Area Under an ROC Curve of 0.83 and 0.86, respectively
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Figure 3: (a) sHLA-G concentration gradients according to the fetal/neonatal outcome. (b) sHLA-G indexes (%) according to the
fetal/neonatal outcome. (c) Representative Western blot analysis of maternal serum and amniotic fluids samples from HCMV primary
infected pregnancy subdivided according to the fetal/neonatal outcome. The analysis were performed after immunoprecipitation with anti-
b2M associated HLA-GmoAb (MEM-G9, Exbio) (lines 1 to 3) and anti-free HLA-GHCmoAb (MEMG-1, Exbio) (lines 4 to 6). JEG3 cell line
supernatants were used as positive control (M) and the positivity for HLA-G molecule was evidenced at 39 kD.

Table 1: Prognostic HLA-G biomarker of symptomatic congenital HCMV infection.

Parameters Cutoff
Fetuses Diagnostic accuracy

AUA95% CI
Sympt Asympt Sens% Spec% PPV% NPV%

Maternal serum samples

HLA-G free-heavy chain Presence 0 0 0 100 0 29.4 0.5
Absence 12 5 0–26.7 47.9–100 10.4–55.9

sHLA-G 50 ng/mL Above 10 0 83.3 100 100 71.4 0.83
Below 2 5 51.6–97.4 47.9–100 68.9–100 29.3–95.5

Amniotic fluid samples

HLA-G free-heavy chain Presence 12 3 100 40 80 100 0.79
Absence 0 2 73.3–100 6.4–84.6 51.9–95.4 19.2–100

sHLA-G 30 ng/mL Above 11 0 91.7 100 100 83.3 0.86
Below 1 5 61.5–98.6 47.9–100 71.3–100 36.1–97.2

Sens: sensitivity; Spec: specificity; PPV: positive predictive value; NPV: negative predictive value; AUA: Area Under an ROC Curve; Sympt: symptomatic;
Asympt: asymptomatic.
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(Table 1), in differentiating symptomatic from asymptomatic
congenital infections. Similarly, the presence of HLA-G free-
heavy chain in amniotic fluids shows a high sensitivity and
specificity and an Area Under an ROCCurve of 0.79, in iden-
tifying symptomatic congenital infections. Logistic regres-
sion analysis excluded the presence of confounding variables.

4. Discussion

The prenatal diagnosis provides the optimal means for diag-
nosingHCMV fetal infection.The specificity is very good and
the sensitivity depends on the kind of samples used (amniotic
fluid > fetal blood), the technique used (Real-Time PCR-
Polymerase Chain Reaction> viral culture), and the timing of
the procedure with respect to the onset of maternal infection
and the gestational age.

All literature data report that the amniotic fluid is the
most appropriate material for the diagnosis of fetal HCMV
infection. Positive results in amniotic fluid identify all HCMV
infected fetuses (positive predictive value = 100%) but do not
identify the infants who will have symptoms at birth [6].

Although the highest median values of HCMV-DNA
in amniotic fluid tend to indicate an increased risk of
severe infection, high viral loads may be associated with
symptomatic or asymptomatic congenital infections. Indeed,
a correlation between the high HCMV load in amniotic fluid
and fetal/neonatal outcome has not been demonstrated [6].

More recently, some studies have evoked the prognostic
value of fetal viremia/viral load and/or level of specific IgM;
however this remains controversial. It has been proposed
that platelet count gives a better indication. New data has
demonstrated that the determination of multiple markers
(haematological, biochemical, and virological markers) in
fetal blood following virus detection in amniotic fluid is
predictive of perinatal outcome in fetuses with HCMV infec-
tion [21]. Further studies in a larger number of symptomatic
cases should be performed to verify the prognostic efficacy of
determination of multiple parameters in fetal blood.

In this work, we analyzed the levels of sHLA-G and b2M
molecules in the maternal serum samples and showed that
sHLA-G median levels were significantly higher in maternal
serum from pregnant women with primary HCMV infection
than in nonprimary and uninfected, respectively (𝑝 < 0.001
and 𝑝 < 0.006). On the contrary, beta-2 microglobulin levels
were only slightly higher in maternal serum from pregnant
women with primary HCMV infection than in nonprimary
and uninfected, respectively (𝑝 = 0.12 and 𝑝 = 0.06).
The differences in immune competence towards HCMV in
primary infected and in nonprimary infected mothers could
explain the different production of sHLA-G that can act as
viral immune escape mechanism or as a tentative reduction
of immune activation in primary HCMV infection, which is
not induced in nonprimary HCMV infected women.

Furthermore, we evaluated whether sHLA-G molecules
could be considered prognostic biomarkers of symptomatic
congenital HCMV infection.

We observed that sHLA-G levels in both maternal
serum and amniotic fluid samples are significantly related to
symptomatic HCMV fetal infections as supported by ROC

analysis (Table 1). In fact, sHLA-G levels above 50 ng/mL in
maternal blood and 30 ng/mL in amniotic fluid are correlated
with symptomatic HCMV congenital infections. High levels
of sHLA-G in maternal and fetal compartments show a
specificity of 100% for symptomatic congenital infection and
a sensitivity ranging between 83 and 92%.

The evidence that sHLA-G levels increase only in the
presence of symptomatic fetuses suggests a specific fetal
production of these molecules. We obtained confirmation
of this hypothesis through (i) the evaluation of the con-
centration gradient, which is higher in the amniotic fluid
versus the maternal blood in case of symptomatic infection;
(ii) the sHLA-G indexes calculation, which support a fetal
production; (iii) the HLA-G free-heavy chian, which is
commonly expressed by distal trophoblasts [29], which is
present only in amniotic fluid.

The increase of fetal HLA-G expression could be caused
by HCMV-encoded proteins that are known to interact with
HLA mRNAs and proteins, modifying their stability and
secretory pathways [15–19]. The increase of HLA-G expres-
sion could enhance HCMV immune escape, increasing the
risk of congenital infections and symptomatic sequelae. Our
results suggest that serum and amniotic fluid sHLA-G might
be an additional biomarker of congenital HCMV infection
that could be considered in combination with currently used
viral and biological markers [20, 30], providing the best key
to the reliable identification of fetuses at risk of congenital
disease as well as of fetuses with a favorable outcome.

5. Conclusions

To the best of our knowledge, this is the first observation that
considers the possible use of serum and amniotic fluid sHLA-
G as a biomarker to discriminate between symptomatic and
asymptomatic HCMV congenital infection. However, future
studies with larger cohort of fetuses should be performed
in order to verify whether the addition of serum sHLA-
G determination to virologic markers may be crucial in
identifying fetuses at highest risk of severe pathologies.
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Human HLA-E can, in addition to self-antigens, also present pathogen-derived sequences, which elicit specific T-cell responses.
T-cells recognize their antigen presented by HLA-E highly specifically and have unique functional and phenotypical properties.
Pathogen specific HLA-E restricted CD8+ T-cells are an interesting new player in the field of immunology. Future work should
address their exact roles and relative contributions in the immune response against infectious diseases.

1. Introduction

T-cell activation requires specific recognition of antigen
presented as small fragments (peptides) bound to major his-
tocompatibility complex (MHC) molecules. The recognition
of a particular peptide-MHC occurs through a highly specific
T-cell receptor (TCR), which is selected in the thymus.
Following TCR triggering, costimulation and the presence of
polarizing cytokines together determine the T-cell activation
pattern and guide ultimate T-cell differentiation. Classically,
CD4+T-cells recognize antigens scavenged extracellularly by
the antigen presenting cell (APC) that are presented in MHC
class II, whereasCD8+ T-cells recognize endogenous antigens
presented by MHC class I (MHC-I) [1, 2]. In spite of this
widely held view, already decades ago it was shown that
also antigens derived from intracellular pathogens such as
viruses or intracellular bacteria can be presented in MHC-I
[3]. More recently, cross-presentation by dendritic cells and
autophagy have been elucidated as important mechanisms in
this context [2, 4].

Transplantation of hematopoietic cells as well as solid
organs and detailed studies of viral infections provided the
initial key information leading to the concept of genetic
MHC restriction by autologous MHC molecules. This is

currently often referred to as “conventional” or “donor-
restricted” immunity [5]. However, numerous T-cell subsets
have been identified that do not fulfil these criteria, includ-
ing MHC class Ib restricted T-cells, CD1 restricted T-cells,
MR1 restricted mucosal associated invariant T-cells (MAIT),
NKT-cells, and 𝛾𝛿 T-cells, subsets that are collectively called
“unconventional” or “donor-unrestricted T-cells” (DURT)
[5]. Unconventional T-cells behave differently in terms of
memory, kinetics, and ligands recognized compared to con-
ventional T-cells as recently summarized [5].

An intriguing group of DURT family cells are the T-
cells that are restricted by MHC class Ib molecules. These
cells may share several critical properties with conventional
T-cells but most importantly recognize antigens typically
in the context of nonpolymorphic MHC-I molecules. The
human MHC class Ib family, also called nonclassical HLA
class I, is comprised of HLA-E, HLA-F, and HLA-G. The
major difference with classical class Ia molecules is their
very low level of allelic variation. Whereas HLA class Ia
families are composed of several hundred family members
for HLA-A, HLA-B, and HLA-C alleles, HLA-E, HLA-F,
and HLA-G comprise only 3, 4, and 10 family members,
respectively, and not all of these are actually expressed as
functional proteins [6]. Immune cells express relatively high
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Figure 1: HLA-E serves a dual role in the immune system. HLA-E presents antigens, including pathogen-derived antigens on the cell surface
of most cells. NK cells, as part of the innate immune system, will sense the presence of HLA-E presenting self or pathogen-derived peptides
and thereby receive inhibitory signals from the CD94/NKG2A complex such that NK mediated lysis will be inhibited. In addition, CD8+
T-cells may specifically recognize foreign peptide presented by HLA-E and become activated through their T-cell receptor, resulting in T-cell
activation, expansion, and memory formation in the adaptive immune system.

levels of HLA-E protein, but also tissue cells can express
the HLA-E protein (http://www.proteinatlas.org/). Although
HLA-E was originally described to be broadly expressed by
almost all cells that also express HLA class Ia molecules
[7], other studies suggest HLA-E expression is restricted to
lymphoid and endothelial cells [8]. Furthermore, pathogens
can affect HLA-E cell surface expression; for example, human
cytomegalovirus (CMV) can upregulate its expression [9].
HLA-E functions as ligand for CD94-NKG2 receptors and
has a peptide-binding groove that is ideally suited for binding
peptides derived from the leader sequences of other MHC-
I molecules [10]. In this regard, the loss of leader-peptide
loaded HLA-E expression is a marker for cells having lost
expression of HLA class Ia molecules, which targets these
cells for recognition and lysis by Natural Killer (NK) cells
[10]. In contrast to HLA-E, HLA-F expression appears to
be more restricted and is detected mostly in liver and
bladder [10]. However, its expression is largely intracellular
and in association with other MHC-I molecules, which has
led to speculations that HLA-F might be involved in the
intracellular stabilization of HLA class Ia molecules [10].
The third human MHC class Ib family member, HLA-G,
has an even more narrow tissue distribution; its expression
appears limited to trophoblasts in the placenta, and it has
been associated with fetal-maternal tolerance [10]. HLA-G

may function during pregnancy to inhibit NK mediated lysis
as trophoblasts lack HLA-A and HLA-B expression [11].

Thus, given the intracellular expression of HLA-F and
the placental restriction of HLA-G, limited information is
available on T-cells interacting with these molecules, and
their relevance to general immunity remains unclear. For this
reason, the focus of this review will be on HLA-E restricted
T-cells.

2. HLA-E

The role of HLA-E in the innate immune response is to
present signal sequence-derived peptides of otherHLA class I
molecules to inhibit NKmediated lysis of cells via recognition
by CD94/NKG2A [13]. However, HLA-E can also bind
and present other peptide sequences, which can be self or
pathogen derived and can be recognized by adaptive T-cells.
HLA-E is thus considered to play a role in both innate and
adaptive immunity, via interacting with both NK cells as
well as presenting peptides to antigen specific CD8+ T-cells
(Figure 1).

Eleven alleles have been reported for HLA-E, only 3 of
which can be translated into proteins, 2 of them being highly
dominant, the HLA-ER (E∗01:01) and the HLA-EG (E∗01:03)
variants, which differ only in a single amino acid at position
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107, being arginine (E∗01:01) or glycine (E∗01:03). Position 107
is located on the loop between the 𝛽-strands outside of the 𝛼2
domain of the heavy chain, just outside the peptide-binding
groove. The frequency of the HLA-ER and HLA-EG in the
population is about equal, suggesting balanced selection in
diverse populations [14, 15]. Whether HLA-ER and HLA-
EG display functional differences has not been studied in
detail [14, 16], but it has been demonstrated that HLA-EG

homozygous cells express higher levels of HLA-E and had
higher peptide-binding affinity [16]. More recently, peptide
elution studies revealed a different peptide-binding repertoire
eluted from HLA-ER versus HLA-EG molecules, indicating
that the F-pocket of HLA-EG bound a smaller variety of
peptides and had a stronger preference for a lysine at the pΩ
position [17, 18].

2.1. HLA-E Peptide Binding. The structural basis of HLA-E’s
ability to bind signal sequence-derived peptides from HLA
class Ia (HLA-I) molecules has been studied previously.
Unlike HLA class Ia that typically contain 2 or 3 anchor
residues, HLA-E contains 5 anchor residues in the peptide-
binding groove that highly constrains the sequence of the
bound peptide [19, 20]. However, HLA-E was addition-
ally shown to bind peptides derived from viruses such as
influenza M1 protein and EBV BZLF1 [21]. Moreover, a
sequence from cytomegalovirus (CMV) glycoprotein UL40,
which is identical to theHLA-C∗03 leader sequence, can bind
to HLA-E and is capable of preventing NK mediated lysis
[9, 22]. The same was found for a HCV derived sequence,
despite its sequence difference from signal peptides [23].
Peptide identification and characterization using random
peptide approaches also revealed that a leucine on P9 is
a critical anchor residue for HLA-E binding but did not
identify methionine as critical P2 anchor for HLA-E binding
and folding [24]. Identification of the motif within the HLA
class Ia leader sequences critical for interaction with the
CD94/NKG2 complex suggested anchor residues at positions
2, 6, 7, and 9, while solvent exposed residues at P5 and P8were
likely important for binding to CD94/NKG2 [25].Thus, while
P2 and P9 are anchor residues for binding to HLA-E and
P5 and P8 are involved in the interaction with CD94/NKG2
[26], P8 is also the critical residue distinguishing self (signal
sequence) from nonself (CMV UL40) and allowing for TCR
recognition of CMV UL40 [12].

Recent peptide elution studies provided important
insights in the types of peptides that are naturally presented
by HLA-E and identified a larger array of peptides eluted
from HLA-E than originally discovered [17, 18, 27]. Eluted
peptides were generally short (8-9-10 mers), but occasionally
also longer peptides were eluted including 11–17 mers
[17, 18, 27]. This is in line with earlier studies, where also
peptides greater than 8 amino acids could bind HLA-E [21].
Furthermore, eluted peptides were different from signal
sequences, possessing hydrophobic amino acids on P2 and
P9, consistent with a binding motif that was very similar
to that of HLA-A2 [27]. Recent studies in rhesus macaques
immunized with SIV-gag (Simian Immunodeficiency Virus),
in specific CMV vectors, revealed a series of peptides

that were recognized by CD8+ T-cells but only a minority
contained the canonical MHC class I antigen E (MHC-E)
binding motif [28]. Structural analyses revealed that the
peptide-binding cleft of HLA-E is rigid but relatively open
compared to that of HLA class Ia family members. Peptides
that lack the canonical residues can adopt a backbone
structure that is similar to canonical peptides, allowing them
to bind the HLA-E molecule [28]. These unique binding
properties of HLA-E may explain the observed epitope
diversity and breadth in SIV-gag in the rhesus macaque
vaccination studies [28]. Furthermore, the authors suggested
that the open structure ofHLA-Emay allowpeptide exchange
[28]; this may be in particular relevant for Mycobacterium
tuberculosis (Mtb) as HLA-E expression is enriched in the
Mtb phagosome [29]. Intriguingly, we have identified a large
series of Mtb epitopes presented in HLA-E and recognized
by mycobacteria exposed human donors, many of which lack
the canonical residues [30].

Together, these data indicate that HLA-E binds signal
sequence-derived peptides not only from MHC class Ia
molecules but also fromother self and even pathogen-derived
sequences. Althoughmany peptides contain canonical amino
acids for binding HLA-E, clear examples exist for peptides
which lack canonical residues and can still bind HLA-
E. Presentation of nonself sequences, being absent during
thymic selection, may elicit adaptive immune responses by
CD8+ T-cells.

2.2. HLA-E Restricted T-Cells. Specific recognition of patho-
gen-derived sequences presented by the unconventional pre-
sentation molecule HLA-E by the CD8+ TCR could lead to
specific activation of adaptive immune responses, inde-
pendent of classically HLA restricted CD4+ and CD8+ T-
cells. In several infectious disease models, evidence for such
responses has been reported recently.

2.2.1. Viral Antigens. As viruses require the human host to
survive and therefore reside within host cells, their proteins
are presented by HLA class I molecules, including HLA
class Ib. Peptides from Epstein Barr Virus (EBV) [34–36],
Cytomegalovirus (CMV) [12, 37–41], and Hepatitis C Virus
(HCV) [44] can be presented by HLA-E and are recognized
by virus specific T-cells (Table 1). The peptide epitopes stud-
ied from CMV UL40 are highly similar to the HLA class Ia
signal sequences, whereas the sequences from EBV BZLF1
and HCV appear more different. The functional and pheno-
typical description of these T-cells is rather limited, but they
all express CD8+ as expected for HLA class I restricted cells.
In many studies, HLA-E restricted T-cells have been identi-
fied and enumerated using HLA-E tetramers whereas func-
tional analyses were limited to the demonstration of target
cell lysis. Likewise, phenotypical characterizations were very
limited in scope but when performed showed a cytolytic T-
cell phenotype (perforin, granzyme A/B) and IFN𝛾 produc-
tion in some studies [38, 41].

(1) HLA-E and CMV. Initial studies on possible recognition
of HLA-E peptide complexes by T-cells in a TCR dependent
manner were performed using signal sequences from HLA
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(a) (b)

Figure 2: Crystal structure of the HLA-E/KK50.4 TCR complex [12]. (a) Overview of the HLA-E/KK50.4 TCR structure showing two
orthogonal views. The HLA-E heavy chain is shown in grey ribbons, the UL40 peptide in pink sticks, and 𝛽2m in blue ribbons. The KK50.4
alpha and beta chains are shown as orange and green ribbons, respectively. (b)The convergence of all 3 CDR 𝛽 loops onto P8 Ile of the peptide
bound to HLA-E. The HLA-E heavy chain is grey, peptide is pink, CDR1𝛽 is yellow, CDR2𝛽 is green, and CDR3𝛽 is shown in red.

class Ia alleles [34, 35, 42] (Table 1). It is a priori not clear
why healthy human subjects would mount T-cell responses
towards signal sequences of conserved class Ia molecules.
While some of these studies lack information on the HLA-
typing of the donors, others have suggested that these cells
are mostly reactivity against nonself target peptides of signal
sequences [34, 35, 42]. Similarly, cytotoxic CD8+ T-cells
recognizing HLA-E binding sequences from TCR V𝛽 chains
were detected in peripheral blood [33]. An alternative, nonex-
clusive, explanation may be that these T-cells are reactive
with nonself virally derived antigens that share sequence
homology with the MHC class Ia derived signal sequences
used in these studies.

Involvement of the TCR in specific recognition of HLA-
E was derived from “NK-CTL” clones. Although these T-
cells were originally termed “NK-CTL” due to their ability to
lyse a broad range of allogeneic targets, it was subsequently
found that these T-cells were specific for the CMV UL40-
encoded peptide (VMAPRTLIL) bound to HLA-E [35, 42].
The detected alloreactivity was due to target cells possessing
HLA-C alleles encoding the same sequence as the UL40
peptide (e.g., HLA-C∗03). UL40-specific T-cells can reach
frequencies in the circulation similar to those restricted by
classical HLA-I, indicating their potential to play a significant
role in CMV immunity [50].

The TCR from an UL40-specific T-cell clone, KK50.4,
was cloned, expressed, and analysed for its interaction with
HLA-E in complex with the UL40-epitope VMAPRTLIL
(Figure 2) [12]. Overall, the structural basis for recognition
of HLA-E largely overlaps that of TCR recognition of HLA
class Ia. However, in order for UL40-specific T-cells to
recognize theUL40 antigen or allogeneicHLA-I peptides, the
UL40-specific TCR need to distinguish between the UL40
epitope (VMAPRTLIL) and nearly identical self peptides
which may differ by as little as a single methyl group
(e.g., VMAPRTLVL). Analysis of TCR sequences from UL40

specific T-cell clones suggested there were a limited number
of TCRs capable of such discrimination, as all of the clones
isolated utilized TRBV14 (V𝛽16) and there was a charac-
teristic arginine residue present in the CDR3𝛽 (Figure 2)
[12]. Structural analyses of the KK50.4 clone showed that
the convergence of CDR1, CDR2, and CDR3 of the KK50.4
𝛽 chain onto P8 Ile determined self/nonself discrimination
(Figure 2). Notably, the highly selected arginine present in
the CDR3𝛽 made multiple contacts with both HLA-E and
peptide.

As the CMV UL40 peptide is highly homologous to
HLA class Ia derived signal sequences, typically these T-cells
are only observed in individuals where the UL40 epitope
differs from that found in self-HLA-C alleles (e.g., HLA-
C∗07 homozygotes) [12]. However, other pathogen-derived
peptides that bind to HLA-E aremore different from the class
Ia signal sequences and may therefore depend less on the
donors’ HLA class Ia genotype.

(2) HLA-E andHIV. HIV-nef proteins interact with the intra-
cellular domain of HLA-A and HLA-B molecules, resulting
in downregulation of HLA class Ia molecules from the cell
surface. In contrast, HLA-C and HLA class Ib molecules,
particularly, HLA-E and HLA-G, lack these intracellular nef-
interaction domains and thus remain expressed normally
on the cell surface of HIV infected cells [51]. In addition,
it has been shown that a peptide from the HIV-1 capsid
protein p24 (AISPRTLNA) may further enhance HLA-E
surface expression [52]. However, recently it was shown
that this peptide presented in HLA-E is not recognized by
CD94/NKG2A and that these cells thus were not protected
against NK mediated T-cell lysis [53]. This is most likely
due to lack of homology between the HIV p24 peptide
and HLA leader peptides, which prevents ligation of CD94-
NKG2A to theHLA-E peptide complex [53]. Inhibition ofNK
mediated lysis of HIV-1 infected T-cells rather appears to be



6 Journal of Immunology Research

the result of HLA-C expression and recognition by NK cells
that specifically express the NK cell receptors KIR2DL1/2/3
[53]. Interestingly, it has not yet been investigatedwhether the
HIV-1 p24 peptide, presented in HLA-E, may be recognized
by the host adaptive immune system and thus may result
in specific CD8+ T-cells. Induction of such CD8+ T-cell
responses would be interesting from a therapeutic as well as
vaccination point of view.

In rhesus macaques, MHC-E (or Mamu-E) is the homo-
logue of human HLA-E, which also showed upregulated
expression in HIV/SIV infected animals [28]. Vaccination
of rhesus macaques with a CMV-based vector, expressing
HIV gag, revealed a very strong CD8+ T-cell response (𝛼𝛽
TCR) with a large variety of specific interactions, with an
estimated induction of 4 distinct epitopes per 100 amino
acids in all tested HIV/SIV derived antigens [28]. Although
this massive MHC-E restricted response was due to the
specific design of the viral vector, it clearly illustrates the
abundance of potential HLA-E epitopes in a large array of
antigens. Detailed characterization of the peptide-binding
domain revealed a relatively open structure, exposing many
side chains for interaction with the TCR [28]. Interestingly,
next to inducing MHC-E restricted T-cells, these CMV
recombinant vectors also induced a significant population of
other unconventional CD8+ T-cells, which were restricted by
MHC class II molecules.

2.2.2. Bacterial Antigens. Bacteria like Salmonella and Mtb
are intracellular pathogens that hijack host cells to promote
their own survival. Intriguingly, the expression of HLA-E is
enriched on Mtb phagosomes compared to classical HLA
class Ia family members, thus presumably facilitating HLA-
E loading by Mtb peptides in infected cells [29]. In 1998,
Lewinsohn et al. identified Mtb specific CD8+ T-cell clones
that appeared to be restricted to MHC class Ib [31], two of
which were HLA-E restricted [32]. However the Mtb derived
peptide ligands were not identified. Unpublished recent data
point to a peptide derived from the Mtb glycoprotein Mpt32
(David Lewinsohn, personal communication, manuscript in
preparation). In an independent effort, we have screened
the Mtb genome for the presence of peptides that could
potentially be presented by HLA-E and selected 69 peptides
based on 3 different prediction algorithms [30]. Many of
these peptides were recognized by donors that had been
previously sensitized by mycobacteria, suggesting in vivo
priming and T-cell memory for several HLA-E epitopes [30].
We have shown that these peptides presented in HLA-E elicit
CD8+ T-cell activation through the TCR, as measured by
both ZAP70 phosphorylation (the first downstream effect in
TCR signalling), as well as CD137 expression (a molecule
exclusively expressed following specific antigen recognition
on CD8+ T-cells) [47]. Moreover, HLA-E restricted T-
cell lines specific for Mtb had strongly reduced cytokine
production in the presence of blocking antibodies against
the 𝛼𝛽TCR or HLA-E [48]. Altogether, these data support
specific recognition of HLA-E peptide complexes by Mtb
specific TCRs. HLA-E binding peptides from Mtb were not
capable of preventing NK mediated lysis in a CD94/NKG2A
dependent manner [48], similar to HIV p24 [53], indicating

that only surface expression of peptide containing HLA-E
may not be sufficient.

Detailed characterization of these T-cells revealed that
they are cytolytic or suppressive, and that T-cells reactive
against the same peptide can display different functional
polarities, indicating that polarity is not determined by the
peptide. Interestingly, T-cell clones with cytolytic activity
were also capable of inhibiting intracellular outgrowth of
Mtb, suggesting that they are potent antimycobacterial effec-
tor cells [47]. Many of the HLA-E restricted Mtb specific T-
cells did not produce typical cytotoxic T-lymphocyte associ-
ated cytokines, nor did they produce classical Th1 cytokines
(IFN𝛾, TNF, and IL2), but instead they produced an array of
Th2 cytokines including IL-4, IL-5, IL-10, and IL-13, as well as
theTh2 associated transcription factor GATA-3 (Table 2) [47,
48]. In patients with TB disease, HLA-E tetramers identified
Mtb specific HLA-E restricted CD8+ T-cells, with the highest
frequencies at TB diagnosis and waning of the response
during successful treatment [48]. Moreover, in line with the
knowledge that HLA-E is not susceptible to downregulation
by HIV, we were able to detect HLA-E specific T-cells in
patients that concomitantly were infected with Mtb and HIV
[48].

Salmonella peptides presented by HLA-E are also rec-
ognized by HLA-E restricted T-cells. Volunteers vaccinated
with a S. typhi vaccine had a robust HLA-E restricted T-cell
response, asmeasured by the cytolytic capacities of these cells,
such as granzyme B activity (Table 1) [43]. Kinetic analysis of
these responses in a similarly vaccinated cohort revealed that
the HLA-E restricted T-cells are long-lasting, up to 2 years
after vaccination, again suggesting immune memory [46].
Moreover, following challenge experiments with Salmonella
in unvaccinated, healthy volunteers, multifunctional HLA-
E restricted CD8+ T-cells were detected and correlated with
protection against typhoid disease development [49].

2.2.3. Tumor and Self-Antigens. Interestingly, T-cells reactive
with self Hsp60sp presented by HLA-E have also been
identified, both in healthy donors and in patients with type
1 diabetes [45]. These CD8+ T-cell lines were involved in dis-
criminating self from nonself in the periphery, and defective
discrimination between self and nonself was detected in the
majority of patients with type 1 diabetes [45]. While many
viruses are known to interfere with antigen processing and
presentation, resulting in peptide presentation in a TAP-
independent manner, this is also the case in many tumors. As
a consequence, tumor unique antigens may be presented also
in the context of HLA-E [54, 55], which may subsequently be
recognized by cytotoxic T-cells [55]. In contrast to what was
expected, in humans the presence of CTLswas only beneficial
in patients with lung carcinoma if HLA-E was not expressed
by the tumor, indicating that HLA-E restricted CTLs may
not directly contribute to tumor elimination in these patients
[56].

2.2.4. Autoimmune Diseases. HLA-E restricted T-cell re-
sponses have been studied only to a very limited extent in
autoimmune diseases; however they could potentially play
an important role. In patients with multiple sclerosis (MS),
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increased frequencies of EBV specific, HLA-E restricted
CD8+ T-cells have been found to be associated mostly with
the relapsing remitting form of the disease rather than the
progressive form [36]. Moreover, CD8+ T-cells induced by
glatiramer acetate vaccination appear to be restricted to
HLA-E and have immunomodulatory capacities, resulting in
amelioration of MS [57–59]. HLA-E restricted CD8+ T-cells
in patients with MS appeared phenotypically different from
healthy controls; however these T-cells were selected based
on the expression ofNKG2C and thusmay reflect only a small
subset of HLA-E restricted T-cells [60]. In rheumatoid arthri-
tis (RA), limited information is available, although HLA-E
polymorphisms may be associated with disease susceptibility
and treatment responsiveness [61]. Interestingly and similar
to the studies in MS, RA like autoimmunity can be strongly
inhibited by induction of (self Hsp60) peptide specific Qa-1
restricted suppressor T-cells in mice [62]. Furthermore, there
is a defect in CD8+ T-cell recognition of HLA-E/Hsp60sp in
patients with type I diabetes [45]. Thus, MHC-E restricted
CD8+ T-cells with immunoregulatory properties may be
critical in amelioration of autoimmune diseases and deserve
further detailed characterization.

2.3. Properties of HLA-E Restricted Human T-Cells. Sur-
prisingly, little information is available on the phenotype
and function of human CD8+T-cells recognizing peptides
presented by HLA-E. In many studies, HLA-E restricted T-
cells have only been enumerated using tetramer staining, or
the presence of HLA-E reactivity was demonstrated using
cytolytic assays (Table 2). Analyses of the TCR composition
were only performed in a limited number of studies and,
as mentioned above, found consistent selection of TRAV14
(V𝛽16) in CMV specific TCRs [12]. Additional studies have
also determined V𝛽22 usage in CMV restricted TCRs [41].

Basic descriptive information of HLA-E restricted T-
cells, such as memory phenotype, is also largely lacking.
The limited data that have been published do not suggest
specific memory stages to be overrepresented among HLA-
E restricted CD8+T-cell populations, since both CD45RA
positive and negative populations were identified, as was
also reported for CCR7 (Table 2). Generally, the T-cells
reported expressed cytolytic molecules, but in some cases
these were weakly expressed or even undetectable (Table 2).
Specific target cell lysis was frequently used as read out to
demonstrate HLA-E restriction of CD8+ T-cells. Recently,
we demonstrated for the first time that HLA-E restricted
CD8+ T-cell clones had antibacterial activity against Mtb,
considered to be an important property in immune control
of intracellular pathogens (Table 2). Other studies have not
assessed or reported viral or bacterial inhibition following
HLA-E restricted CD8+ T-cell activation or downstream
target cell lysis. It will be of interest to identify themechanism
of control of intracellular outgrowth of Mtb, as this could be
a yet unknown component of the immune system that could
be harnessed for preventive or therapeutic interventions.

Cytokine production has been analysed in detail only in
the most recent series of papers. Originally, studies focused
on the production of classical Th1 cytokines, such as IFN𝛾
and TNF𝛼, and although sometimes detected in HLA-E

restricted T-cells, not all produced IFN𝛾 in response to spe-
cific peptide stimulation (Table 2). As mentioned above, we
recently found Mtb specific HLA-E restricted CD8+ T-cells
to produce Th2 rather than Th1 cytokines and demonstrated
that these cells utilize IL-4 to activate B-cells (Table 2). It
would be interesting and relevant to investigateTh2 cytokine
production also inHLA-E restrictedCD8+ T-cells in response
to other ligands. Moreover, an analysis of transcription factor
expression inHLA-E restrictedCD8+ T-cells has been limited
thus far to our description of Mtb specific T-cells expressing
GATA-3 (Table 2).

One of themajor differences between innate and adaptive
immunity is the formation of immunologicalmemory during
adaptive immune responses. As HLA-E restricted CD8+ T-
cells are activated through their TCR, in an antigen specific
manner, it is likely that they also differentiate into memory
cells. The formation of memory cells following HLA-E medi-
ated antigen presentation would be an important prerequisite
for successful application of these peptides in future vacci-
nation strategies. However, information on T-cell memory
development is limited. Phenotypically, effectormemory [30]
and effector memory recently activated [38, 41] have been
described as indicators of memory. Moreover, screening for
recognition of HLA-E restricted Mtb peptides by human
donors showed recognition only in donors that had been sen-
sitized by mycobacteria (as measured by PPD recognition),
suggesting that in vivo priming, and thus memory induction,
was critical [30]. Vaccination of healthy volunteers with a
single dose of S. typhi strain Ty21a resulted in antigen specific,
HLA-E restricted CD8+ T-cells that were detectable up to
2 years after vaccination, suggesting that HLA-E restricted
memoryT-cells had been induced [46].Also, individualswith
latent TB and individuals successfully treated for TB disease
still had circulatingCD8+ T-cells binding toHLA-E tetramers
(TM) loaded with Mtb peptides (notwithstanding that the
frequencies detected were highest in patients with active TB
disease); the persistence of responses after microbiological
cure thus also suggests immune memory [48].

2.4. Qa-1𝑏:TheMurineHLA-EHomologue. Themurine hom-
ologue of human HLA-E is Qa-1b, which also presents
signal sequences from MHC class I proteins that are called
Qdm (Qa-1 determinant modifier) [54]. Qa-1b can also bind
CD94/NKG2A complexes to silence NK cell activity. How-
ever, also specific recognition of Qa-1b peptide complexes by
T-cells has been described [54]. Interestingly, similar toHLA-
E, Qa-1b restricted T-cells have been isolated that are able
to detect differences in leader-sequenced derived peptides
between mouse strains [63], although there is no indication
they are involved in immunity to mouse CMV. Also, similar
to HLA-E, Qa-1b restricted T-cells have been implicated in
immunity to pathogens, including Listeria monocytogenes
[64] and Salmonella typhimurium [65].

Qa-1b restricted S. typhimurium specific T-cells are curi-
ously cross-reactive to self Hsp-60 derived peptides and thus
have been implicated in autoimmune conditions [66]. Fur-
thermore, there is a large and older body of research focusing
on Qa-1b restricted suppressor CD8+ T-cells. These T-cells
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reportedly recognize Qa-1b in a TCR dependent manner and
act to suppress autoreactiveCD4+ T-cells, thereby attenuating
the development of autoimmune encephalomyelitis (a mouse
model of multiple sclerosis), very similar to the role of
HLA-E restricted CD8+ T-cells evoked by vaccination in
human MS [67–69]. In this model, Qa-1b deficient mice
developed exaggerated secondary CD4 responses, as a result
of the lack of a population of regulatory CD8+ T-cells,
demonstrating the in vivo significance of suppressor Qa-1b

restricted T-cells. Qa-1b restricted T-cells appear critical for
the maintenance of self-tolerance. Their role in infectious
diseases and in particular in the elimination of pathogens has
not been studied in great detail thus far. Moreover, a detailed
description of the phenotype and function of these cells is
lacking and warrants further investigation.

3. Summary and Implications

HLA-E plays a dual role in the innate and adaptive immune
system (Figure 1). The low polymorphism in HLA-E in
conjunction with its relative insensitivity to downregulation
by, for example, HIV, makes HLA-E an interesting target for
vaccination strategies against infectious diseases and tumors.
Small sets of peptides should suffice to induce T-cells rec-
ognizing foreign antigens and mount effector responses. The
quality of these T-cell responses needs further investigation,
however, given the diversity in functions that have been
described thus far, ranging from cytotoxicity and pathogen
control to immune suppression. Various pathogen-derived
antigens can bind and stabilize HLA-E at the cell surface,
for some of which this may be an essential mechanism to
preventNKmediated target cell lysis. However,many of these
antigens can also be recognized in a TCR dependent manner
by CD8+ T-cells. These T-cells may suppress bystander T-
cells or lyse (infected) target cells and inhibit intracellular
bacteria, indicating an important functional contribution to
the immune response. Nevertheless, the relative frequency
of HLA-E restricted T-cells and their in vivo relevance in
many cases remains unknown and unstudied. Although these
T-cells are donor-unrestricted, they in many aspects display
similar functionalities to classical, conventional T-cells.

Pathogen specific HLA-E restricted CD8+ T-cells are an
interesting new player in the field of immunology. Future
work should address their exact roles and relative contribu-
tions in the immune response against infectious diseases.
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HLA-G is aHLA-class Ibmoleculewith potent immunomodulatory activities, which is expressed in physiological conditions, where
modulation of the immune response is required to avoid allograft recognition (i.e.,maternal-fetal interface or transplanted patients).
However, HLA-G can be expressed de novo at high levels in several pathological conditions, including solid and hematological
tumors and during microbial or viral infections, leading to the impairment of the immune response against tumor cells or
pathogens, respectively. On the other hand, the loss of HLA-G mediated control of the immune responses may lead to the onset
of autoimmune/inflammatory diseases, caused by an uncontrolled activation of the immune effector cells. Here, we have reviewed
novel findings on HLA-G functions in different physiological and pathological settings, which have been published in the last two
years. These studies further confirmed the important role of this molecule in the modulation of the immune system.

Dedicated to the memory of Professor Olavio Roberto Baricordi for his creative and groundbreaking work in the study of
HLA-G implication in physiological and pathological conditions

1. Introduction

HLA-G is an important molecule with immunomodulatory
properties, which belongs to “nonclassical” HLA-class Ib
molecules, along with HLA-E, -F, and -H [1]. In contrast
with “classical” HLA-class Ia molecules (HLA-A, -B, and
-C), which are highly polymorphic, with a high number of
alleles encoding a high number of functional proteins, HLA-
Ib molecules display a very low polymorphism, with a small
number of alleles encoding a limited number of proteins.
Similarly to HLA-Ia molecules, also HLA-Ib molecules can
bind peptides generated through a proteasome-driven degra-
dation of cytosolic proteins and present them to specific
subpopulations of CD8+ T cells [2]. However, the main
function of these molecules is to modulate the immune

responses in both physiological and pathological conditions
[3].

HLA-G molecule can be present in seven different iso-
forms encoded through alternative splicing of the same pri-
mary transcript. Membrane-bound isoforms (HLA-G1, -G2,
-G3, and -G4) lack intron-4, which is retained in the soluble
(s) isoforms (HLA-G5, -G6, and -G7), leading to the splicing
of the transmembrane domain. In addition, sHLA-G1, which
is structurally identical to sHLA-G5, can be generated by
shedding of membrane-bound HLA-G1 isoform through
metalloproteases-mediated cleavage [4]. Only HLA-G1 and
-G5 present a full length heavy chain, which is associated
with 𝛽2-microglobulin and binds small peptides, although
it is unclear whether or not HLA-G can present them
to CD8+ T lymphocytes [5]. In this respect, Diehl et al. have
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characterized specific motifs in HLA-G restricted peptides
and they have concluded that HLA-G can present peptides
similarly to classical HLA-class I molecules [6].

HLA-G can interact with immunoglobulin-like transcript
2 (ILT2), which is expressed by T and B lymphocytes, Natural
Killer (NK) cells, monocytes/macrophages, and dendritic
cells, and with ILT4, which is expressed only by myeloid
cells (i.e., dendritic cells, monocytes, and macrophages and
neutrophils) [7]. In addition, HLA-G can interact with
KIR2DL4 expressed by NK cells [8] and CD160 expressed
by T lymphocytes, NK cells, and endothelial cells [4]. Upon
interaction with these receptors, HLA-G can affect the func-
tion of different cell populations. In particular, HLA-G (i)
impairs T cell function, by inhibiting proliferation [9] and
cytotoxicity [10] and by inducing apoptosis [11] and expan-
sion of regulatory T cells [12, 13], (ii) inhibits differentiation,
proliferation, and cytokine production in B lymphocytes
[14], (iii) inhibits proliferation and cytotoxicity [15, 16] of
peripheral blood NK cells and induces proliferation and
release of proangiogenic factors in blood and uterineNK cells
[17–19], (iv) inhibits chemotaxis of different T, B, and NK cell
populations by downregulating chemokine receptors expres-
sion on their surface [20], (v) inhibits phagocytosis and pro-
duction of reactive oxygen species in neutrophils [7], and (vi)
dampens angiogenesis, by inhibiting endothelial cells prolif-
eration [21].

In the last years, several papers have demonstrated that
HLA-G can be present as a homodimeric molecule, which
is generated through a disulfide bond [22–24]. Moreover, it
has been observed that homodimer ismore biologically active
than the monomeric form [13, 25, 26].

2. HLA-G and Cancer

Overexpression of membrane-bound soluble and sHLA-G
has been detected in different human solid and hematological
tumors and might represent a mechanism performed by
tumor cells to escape from the control of the immune system,
by inhibiting NK and T cells mediated lysis [4].

In the last two years, several papers have addressed the
role of HLA-G in tumor progression or have characterized
this molecule as prognostic factor for the clinical outcome of
cancer patients (Table 1).

Loumagne et al. have performed an interesting study
using a murine model. In fact, HLA-G can interact with
murine paired immunoglobulin-like receptor- (PIR-) B,
ortholog of human ILT receptors, thus enabling the investiga-
tion of its role in vivo. Immunocompetent mice were injected
either with syngeneic tumor cells coexpressing human HLA-
G5 and 𝛽2-microglubulin (h𝛽2m) or with h𝛽2m+ HLA-G5−
tumor cells. Interestingly, h𝛽2m+ HLA-G5− tumors were
rejected, whereas h𝛽2m+ HLA-G5+ tumors secreted soluble
HLA-G, which protected them from h𝛽2m-elicited immune
rejection, and grew similarly to a poorly immunogenic
tumor. They demonstrated that HLA-G5 tumor expression
dampened anti-h𝛽2m B cell response through accumulation
of myeloid-derived suppressor cells which inhibited T cell
proliferation and reduced T and B cell tumor infiltrate [27].

Zheng et al. have demonstrated that HLA-G (mostly
HLA-G1 and -G5) is expressed by tumor lesions in esophageal
squamous cell carcinoma (ESCC) patients, but not in adjacent
normal tissues or in healthy controls. Moreover, such expres-
sion positively correlated with lymph node metastasis and
cancer cell differentiation. Accordingly, sHLA-G serum levels
were higher in patients than in controls [28].

An interesting study has been performed by Reimers
and colleagues on rectal cancer patients. They analyzed
tumors by tissue microarray for the presence of Foxp3+ cells
(Tregs) and tumor expression of HLA-E and HLA-G. They
observed that patients with rectal tumors characterized by
loss of HLA class I expression, Foxp3+ infiltration below
median, and weak HLA-G expression displayed a worse
overall survival (OS) and disease-free survival (DFS) [29]. In
contrast, Guo et al. have demonstrated that the majority of
colorectal cancer tissues tested positive for HLA-G or HLA-
E expression, and half of them expressed both molecules.
Moreover, expression levels of HLA-G or HLA-E and the
combined expression of both molecules were all negatively
correlated with OS of colorectal cancer patients. However,
these authors found that only HLA-G expression can serve as
independent factor for OS, whereas the expression of HLA-
E was significantly correlated with tumor metastasis [30].
Yan et al. have analyzed the expression of soluble HLA-
G5/G6molecules in tumor samples from non-small-cell lung
cancer (NSCLC) patients, using specific mAb 5A6G7. sHLA-
G expression was observed in half of NSCLC lesions and
was significantly higher in adenocarcinoma lesions than that
in squamous cell carcinoma and adenosquamous carcinoma
lesions.The authors concluded that sHLA-G could be a useful
biomarker to discriminate adenocarcinoma from squamous
cell carcinoma in NSCLC patients [31].

Another interesting study comes fromXu and colleagues.
They analyzed HLA-G expression in a cohort of patients with
pancreatic carcinoma and found high levels of HLA-G in
the majority of tumor samples. Moreover, they demonstrated
that HLA-G levels represented an independent predictor for
patients’ OS, and a positive correlation was found between
HLA-G expression and tumor stage, extrapancreatic infil-
tration, lymph node involvement, and poor differentiation.
Finally, they demonstrated that plasma levels of sHLA-Gwere
higher in patients than in healthy controls, and sHLA-G levels
inversely correlated to numbers of peripheral activated T
cells, thus suggesting that sHLA-G promotes tumor immune
escape through the inactivation T cell responses [32].

A study performed byWang et al. described a relationship
between HLA-G expression and the sharpness of low-grade
glioma tumor borders in magnetic resonance images. In
particular, high HLA-G expression was detected in larger
tumors with blurred boundaries, which may be those prone
to diffuse invasion. Therefore, patients with tumors that
highly expressed HLA-G were less likely to have undergone
complete resections [33].

Expression and function of HLA-G and regulatory
microRNA (miR-152, -148A, -148B, and -133A) have been
analyzed by Jasinski-Bergner and colleagues in renal cell
carcinoma (RCC).They have observed an inverse correlation
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Table 1: Novel findings on HLA-G and tumors.

Type of tumor Observation Correlation with clinical
outcome PB sHLA-G Author

Murine model HLA-G+ tumors are protected from
rejection — — Loumagne et al. [27]

ESCC Tumors but not adjacent tissues
expressed HLA-G

Positive correlation with
metastasis Increased Zheng et al. [28]

Rectal cancer Tumors are HLA-G+, FOXP3+, and
HLA-class I− Worse OS — Reimers et al. [29]

Colorectal cancer Most tumors expressed HLA-G
and/or HLA-E Worse OS — Guo et al. [30]

NSCLC
HLA-G is expressed in

adenocarcinoma but not in
squamous cell carcinoma

— — Yan et al. [31]

Pancreatic cancer Most tumors are HLA-G+ Positive correlation with
metastasis and worse OS Increased Xu et al. [32]

Glioma HLA-G expression is higher in
tumors with blurred boundaries

Positive correlation with
invasiveness — Wang et al. [33]

Renal cell carcinoma
Expression of some miRNAs

downregulates HLA-G expression
and increased antitumor immune

response

— — Jasinki-Bergner et al.
[34]

Gastric cancer TGF-𝛽 induced HLA-G expression
through miR152 downregulation — — Guan et al. [35]

Gastric cancer HLA-G+ DC-10 cells are increased
in PB of patients Worse prognosis Increased Xu et al. [36]

Murine model LILRB1− NK cells are more effective
against HLA-G+ tumors — — Wu et al. [37]

Pancreatic cancer CD3+ TIL are decreased in HLA-G+
tumors Worse OS — Zhou et al. [38]

Breast cancer
Opposite prognostic value of free
sHLA-G and sHLA-G in MV after

chemotherapy

sHLA-G in MV positively
correlated with worse prognosis;

free sHLA-G positively
correlated with better outcome

— König et al. [39]

Breast cancer
Higher sHLA-G levels in patients
without previous pregnancy and

breastfeeding history
Worse OS Increased Zidi et al. [40]

DLBCL Different prognostic value of del/del
polymorphisms of HLA-G gene Worse OS — Bielska et al. [41]

NSCLC
SNP in HLA-G and LILRB1 genes
and expression of HLA-G and
LILRB1 are related to clinical

outcome

Positive correlation to high risk
of tumor and tumor stage — Wiśniewski et al. [42]

Prostate cancer
Polymorphisms in 3 UTR of

HLA-G gene are related to clinical
outcome

Positive correlation to higher
susceptibility — Zambra et al. [43]

Gastric adenocarcinoma
Higher frequency of some

polymorphisms of HLA-G gene in
healthy controls than in patients

— — Khorrami et al. [44]

CLL
14 bp polymorphism in 3 UTR of
HLA-G gene is related to clinical

outcome
Worse OS — Rizzo et al. [45]

between the expression of miR-148A and -133A and HLA-
G protein in situ and in vitro. They concluded that a stable
miRNA overexpression downregulated HLA-G expression,
thus enhancing NK and LAK mediated cytotoxicity. This
hypothesis has been confirmed by the analysis of immune

cell infiltration [82]. They have also identified two additional
miRNAs (miR-548q and miR-628-5p) which may regulate
HLA-G expression in RCC, demonstrating a direct interac-
tion of these miRNAs with the 3 untranslated region (3
UTR) of HLA-G. Stable overexpression of miR-548q and
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miR-628-5p caused a downregulation of HLA-G mRNA and
protein, leading to an enhanced NK cell-mediated cytotox-
icity. In addition, they found an inverse correlation between
the expression of miR-628-5p andHLA-G protein in primary
RCC lesions and cell lines. The authors concluded that these
miRNAs, which are able to tune HLA-G expression, might
serve as future therapeutic targets [34]. The interactions
between HLA-G and miR-152 (and TGF-𝛽) have been also
analyzed by Guan and colleagues in gastric cancer (GC).
They observed a positive correlation between serum levels
of TGF-𝛽 and HLA-G in GC patients and a direct TGF-𝛽-
mediated induction of HLA-G expression in GC cell lines in
vitro. Furthermore, TGF-𝛽 also inhibitedmiR-152 expression,
and HLA-G was posttranscriptionally regulated by miR-152.
In addition,miR-152 overexpression repressedHLA-Gupreg-
ulation induced by TGF-𝛽. Finally, the authors observed that
miR-152 expression levels were inversely correlated to both
HLA-G and TGF-𝛽 levels in GC patients. They suggested
a potential application of miR-152 as therapeutic target or
potential biomarker for GC patients [35]. Also the study
carried out by Xu et al. has focused on HLA-G expression
in GC. The authors demonstrated that (i) human tolerogenic
dendritic cellsDC-10, which expressHLA-G, are dramatically
increased in the peripheral blood of GC patients as compared
to healthy donors, (ii) the expression of HLA-G on these
cells is significantly higher than in DC-10 cells from healthy
donors, and (iii) concentration of plasma sHLA-G is higher
in GC patients than controls. Finally, they demonstrated
that these three parameters are worse prognostic factors for
GC patients, thus suggesting an immunosuppressive role for
HLA-G and DC-10 cells in GC [36].

A novel interesting study has been published by Wu et
al., who have characterized the antitumor potential of NK
cells genetically modified to downregulate the expression
of LILRB1. They have demonstrated that LILRB1− NK cells
proliferate upon stimulation signals, migrate, and eliminate
HLA-G− targets cells as parental NK cells do. Moreover,
LILRB1− NK cells exhibit higher proliferation, conjugate
formation, degranulation, and killing activities compared to
parent NK cells in the presence of HLA-G+ target cells.
Finally, LILRB1 silencing rescued NK cell antitumor activity
in a xenograft cancer model [37].

The effect of HLA-G expression by tumor cells on tumor
infiltrating lymphocytes (TIL) has been also addressed by
Zhou et al. in pancreatic cancer (PC). They detected HLA-
G overexpression in tumor samples from PC patients, but
not in nontumor tissues. The number of CD3+ TIL was
significantly lower in HLA-G+ than in HLA-G− tumors.
More importantly, the authors demonstrated that HLA-G
expression and low intratumoral CD3+ staining represent
independent prognostic factors pointing to worse OS of
PC patients. These findings suggest that HLA-G expression
impairs host antitumor immune response and predicts a poor
prognosis in PC [38].

König and colleagues have demonstrated for the first
time that HLA-G might also serve as prognostic marker to
predict the clinical outcome of neoadjuvant chemotherapy
(NACT). In fact, they analyzed total sHLA-G and HLA-
G levels in extracellular vesicles (EV) in plasma samples

from breast cancer (BC) patients, before and after NACT.
They found that total and free sHLA-G levels were higher in
treated patients than in healthy controls. More importantly,
high sHLA-G in EV before NACT positively correlated to
disease progression, whereas free sHLA-G levels were directly
correlated to a better clinical outcome, thus demonstrating
that different sHLA-G subcomponents may have different
prognostic impacts on the clinical outcome of NACT treated
BC patients [39]. Zidi et al. have also focused on HLA-G
function in BC patients. They analyzed sHLA-G in plasma
samples obtained from women with BC and correlated
sHLA-G concentration with pregnancy and breastfeeding
history. They reported significant differences in sHLA-G
levels between BC patients with/without breastfeeding expe-
rience. Interestingly, BC patients without previous pregnancy
experience display higher levels of sHLA-G, and patients
without both pregnancy and breastfeeding history showed
a significant enhancement in tumor size compared with
patients who had both experiences. These data suggested
that a previous pregnancy and breastfeeding experience may
protect against advanced BC stages through reduced levels of
sHLA-G [40].

Five novel and interesting studies have addressed the
correlation of different polymorphism of HLA-G gene with
tumor progression. Bielska et al. have investigated the influ-
ence of two HLA-G polymorphisms, HLA-G-725C/G/T and
HLA-G 14-base pair, on the susceptibility to diffuse large
B-cell lymphoma (DLBCL) and on the clinical course of
the disease. They observed that frequencies of HLA-G-
725GG or HLA-G-725GC genotype were lower, and those
of the HLA-G ins/ins genotype were higher in the patients
compared with controls. Moreover, patients carrying the
HLA-G-725CC genotype presented a better OS than subjects
with other HLA-G-725C/G/T polymorphisms. Patients with
homozygous HLA-G del/del had a worse OS than subjects
carrying the HLA-G del/ins or the HLA-G ins/ins genotype.
On the basis of genotype distribution, authors defined two
HLA-G genotype-based risk groups; a high-risk (HR) group
presented a worse OS than low-risk (LR) patients [41].
Wiśniewski et al. have characterized several polymorphisms,
three in HLA-G gene (-964A>G, -725C>G>T, and -716T>G
in the promoter and a 14 bp ins/del in the 3UTR), five
in LILRB1 gene (-5651G>A in intron 14, 5717C>T L622L,
5724G>A E625K, 5774 C>A P641P in exon 15, and 5806C>T
in 3UTR), and 9620 9A/10A polymorphisms in exon 7
of KIR2DL gene in NSCLC patients. They have observed
that only one single nucleotide polymorphism (SNP) in
HLA-G (-964A>G) and one in LILRB1 (5724G>A) posi-
tively correlated with a higher risk of NSCLC. In addition,
5724G>A in LILRB1 gene was associated with protection
from tumor cell infiltration of regional lymph nodes. Finally,
tumor tissue samples tested positive for HLA-G and LILRB1
protein expression, and those expression levels significantly
correlated with tumor stage [42].

Zambra et al. have evaluated the impact of eight poly-
morphisms in the 3UTR region on susceptibility to the
development of prostate cancer (PCa). They identified the
UTR-4 haplotype as a risk factor to PCa. Furthermore,
the “non-14 bp Ins +3142G +3187A” haplotype, the +3003CT
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genotype, and the +3003C allele are also related to a higher
susceptibility to PCa. They conclude that HLA-G 3UTR
polymorphism has a great influence on PCa susceptibility
[43].

Khorrami and colleagues investigated whether HLA-G
polymorphisms might serve as a potential risk factor for
clinical outcomes in gastric adenocarcinoma (GAC). They
found that G∗01:01:03:01 and G∗01:01:08 allele distributions
are significantly higher in healthy controls than in GAC
patients and seem to have protective effect. Moreover, the
G∗01:01:03:01/G∗01:04:01 andG∗01:01:02:01/G∗01:01:08 geno-
types frequencies are higher in healthy controls than in
patients. They conclude that HLA-G gene polymorphisms
could affect GAC induction and its outcome [83].

In this line, Rizzo and coauthors showed the prognos-
tic value of the 14-base pair deletion (del) polymorphism
(rs66554220) in the 3 untranslated region of HLA-G, with
del/del patients showing reduced overall survival of patients
with chronic lymphocytic leukemia, as compared to those
with other genotypes [45].

In summary, novel findings in the last two years con-
firmed that the expression of HLA-G is generally detected
in tumors but not in normal tissues, and such expression
positively correlated with tumor progression, metastasis,
invasiveness, and worse prognosis of patients. The role of
HLA-G (through the interaction with LILRB1) in the control
of antitumor immune response has also been confirmed both
in cancer patients and in murine models of human tumors.
Finally, several polymorphisms of HLA-G and LILRB1 genes
have been characterized in the last two years, with positive
or negative correlation with tumor stage and susceptibility
of patients to develop tumors of patients’ survival, thus
confirming the important role of HLA-G in tumorigenesis
and tumor progression.

3. HLA-G and Pregnancy

The important role of HLA-G in human pregnancy has
been fully characterized in the last years. Different HLA-G
isoforms are expressed by trophoblast cells at maternal-fetal
interface. HLA-G expressed and released by trophoblast cells
can interact with cellular receptors expressed by immune
(T cells, NK cells, macrophages, and dendritic cells) and
nonimmune (endothelial cells) cells present in the decidua,
triggering either inhibitory or activating signals. Such inter-
actions allow us to (i) limit maternal immune response
against semiallogeneic fetal tissues by impairment of decidual
NK cell cytotoxicity, T and B cell proliferation, and induc-
tion of apoptosis of activated CD8+ T cells, (ii) stimulate
placental development through secretion of proangiogenic
factors by decidual (d) NK cells and macrophages, and
(iii) provide a protective effect for pregnancy outcome by
stimulating IL-4 secretion by CD4+ T cells [84]. In this
view, some novel interesting data have been obtained by
Tilburgs and coworkers, who have isolated and characterized
invading HLA-G+ extravillous trophoblasts (EVT) cells and
HLA-G− villous trophoblasts (VT). Using microarray and
functional gene set enrichment analysis, they revealed a
striking immune-activating potential for EVT, which was

absent in VT. Moreover, they performed cocultures of HLA-
G+ EVT cells with matched decidual immune cells, and
they found that EVT induced differentiation of CD4+ T
cells in CD4+CD25hiFOXP3+CD45RA+ regulatory T cells
(Treg) and increased the expression of FOXP3 in these cells.
Moreover, EVT did not enhance cytokine secretion in dNK
(whereas stimulation of dNK with other stimuli confirmed
the distinct cytokine secretion profiles of dNK compared to
peripheral bloodNK cells) [13].The interaction between dNK
and EVT at the maternal-fetal interface was further charac-
terized in a second study, where the authors demonstrated
that dNK interacts with filamentous projections from EVT
enriched in HLA-G, which may represent the initial stage
of synapse formation. Moreover, dNK in this area expressed
HLA-G on the surface or in the cytoplasm. Activation of dNK
downregulated HLA-G expression and restored cytotoxicity,
whereas HLA-G expression was reacquired by incubation
with EVT. These data suggested that HLA-G undergoes a
cycle of trogocytosis, endocytosis, degradation, and finally
reacquisition on dNK, upon interaction with EVT. However,
dNK can be activated by cytokines and/or viral products to
acquire the ability to control virus infection at the interface
(i.e., in the presence of human cytomegalo virus-infected
decidual stromal cells) [46]. Collectively, all these data con-
firmed that HLA-G+ EVT cells have unique properties in
maternal-fetal tolerance establishment.

Immune cells in the decidual compartment have been
further characterized by Djurisic et al., who have analyzed
sHLA-G and cells from placental bed and peripheral blood
in first trimester. They found an increased number of T
cells with low CD4 or CD8 expression in the placental
bed. Soluble HLA-G was increased in “uterine blood” as
compared to peripheral blood. Moreover, KIR2DL4 and
LILRB1 expression was upregulated on uterine NK cells.
Finally, a correlation was found between uterine sHLA-G
and the fraction of KIR2DL4+ uterine NK cells. The authors
hypothesize that the phenotype of uterine NK cells may be
influenced by HLA-G on trophoblast cells and by sHLA-G in
the uterus [47].

Ferreira and coworkers have performed an interesting
study to analyze the genetic regulation of HLA-G expression
in the placenta. They found a novel cis-regulatory enhancer
element 12 kb upstream of HLA-G gene (Enhancer L). More
importantly, deletion of this enhancer ablatedHLA-G expres-
sion in JEG3 cells and in primary human trophoblast cells iso-
lated from placenta. They demonstrated that this enhancer is
cell-type specific and containsmotifs for transcription factors
of CEBP and GATA (which are essential for placentation),
thus suggesting that these factors may also control HLA-G
expression on trophoblast [48].

In the last two years, some studies have addressed
interesting novel aspects of the role of HLA-G in pregnancy
(Table 2). Klitkou et al. have performed the first large study
simultaneously measuring sHLA-G in both maternal and
umbilical cord blood to test whether there is a correlation
between sHLA-G levels in maternal and fetal blood. There-
fore, they havemeasured the levels of sHLA-G1/-G5 inmater-
nal blood and paired umbilical cord blood samples from
gestational week 20 (GW20) and at term. Soluble HLA-G
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Table 2: Novel findings on HLA-G and pregnancy.

Observation Correlation with outcome
of pregnancy Author

HLA-G+ EVT but not HLA-G− VT have immune activating
potential and induce Tregs — Tilburgs et al. [13]

dNK acquired HLA-G through interaction with EVT and can be
reactivated by cytokine stimulation — Tilburgs et al. [46]

High HLA-G levels in placental bed correlated with high
expression of KIR2DL4 and LILRB1 on dNK cells — Djurisic et al. [47]

Enhancer L on HLA-G gene is controlled by CEBP and GATA
that are also essential for placentation — Ferreira et al. [48]

sHLA-G is higher in maternal blood at GW20 than at term and
higher in maternal blood than in umbilical blood — Klitkou et al. [49]

Higher 14 bp alleles in fetus are related to higher sHLA-G in
maternal blood at term — Dahl et al. [50]

sHLA-G in seminal plasma is related to 14 bp ins/del genotype
and can predict the success of ART

Positive correlation with
the success of ART Dahl et al. [51]

Higher frequency of 14 bp ins alleles in HLA-G gene is related to
the outcome of pregnancy

Positive correlation with
RIF Lashley et al. [52]

Higher sHLA-G and frequency of KIR2DL4+ NK cells in
uterine flushing samples from secondary infertile women than
in primary infertile woman

Negative correlation with
infertility Rizzo et al. [53]

SNP in 3 UTR of HLA-G gene is related to outcome of
pregnancy

Positive correlation with
high risk of preeclampsia Quach et al. [54]

SNP in 5 URR of HLA-G gene is related to outcome of
pregnancy

Positive correlation with
RSA Agrawal et al. [55]

Lower sHLA-G and PAPP-A in women with GDM at third
trimester — Beneventi et al. [56]

Higher sHLA-G in women with preexisting rheumatic disease at
third trimester

Positive correlation with
the success of pregnancy Beneventi et al. [57]

levels were significantly lower in maternal blood at term than
inGW20. At term, sHLA-G levels were significantly higher in
maternal blood than in umbilical blood. They conclude that
sHLA-G is not freely transferred over the placental barrier.
Finally, they found a correlation between HLA-G levels in
maternal blood in GW20 and at term and between HLA-G
levels in maternal blood and umbilical cord blood at term.
This might be due to shared genetic factors which affect
sHLA-G production in mother and child, or it may support
the theory that sHLA-G in the pregnant woman and the fetus
is partly derived from the placenta, which is a shared organ
between mother and child [49]. In this line, Dahl et al. have
correlated HLA-G polymorphisms in the 3UTR to sHLA-G
levels in maternal blood plasma samples from GW20 and at
term, as well as in fetal umbilical cord blood samples. They
have observed that higher numbers of 14 bp ins alleles in the
fetus were associated with higher maternal sHLA-G levels at
term (restricting the analysis to 14 bp ins/del heterozygous
mothers). Furthermore, they found that increasing numbers
of fetal 14InsG alleles are related to significantly increased
levels of sHLA-G in maternal blood plasma samples at
term in heterozygous 14DelC/14InsGmothers.They conclude
that combined fetomaternal HLA-G genotypes are related to
sHLA-G levels in maternal blood plasma [50].

It has been previously demonstrated that human sem-
inal plasma contains HLA-G [85]. In a novel study,

Dahl et al. found that sHLA-G levels in seminal plasma
samples correlated with HLA-G 14 bp ins/del genotype of
the men, with the del/del genotype showing the highest
level and the ins/ins genotype showing the lowest level of
sHLA-G. Higher seminal plasma levels of sHLA-G were
found in couples where the female partner became pregnant
after assisted reproduction treatments (ART), compared with
couples where no pregnancy was achieved, thus suggesting a
possible role of seminal sHLA-G as an immunomodulatory
factor in the female reproductive tract before and at the time
of conception [51]. The role of HLA-G in the success of in
vitro fertilization (IVF) has been also addressed by Lashley et
al., who have performed genotyping of womenwith recurrent
implantation failure (RIF) and their partners for HLA class I,
HLA class II, HLA-G, andKIR alleles. Results were compared
with those obtained from couples with successful embryo
implantation after their first IVF and normal fertile couples.
They found a higher frequency ofHLA-C2 and 14 bp insertion
in HLA-G in women with RIF than in controls, and they
conclude that these two genetic features represent a risk
factor which may affect the success of IVF [52]. In this view,
Rizzo and coworkers have demonstrated that sHLA-G levels
in uterine flushing samples were lower in primary infertile
women than inwomenwith secondary infertility. In addition,
a lower number of endometrial CD56+KIR2DL4+ NK cells
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were found in primary infertile than in secondary infertile
women [53].

Two additional studies addressed the impact of HLA-
G polymorphisms on the outcome of pregnancy. Quach
and colleagues have addressed the correlation between SNP
in the 3UTR of the HLA-G gene and an increased risk
of preeclampsia. They found that preeclamptic cases were
associated with a G/G-genotype at SNP +3187. In addition,
one SNP combination (+3027C/C and +3187G/G) was signif-
icantly more prevalent in preeclampsia cases. They hypoth-
esized that HLA-G 3UTR SNP-pair associations, and not
individual SNPs, could be useful to predict susceptibility to
preeclampsia [54]. In contrast, Agrawal et al. have addressed
the correlation between SNP in the HLA-G 5-upstream
regulatory region (URR) and recurrent spontaneous abortion
(RSA). They genotyped women with idiopathic RSA (and
their partners) and control couples, and they found an
increased risk for idiopathic RSA in women with mutant
genotypes of -1179G>A, -725C>G/T, and -86A>C SNP. They
observed a 3.5-fold increased risk for -1179G>A and 4.3-fold
increased risk for -725C>G/T SNP among carriers of mutant
parental genotypes in couples who have experienced idio-
pathic RSA. Finally, they demonstrated a downregulation of
HLA-G expression in cases of idiopathic RSA with -1179G>A
and -725C>G/T SNPs. They conclude that these SNP may
affect pregnancy outcome through HLA-G downregulation
[55].

Two interesting studies have been carried out by Ben-
eventi and coworkers on gestational diseases. First, they
analyzed plasma levels of pregnancy-associated plasma pro-
tein A (PAPP-A) and sHLA-G in women with gestational
diabetesmellitus (GDM).They found that womenwithGDM
had significantly lower first-trimester PAPP-A and sHLA-
G concentrations than controls. In addition, sHLA-G levels
increased during gestation in diabetic women, showing an
opposite trend with respect to the controls. They conclude
that PAPP-A and sHLA-G represent independent markers
of GDM, and their variations may help to early unravel the
onset of GDM [56]. In the second study, they analyzed sHLA-
G levels in plasma and cord blood samples from pregnant
women with preexisting rheumatic diseases and unaffected
pregnant women. They found that third-trimester blood
maternal sHLA-G concentrations were significantly higher in
subjects with rheumatic diseases than in controls. Moreover,
cord blood sHLA-G concentrations were significantly higher
in rheumatic disease than in newborns from controlmothers.
In addition, they found a positive correlation between mater-
nal and fetal (i) titers of ANA autoantibodies and (ii) sHLA-
G circulating levels. These data suggested that autoimmune
diseases prompt amaternal and fetal immune responsewhich
favors pregnancy immune tolerance through upregulation of
sHLA-G in maternal and cord blood [57].

Collectively, these novel studies confirmed the important
role of HLA-G expression on EVT in the remodeling of
human deciduas and in the modulation of decidual NK
cell functions. Moreover, recent observations suggested that
maternal and fetal genotype can affect sHLA-G levels in
maternal blood and consequently the success of pregnancy.
Finally, a positive correlation between polymorphisms of

HLA-G gene and infertility, preeclampsia, and abortion has
been further confirmed.

4. HLA-G in Autoimmune/Inflammatory
Diseases

Several studies in the last years have demonstrated that
HLA-G plays an important role in the control of autoim-
mune/inflammatory diseases, such as multiple sclerosis (MS)
[86], Crohn’s disease (CD) [87], psoriasis [88], pemphigus
[89], celiac disease [90], systemic lupus erythematosus (SLE)
[91], asthma [92], juvenile idiopathic arthritis [93], and
rheumatoid arthritis (RA) [94].

Novel data have been obtained by Catamo and cowork-
ers, who have observed that five polymorphisms (namely,
-477 C>G, -369 C>A, 14 bp del/ins, 3187 A>G, and 3196
C>G) and one haplotype (TCGGTACGAAITCCCGAG) of
HLA-G gene were significantly more frequent in celiac
patients than in healthy controls and were correlated with
an increased susceptibility to the disease. Moreover, they
found 5 additional polymorphisms of HLA-G gene (14 bp
I/I, 3187 G/G, 3196 G/G, and 3003 C/C genotypes and
TCGGTACGAAITCCCGAG haplotype) which were associ-
ated with increased disease susceptibility only considering
patients and controls presenting the DQ2.5 or DQ8 HLA-
DQ celiac disease risk haplotypes. These data confirmed that
HLA-G gene polymorphisms correlated to susceptibility to
celiac disease development, suggesting that HLA-Gmolecule
is involved in disease pathogenesis [58]. In another study, the
authors observed that 10 5URR and 3 3UTRpolymorphisms
in HLA-G gene and two haplotypes were associated with a
higher risk for RA development, while one polymorphism
in the 5URR correlated with disease activity. These data
suggested a possible association between HLA-G gene poly-
morphisms and susceptibility to develop RA disease and its
severity [59]. Interestingly, Mariaselvam et al. have observed
that the frequency of +3187A>G HLA-G polymorphism was
higher in rheumatoid factor (RF)+ than in RF− patients, thus
suggesting that this polymorphismmight influence RF status
[60].

In this regard, Veit and coworkers have observed that
homozygosity for the +3142G allele was associated with an
increased risk of RA in Brazil, and the presence of this
allele in homozygosis could be responsible for a low HLA-G
expression profile which favors the development of RA [61].
Moreover, they have also observed that sHLA-G is increased
in RA patients with long-lasting chronic inflammation, and
the percentage of patients showing specific binding of sHLA-
G to LILRB1 was significantly decreased as compared to
controls. Interestingly, RF− patients were significantly over-
represented in the group of patients positive for LILRB1
binding. Furthermore, methotrexate treated patients had
lower LILRB1 binding to sHLA-Gmolecules than nontreated
patients. These results suggested that although increased
levels of sHLA-G are observed, these molecules are not func-
tional against inflammation, due to a low binding capacity
to the receptor, thus highlighting the importance to also
measure the binding capability of sHLA-G to LILRB1 [62].
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Zhang et al. have observed a correlation between HLA-G
14 bp ins/del polymorphism and SLE susceptibility in Asian
and Caucasian subjects [63]. In this line, Favoino et al. have
analyzed serum sHLA-G and the HLA-G gene 14 bp ins/del
polymorphism in patients with systemic sclerosis (SSc).They
subdivided patients on the basis of sHLA-G levels in HLA-
G high and low profile groups, and they detected a higher
disease severity in HLA-G low than in HLA-G high group.
Moreover, they detected a higher frequency of scleroderma
in patients with HLA-G 14 bp del/del. These data suggested
a modulatory effect of sHLA-G on SSc [64]. Similarly, Zidi
and coworkers have observed a correlation between the 14
bp del/ins polymorphism and CD susceptibility in young-
onset (but not in adult-onset) CD patients, concerning the
genotype ins/ins. Moreover, they observed higher sHLA-G
levels in CD patients than in controls, and they found that
patients with 14 bp del/del and 14 bp del/ins genotypes are
the high HLA-G producers. Dimers of sHLA-G were found
in advanced disease stage, thus suggesting a role for sHLA-G
as a prognostic marker for progressive disease in CD patients
[65]. Dimers of sHLA-G have been also analyzed by Fainardi
et al. in MS. They demonstrated that HLA-G dimers in
cerebrospinal fluid weremore frequent inMS patients than in
controls and in magnetic resonance imaging (MRI) inactive
than in MRI active MS patients, thus suggesting that HLA-
G dimers may be implicated in termination of inflammatory
response in MS [66]. Moreover, Mohammadi et al. have
observed that 14 bp insertion in HLA-G could result in lower
plasmaHLA-G levels in patients, and they found a significant
correlation of HLA-G genotype and its plasma levels withMS
susceptibility, thus suggesting a role forHLA-Gas a risk factor
for MS [67].

de Albuquerque and coworkers have analyzed different
polymorphism of 3UTR of HLA-G gene in type 1 dia-
betes mellitus (T1D) patients. +3001 T allele was observed
only in T1D patients, whereas the +3010 CC genotype and
the UTR-3 haplotype (14 bp del/+3001C/+3003T/+3010C/
+3027C/+3035C/+3142G/+3187A/+3196C), associated with
low and moderate soluble HLA-G expression, respectively,
were underrepresented in patients. They concluded that
a decreased expression of HLA-G in pancreas should be
detrimental in individuals genetically prone to produce less
HLA-G [68].

Two interesting studies have evaluated the correlation
between HLA-G and response to treatment.

Borghi et al. have analyzed the correlation between HLA-
G 14-bp ins/del polymorphism and the response of psoriatic
patients to systemic therapy (acitretin, cyclosporine, or anti-
TNF-𝛼). They found an increased frequency of HLA-G
del allele and del/del genotype in responders only among
patients treated with acitretin, and they proposed this HLA-
G polymorphism as a potential marker of response to
acitretin in psoriatic patients [69]. In contrast, Naidoo et al.
have analyzed the relationship between HLA-G and statins
treatment in patients with asthma. They demonstrated that
statins upregulate mir-148b and -152, and these miRNAs
can affect HLA-G expression. The binding of miRNAs to
HLA-G is modulated by a SNP in the HLA-G 3UTR that
is associated with asthma risk (rs1063320). Finally, they

observed that individuals with G allele of rs1063320 had
reduced asthma-related exacerbations, thus suggesting that
rs1063320 modifies the effect of statin benefit in asthma by
modulating HLA-G expression through mir-148b and -152
[70].

We can conclude that in the last two years the abil-
ity of HLA-G to limit the progression of autoimmune/
inflammatory diseases has been confirmed. In fact, sHLA-G
levels and several HLA-G polymorphisms have been associ-
ated with higher susceptibility to disease or higher severity
of the disease. Finally, HLA-G has been proposed also as
predictive marker of response to treatment (Table 3).

5. HLA-G in Infectious Diseases

In the last years, the role of HLA-G in the progression
of different infectious diseases has been fully described,
for both microbial and viral infections [95]. Recent stud-
ies have addressed novel aspects of the role of HLA-G
in bacterial infections. Han et al. have demonstrated that
Toxoplasma gondii infection can upregulate sHLA-G release
by trophoblast cells in vitro. Upon coculture with infected
trophoblast cells, dNK cells undergo apoptosis through
upregulation of caspase 3 and caspase 8. They demonstrated
that apoptosis is induced by sHLA-G, since the expression
of caspases is downregulated in the presence of HLA-G
neutralizing antibody. The authors hypothesize that dNK
cells apoptosis may contribute to the abnormal pregnancy
outcomes with T. gondii infection [71].

Sadissou and coworkers firstly analyzed the possible
association between sHLA-G and malaria or malaria related
risk factors in pregnant women. They observed strong corre-
lations between thematernal and cord plasma concentrations
of sHLA-G. Moreover, high cord plasma levels of sHLA-
G were independently associated with low birth weight
and increased risk of P. falciparum infection in infancy.
These results suggested a possible involvement of sHLA-G in
generating immune tolerance during pregnancy-associated
malaria.They concluded that sHLA-Gmay represent a useful
marker of susceptibility to malaria in infants [72].

Bortolotti and coworkers carried out an interesting
study on Pseudomonas aeruginosa, demonstrating that N-(3-
oxododecanoyl)-l-homoserine lactone (3O-C12-HSL) pro-
duced by this bacteria is able to induce HLA-G expression
in human monocytes and T cells, through p38/CREB and
IL-10 induction. These data suggested that HLA-G may be a
mechanism to create a protected niche for bacterial reservoir,
similar to the role ofHLA-Gmolecules during viral infections
[73]. In this line, Rizzo et al. have demonstrated that sHLA-
G plasmatic levels are normalized by antibiotic therapy in
patients with cystic fibrosis and Pseudomonas aeruginosa
infection, thus suggesting a systemic anti-inflammatory role.
However, in the airway system, higher expression of HLA-G
is associated with P. aeruginosa infection. Moreover, CF cell
line and murine model expressed higher HLA-G molecules
in the presence of P. aeruginosa, thus suggesting a role of
HLA-G in reducing systemic inflammation, thus supporting
P. aeruginosa infection [74].
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Table 3: Novel findings on HLA-G in autoimmune/inflammatory disease.

Type of disease Observation Correlation with clinical
outcome Author

CD Several polymorphisms and one haplotype of HLA-G gene
are more frequent in patients than in controls

Positive correlation with
susceptibility Catamo et al. [58]

RA Several polymorphisms and two haplotypes of HLA-G gene
are more frequent in patients than in controls

Positive correlation with
susceptibility Catamo et al. [59]

RA Two polymorphisms of HLA-G gene are more frequent in
RF+ than in RF− patients

Positive correlation with
disease severity Mariaselvam et al. [60]

RA Homozygosis of 3142G allele is related to lower sHLA-G levels Positive correlation with
high risk of disease Veit et al. [61]

RA Higher sHLA-G levels in patients with chronic disease and
higher LILRB1 binding in RF− patients

Negative correlation with
disease severity Veit et al. [62]

SLE HLA-G 14 bp ins/del polymorphisms are associated with
susceptibility

Positive correlation with
susceptibility Zhang et al. [63]

SSc Lower levels of sHLA-G in patients than in controls Negative correlation with
disease severity Favoino et al. [64]

CD Higher levels of sHLA-G in patients than in controls Positive correlation with
susceptibility Zidi et al. [65]

MS Higher sHLA-G dimers in MS than in controls and in MRI−
than in MRI+

Positive correlation with
termination of

inflammatory response
Fainardi et al. [66]

MS 14 bp ins in HLA-G gene is related to lower sHLA-G levels Positive correlation with
high risk of disease Mohammadi et al. [67]

T1D Lower sHLA-G levels in pancreas are detrimental Negative correlation with
disease severity

de Albuquerque et al.
[68]

Psoriasis 14 bp del/del genotype of HLA-G gene is more frequent in
patients responding to therapy

Positive correlation with
response to treatment Borghi et al. [69]

Asthma SNPs in 3 UTR of HLA-G gene modulate the binding of
mIRNAs

Positive correlation with
high risk of disease Naidoo et al. [70]

Oliveira Souza and coworkers have detected HLA-G
expression in gastric tissue samples from patients harbouring
H. pylori. Moreover, HLA-G expression was correlated with
milder colonization by H. pylori, milder inflammatory activ-
ity, and location of bacteria in the gastric antrum. This pilot
study explored for the first time HLA-G expression in the
context ofH. pylori infection, but the role of HLA-G remains
to be defined [75].

Two important studies on viral infections have been
carried out. Khorrami et al. have analyzed HLA-G in patients
with Hepatitis C virus (HCV) treated with combined therapy
(IFN-𝛼2𝛼 and ribavirin), to evaluate possible difference
between responder and nonresponder groups. They demon-
strated that HLA-G and IL-10 levels in nonresponder group
were higher than in responder and controls. Additionally,
HLA-G and IL-10 were higher in patients at the beginning
of treatment than in healthy individuals. These findings
suggested that increase of HLA-G and IL-10 in HCV infected
patients might affect the response to combined therapy in
HCV patients [44]. Laaribi and coworkers have analyzed
HLA-G 14 bp ins/del polymorphism at the 3 UTR of HLA-
G in patients with chronic Hepatitis B virus (HBV) infection,
and they found an association between the 14 bp ins/del poly-
morphism and an enhanced HBV activity, with high HBV
DNA levels. In particular, ins/ins genotype was associated
with a 2.5-fold increased risk of susceptibility to high HBV

replication compared with the del/del and ins/del genotypes.
These results suggest a role for HLA-G polymorphisms as
potential prognostic value for disease outcome evaluation
[76].

In summary, these novel studies confirmed that upreg-
ulation of HLA-G expression and/or release is an immune
escape mechanism performed by virus and bacteria during
infection to avoid the recognition by immune effector cells
and to reduce the inflammatory response. Also in this case,
a predictive role of the success of therapy has been suggested
for HLA-G (Table 4).

6. HLA-G in Transplantation

The important role of HLA-G as a tolerogenic molecule
during allograft transplantation has been extensively char-
acterized. HLA-G expression has been related to a better
acceptance of the allograft, through its ability in shaping an
allogeneic immune response into tolerance [96].

Misra et al. have evaluated the impact of HLA-G allele
associated with UTR-haplotype in end stage renal disease
(ESRD) and acute allograft rejection (AR) cases. The authors
observed an increased risk for G∗01:01:01:03, G∗01:01:02,
G∗01:06, and G∗01:05:N haplotypes, while G∗01:01:01:01 and
G∗01:04:01 haplotypes showed a protective effect in ESRD
and AR cases. Moreover, they found (i) higher levels of
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Table 4: Novel findings on HLA-G and infectious diseases.

Type of disease Observation Correlation with clinical
outcome Author

Toxoplasmosis Toxoplasma increased the release of sHLA-G by trophoblast
inducing apoptosis of dNK cells

Positive correlation with
abnormal pregnancy Han et al. [71]

Malaria Higher sHLA-G levels in cord blood are related to low weight
at birth and clinical outcome

Positive correlation with high
risk of infection in infancy Sadissou et al. [72]

Pseudomonas
aeruginosa

P. aeruginosa induced HLA-G expression in monocytes and
T cells protecting from immune response — Bortolotti et al. [73]

Pseudomonas
aeruginosa

sHLA-G levels are decreased during antibiotic therapy in
patients with cystic fibrosis

Negative correlation with
inflammation Rizzo et al. [74]

Helicobacter
pylori

HLA-G expression correlated with milder colonization and
milder inflammation

Negative correlation with
inflammation

Oliveira Souza et al.
[75]

HCV Higher levels of sHLA-G and IL-10 in patients
nonresponding to therapy with IFN

Negative correlation with
response to therapy Khorrami et al. [44]

HBV Patients with 14 bp ins/ins genotype have higher levels of
HBV activity and HBV DNA copies

Positive correlation with worse
clinical outcome Laaribi et al. [76]

Table 5: Novel findings on HLA-G and transplantation.

Type of transplant Observation Correlation with clinical
outcome Author

Kidney Higher HLA-G5/G6 levels in ESRD and lower levels of
HLA-G5 in acute rejection

Negative correlation of
HLA-G5 with rejection Misra et al. [77]

Lung Higher levels of sHLA-G in bronchoalveolar lavage from
patients with acute rejection

Positive correlation with high
risk of rejection White et al. [78]

Lung Expression of HLA-G in lung protected from CLAD and
associated with graft acceptance

Positive correlation with graft
acceptance Brugière et al. [79]

Lung Two haplotypes of HLA-G gene are associated with lower
levels of sHLA-G

Positive correlation with
worse long term survival

Di Cristofaro et al.
[80]

Murine model CD4+HLA-G+ regulatory T cells produce IL-10, sHLA-G,
and IL-35 and ameliorated GvHD — Pankratz et al. [81]

soluble HLA-G5 and -G6 among ESRD cases and (ii) reduced
levels of soluble HLA-G5 and increased levels of membrane-
bound HLA-G1 and -G3 in AR cases. Decreased HLA-G
expression was observed for G∗01:01:01:03 and G∗01:05:N
haplotypes in ESRD and AR cases. These results suggested
that the variation of membrane-bound and soluble HLA-G
isoforms correlated to the risk for ESRD and AR. Moreover,
UTR-haplotypes are involved in different HLA-G expression
patterns [77].

Three recent studies have analyzed the role of HLA-G in
patients who undergo lung transplantation.

White and coworkers have demonstrated that lung solu-
ble HLA-G concentrations were directly related to the pres-
ence of type A rejection but not to lymphocytic bronchiolitis
(the principal complication of lung transplantation). They
found that sHLA-G concentrations in bronchoalveolar lavage
but not in serum positively correlated with the number of
acute rejection episodes in the first 12 months after lung
transplantation and thus may represent a novel marker of
rejection risk [78]. Similarly, Brugière et al. have observed that
lung HLA-G expression had a protective effect on chronic
lung allograft dysfunction (CLAD), thus suggesting that early
expression of HLA-G in the graft was positively correlated
with graft acceptance in the long term [79]. An interesting

study carried out by Di Cristofaro and coworkers observed
that the presence of HLA-G∗01:06 UTR2 haplotype was
associated with a worse evolution of cystic fibrosis, but not of
long-term posttransplant survival. In contrast, HLA-G∗01:04
UTR3 haplotype was associated with lower levels of sHLA-
G at day 0 and after three months, impaired long-term
survival, increased CLAD occurrence, and the production of
de novo donor-specific antibodies after three months. This
study firstly observed that different HLA-G haplotypes can
deeply affect clinical outcome of lung transplantation [80].

In the view of the treatment of transplant rejection,
an interesting study comes from Pankratz and cowork-
ers. They compared the features of two subsets of regula-
tory cells, CD4+HLA-G+ cells and CD4+CD25+FoxP3+cells.
They found that both cell populations display alterations
in proximal-signaling pathways upon TCR stimulation and
a hyperpolarization of the plasma membrane when com-
pared to conventional CD4+T cells. CD4+HLA-G+ cells
secreted high levels of IL-10, sHLA-G, and IL-35, while
CD4+CD25+FoxP3+ cells expressed lower levels of these
molecules and exerted their function in a contact-dependent
manner via cAMP.More importantly, they demonstrated that
CD4+HLA-G+ cells ameliorated graft-versus-host disease
in a humanized mouse model, thus suggesting that these
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cells can modulate polyclonal adaptive immune responses in
vivo, representing a promising candidate for future clinical
applications not only in transplanted patients but also for the
treatment of autoimmune/inflammatory diseases [81].

In conclusion, these novel findings confirmed in general
the important role of HLA-G in the acceptance of allograft
and in the prevention of transplant rejection. Moreover,
recent studies suggested a possible clinical application of
CD4+HLA-G+ regulatory T cells in the prevention of GvHD
(Table 5).

7. Conclusions

More than 280 papers on HLA-G have been published in
the last two years confirming the important role of HLA-G
in modulating the function of the immune system. More-
over, novel studies have highlighted the function of HLA-G
gene (and corresponding molecule) as prognostic factor for
patients’ clinical outcome in different pathological settings.
Finally, some authors have unraveled a role for HLA-G as
a predictor of the response to treatments in patients with
tumors or infections.The future goal of the scientific commu-
nity will be to determine and standardize the clinical applica-
tions of HLA-G analysis, in order to introduce this molecule
in the routine tests which might help disease diagnosis and
patients’ follow-up.
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The role of nonclassical HLA-class Ib molecules HLA-G and HLA-E in the progression of Neuroblastoma (NB), the most common
pediatric extracranial solid tumor, has been characterized in the last years. Since BM infiltration byNB cells is an adverse prognostic
factor, we have here analyzed for the first time the concentration of soluble (s)HLA-G and HLA-E in bone marrow (BM) plasma
samples from NB patients at diagnosis and healthy donors. sHLA-G and sHLA-E are present in BM plasma samples, and their
levels were similar between NB patients and controls, thus suggesting that these molecules are physiologically released by resident
or stromal BM cell populations.This hypothesis was supported by the finding that sHLA-G and sHLA-E levels did not correlate with
BM infiltration and other adverse prognostic factors (MYCN amplification and age at diagnosis). In contrast, BM plasma levels of
bothmoleculeswere higher in patientswithmetastatic disease than in patientswith localizedNB, thus suggesting that concentration
of these molecules might be correlated with disease progression. The prognostic role of sHLA-G and sHLA-E concentration in the
BM plasma for NB patients will be evaluated in future studies, by analyzing the clinical outcome of the same NB patients at follow-
up.

1. Introduction

Neuroblastoma (NB) is the most common extracranial solid
tumor in children, with an incidence of 1 case per 100.000
children per year, and causes 15%of cancer deaths in pediatric
age. NB originates from the sympathetic nervous system,
most frequently in the adrenal medulla or the paraspinal
ganglia. The causes are unknown, although 1-2% of NB may
have a hereditary basis. Different genetic alterations have
been characterized in NB, that is, gain-of-function of ALK
gene, losses of 11q and 1p, gain of 17q, and amplification of
the MYCN gene. NB is heterogeneous, as it may undergo
spontaneous remission or evolve to progressive metastatic
disease, with dissemination to lymph nodes, bone, bone
marrow, liver, skin, and other organs [1]. In particular,
BM infiltration is an indicator of poor outcome for NB
patients [2]. The International Neuroblastoma Risk Group
staging system takes into account genetic alterations, DNA

ploidy, histological features, and clinical data, as criteria for
defining the risk classes. The prognosis of low/intermediate
risk NB patients is favorable, and tumors can be cured by
surgery alone or minimal chemotherapy. In contrast, high-
risk NB patients’ prognosis is poor, in spite of aggressive
treatment based on surgery, chemotherapy, radiation therapy,
hematopoietic stem cell transplantation, and adjuvant ther-
apy with retinoic acid. In fact, survival rates of these patients
at 5 years are less than 50% [3].

In the last years, the role of HLA-class Ib molecules in the
progression of NB has been characterized by our group [4–
7] and by others [8]. HLA-Ib family includes HLA-G, HLA-
E, HLA-F, and HLA-H. In contrast with high polymorphic
HLA-Ia molecules (HLA-A, HLA-B, and HLA-C) all these
molecules display a limited polymorphism, with few alleles
encoding a limited number of functional proteins. Moreover,
although HLA-class Ib molecules can bind small peptides
and present them to specific CD8+ T cell subsets (similarly
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Table 1: Neuroblastoma patients’ characteristics. First row indicates all the variables analyzed in NB patients, second row indicates the
subgroups for each variable, and third row indicates the number of subjects in each group.

Age at diagnosis
(months) Sex MYCN BM infiltration Stage

<18 >18 M F s.c. Ampl. Neg. 1+ 2+ 3+ 1 2 3 4 4s
19 12 12 19 22 9 19 5 4 3 6 1 10 12 2
s.c.: single copy; Ampl.: amplified; Neg.: negative.

to HLA-class Ia counterparts), their main function is the
modulation of the immune response in both physiological
and pathological conditions [9]. HLA-G and HLA-E are the
best characterized among HLA-Ib molecules. HLA-G has
seven different isoforms, four membrane bound (namely,
HLA-G1, HLA-G2, HLA-G3, andHLA-G4) and three soluble
(namely, HLA-G5, HLA-G6, and HLA-G7), that are gener-
ated by alternative splicing from the same primary transcript.
HLA-G can interact with at least four receptors, namely,
immunoglobulin-like transcript (ILT)2, ILT4, KIR2DL4, and
CD160, thus affecting the function of different immune
effector cells (T and B lymphocytes, natural killer NK cells,
dendritic cells, granulocytes, and monocytes) [10]. In con-
trast, HLA-E can be expressed asmembrane bound or soluble
isoform (generated through metalloproteases cleavage) and
can inhibit CD8+ T cells or NK cells though interaction with
CD94/NKG2A heterodimeric receptor. However, HLA-E can
also interact with the activating receptor CD94/NKG2C, thus
leading to NK cell activation. These interactions are crucial
during trophoblast implantation to abrogate NK cell lysis of
semiallogeneic fetal tissue and, on the other hand, to activate
NK cell functions in the process of tissue remodeling [11].

We have previously demonstrated that soluble (s)HLA-G
concentration is higher in plasma samples from NB patients
than in controls, and sHLA-G can be released by NB cells
themselves, or by monocytes (stimulated by soluble factors
secreted by tumor cells). Moreover, high sHLA-G plasma
levels correlatedwithNBpatients’ relapse [4]. Finally, we have
assessed thatHLA-G is expressed bymetastaticNB cells in the
bone marrow from NB patients [6].

Also soluble HLA-E levels are higher in NB patients than
in healthy controls. However, we have demonstrated that high
plasma levels of sHLA-E at diagnosis correlated with a better
overall survival (OS) of NB patients at follow-up, in contrast
with sHLA-G [5].

Here, we demonstrated for the first time that sHLA-G and
sHLA-E are present also in BM plasma samples derived from
either NB patients at diagnosis or healthy donors. Moreover,
we have assessed that sHLA-G and sHLA-E levels in BM
plasma samples are related to the stage of the disease. Analysis
of these patients at follow-upwill reveal whether sHLA-G and
sHLA-E concentration in BM plasmamay predict the clinical
outcome of NB patients.

2. Materials and Methods

2.1. Patients and Controls. The study was approved by the
Ethics Committee of the G. Gaslini Institute, Genoa, Italy.

Table 2: Healthy donors’ characteristics. First row indicates all the
variables analyzed in healthy controls, second row indicates the
subgroups for each variable, and third row indicates the number of
subjects in each group.

Age (years) Sex
Range Mean ± SD M F
20–54 39.6 ± 13 8 5

NB patients (𝑛 = 31) were diagnosed during 2016 in
AIEOP centers. Bone marrow (BM) samples were collected
at diagnosis and centralized at Istituto Giannina Gaslini
in Genoa, Italy. BM plasma samples were obtained after
centrifugation (3000g × 10). NB patients were staged accord-
ing to the International Neuroblastoma Staging System [12].
Patients’ characteristics, that is, age at diagnosis, sex, MYCN
amplification (single copy or amplified), BM infiltration, and
stage, are summarized in Table 1.

As controls, BM aspirates were obtained from 13 healthy
donors, selected according to the Transplant Unit Clinical
Protocol of Ematologia 2 at the IRCCS San Martino-IST in
Genoa, following a written informed consent at the time of
donation. Samples were processed as described in [13], and an
aliquot was taken at the end of processing to perform quality
control tests, such as CD34+ cell count, in vitro progenitors’
cell growth, and sterility. The remaining BM blood sample
from this aliquot was subjected to centrifugation (3000g ×
10) to obtain BM plasma. Donor’s characteristics are sum-
marized in Table 2.

All BM plasma samples were stored at −80∘C until use.

2.2. ELISA. Enzyme-Linked Immunosorbent Assay (ELISA)
for sHLA-G and sHLA-E was performed as previously
described [14]. Briefly, MaxiSorp Nunc-Immuno 96-
microwell plates (Nunc A/S, Roskilde, Denmark) were
coated overnight at 4∘C with 1 𝜇g/mL of MEM-G9, specific
for HLA-G HC (Exbio, Prague), that recognizes sHLA-
G1/G5, or 3D12 mAb, specific for HLA-E HC (eBioscience,
Science Center Drive, San Diego, CA, USA). After three
washes with PBS 0.05% Tween 20 (washing buffer), plates
were saturated with 200 𝜇L/w of PBS 2% BSA (Sigma,
St. Louis, MO, USA) for 30min at RT. One hundred 𝜇L
of BM plasma samples and serial dilutions of 721.221.G1
cell line supernatant (for HLA-G) or total extract from
normal peripheral blood mononuclear cells (standard) were
added to each well and incubated at RT for 1 hour. After
three washes, 100 𝜇L of detection reagent (HRP-conjugated
anti-𝛽2 microglobulin mAb, Exbio, Vestec, CZ) was added,
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Figure 1: Levels of soluble (s)HLA-G (a) and sHLA-E (b) have been analyzed in BM plasma samples from NB patients (grey circles) and
healthy BM donors (white circles). Horizontal lines indicated medians. Results are expressed as ng/ml (sHLA-G) or arbitrary units (U)/ml
(sHLA-E). Correlation between BM plasma levels of sHLA-G and sHLA-E have been analyzed in NB patients (c) and controls (d). Linear
regression of data and r and p values are indicated.

and plates were incubated for 1 hour at RT. After three
washes, 100 𝜇L of TMB (substrate for HRP, Sigma) was
added, and reaction was stopped after approximately 30
minutes by adding H

2
SO
4
5N. Absorbance at 450 nm was

measured using Infinite� 200 PRO spectrometer (Tecan
Group Ltd., Seestrasse, Männedorf, Switzerland). Results are
expressed as ng/mL sHLA-G and arbitrary units/mL sHLA-E
(1 unit = quantity of sHLA-E in 1 𝜇g of total extract).

2.3. Statistics. Normal distribution of data was tested using
Kolmogorov-Smirnov test, using Prism software (GraphPad
Software Inc., La Jolla, CA). Since data distribution was not
normal, differences in plasma levels between (i) patients and
controls or (ii) different groups of patients were compared
by Mann-Whitney test, using Prism software. Correlations
between plasma levels of sHLA-G and sHLA-E were calcu-
lated by Spearman’s test using Prism software. A 𝑝 value 0.05
was considered as statistically significant. Significance ranges
are the following: ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; and ∗∗∗𝑝 < 0.001.

3. Results

3.1. Soluble HLA-Ib Molecules Are Physiologically Present in
BM Plasma Samples. First, we have tested sHLA-G and
sHLA-E concentration in BM plasma samples from NB
patients and healthy donors. As shown in Figure 1(a), sHLA-
G concentration was similar between NB patients (median ±
SE: 24.69 ± 8.45 ng/mL) and controls (25.16 ± 7.38 ng/mL).
In contrast, sHLA-E levels were lower in NB patients (3.72 ±
7.89U/mL) than in controls (48.01 ± 10.93U/mL). However,
such difference was not statistically significant, likely due
to the wide distribution of the results in both groups (Fig-
ure 1(b)). Finally, sHLA-G and sHLA-E levels in BM plasma
samples from NB patients (𝑟 = 0.96, 𝑝 < 0.0001, Figure 1(c))
and healthy donors (𝑟 = 0.92, 𝑝 < 0.0001, Figure 1(d))
strongly correlated with each other.

3.2. Soluble HLA-Ib Molecules Correlated with Disease
Progression. We have next analyzed possible correlation
between sHLA-G and sHLA-E levels in BM plasma samples
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Figure 2: Levels of soluble (s)HLA-G and sHLA-E in BM plasma samples have been analyzed in patients presenting (grey circles) or not
(white circles) MYCN amplification (a) or BM infiltration (b). Horizontal lines indicated medians. Results are expressed as ng/ml (sHLA-G)
or arbitrary units (U)/ml (sHLA-E).

and patient’s characteristics or clinical parameters. Accord-
ingly, NB patients were divided into two groups on the basis
of (i)MYCN amplification (single copy versus amplified), (ii)
BM infiltration (not infiltrated versus infiltrated), (iii) age at
diagnosis (<18 months versus >18 months), (iv) stage of the
disease (stages 1-2 versus stages 3-4), and (v) sex (male versus
female). Next, differences in sHLA-G and sHLA-E levels
between these groups of NB patients have been evaluated.

No significant differences in sHLA-G levels have been
detected between NB patients (i) carrying amplified (29.96
± 13.57 ng/mL) or single-copy (23.65 ± 9.6 ng/mL) MYCN
gene (Figure 2(a)) and (ii) presenting (31.17 ± 11.99 ng/mL)
or not (21.05 ± 9.91 ng/mL) NB cells infiltrating the BM
(Figure 2(b)). In contrast, sHLA-E levels were higher in (i)
patients with single-copy MYCN (7.56 ± 9.17U/mL) than in
those with amplifiedMYCN (1.03 ± 16.2U/mL) (Figure 2(a))
and in (ii) patients with infiltrated BM (6.45 ± 10.29U/mL)
than in those without BM infiltration (1.86 ± 12.43U/mL)
(Figure 2(b)). However, such differences were not statistically
significant.

Furthermore, both sHLA-G and sHLA-E levels were sim-
ilar between patients with an age below (21.05 ± 9.92 ng/mL
sHLA-G and 6.45 ± 10.29U/mL sHLA-E) or above (28.77
± 11.36 ng/mL sHLA-G and 2.37 ± 12.81 U/mL sHLA-E) 18
months at diagnosis (Figure 3(a)). Notably, no correlation
was found between age and sHLA-G or sHLA-E levels in BM
plasma samples in healthy donors (data not shown).

Both sHLA-G and sHLA-E levels were significantly
higher in patients with disease stages 3-4 (32.34 ± 8.08 ng/mL
sHLA-G and 13.87 ± 9.42U/mL sHLA-E) than in those with
disease stages 1-2 (0± 4.32 ng/mL sHLA-G and 0± 3.27U/mL
sHLA-E, 𝑝 = 0.01 and 0.03, resp.) (Figure 3(b)). Surprisingly,
both sHLA-G and sHLA-E levels were found to be higher in
male (45.87 ± 12.5 ng/mL sHLA-G and 34.19 ± 14.83U/mL

sHLA-E) than in female (2.52 ± 8.81 ng/mL sHLA-G and 0
± 8.18U/mL sHLA-E, 𝑝 = 0.05 and 0.03, resp.) NB patients
(Figure 3(c)). In contrast, healthy donors showed higher
levels of sHLA-G and sHLA-E in female (50.74 ± 14.1 ng/mL
sHLA-G and 52.25 ± 14.8U/mL sHLA-E) than in male (12.35
± 10.98 ng/mL sHLA-G and 11.33 ± 13.25U/mL sHLA-E)
subjects. However, such differences were not statistically
significant (Figure 3(d)).

4. Discussion

To the best of our knowledge, this is the first demonstration of
the presence of sHLA-class Ib molecules HLA-G and HLA-E
in BM plasma samples. Previous studies have demonstrated
that sHLA-G can be released by some cell populations that
are present in the BM environment, such as erythroblasts
[15] and mesenchymal stromal cells [16–19]. In contrast, no
information is available regarding HLA-E expression and
release in the BM. The strong correlation observed between
the levels of these two molecules in BM samples either from
NB patients or controls suggested that bothmoleculesmay be
released by the same cell populations, or at least induced by
similar stimuli.

We have previously demonstrated thatmetastaticNB cells
in the BM expressed high levels of HLA-G on their surface,
in contrast with primary tumors, that tested negative for
HLA-G [6]. Here, we have demonstrated that both sHLA-G
and sHLA-E are present at similar levels in NB patients and
healthy donors, thus suggesting thatmalignantmetastatic NB
cells are unlikely involved in their release. This observation
is further confirmed by the finding that BM infiltration by
metastaticNB cells did not affect sHLA-Gor sHLA-E levels in
BM plasma samples. Moreover,MYCN amplification and age
at diagnosis that represent important prognostic factors were
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Figure 3: Levels of soluble (s)HLA-G and sHLA-E in BM plasma samples have been analyzed in patients with age at diagnosis above (grey
circles) or below (white circles) 18 months (a) and in patients with stages 3-4 (grey circles) or 1-2 (white circles) disease (b). Differences
between female (grey circles) or male (white circles) subjects have been analyzed in NB patients (c) and healthy donors (d). Horizontal lines
indicated medians. Results are expressed as ng/ml (sHLA-G) or arbitrary units (U)/ml (sHLA-E). p values are indicated where differences are
statistically significant.

not related to sHLA-G and sHLA-E levels in BM, thus further
suggesting that these molecules might be released by BM
stromal cells or BM resident cell populations instead of NB
cells themselves, and may be present in the BM environment
in physiological conditions. However, the increased tumor
burden might be correlated to a higher release of tumor-
derived factor(s) that, in turn, can upregulate HLA-G and
HLA-E production by BM stromal cells.

The finding that sHLA-G and sHLA-E BM plasma levels
are higher in male than in female patients is in line with
a previous study on multiple sclerosis, where the authors
demonstrated that sHLA-G levels in plasma samples were
higher in male than in female patients [20]. However, this
study has been carried out using peripheral blood plasma

samples, and this is the first demonstration of this difference
between male and female subjects in bone marrow plasma
samples. Notably, such difference may be a prerogative of NB
patients, since sHLA-G and sHLA-E levels were higher in
female than in male normal subjects.

The most important finding of our study is the demon-
stration that sHLA-G and sHLA-E levels were significantly
higher in BM plasma samples from patients with metastatic
disease than in patients with localized NB. This data may
suggest that the levels of these molecules in the BM at
diagnosis might be associated with disease progression and
might be predictive of the clinical course of NB patients.
However, this hypothesis can be confirmed only by analyzing
the clinical parameters of these patients at follow-up.
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5. Conclusions

In conclusion, we demonstrated for the first time that soluble
HLA-Ib molecules HLA-G and HLA-E are present in BM
plasma samples in physiological and pathological conditions,
and their concentration correlated with stage disease in
NB patients. The prognostic value of sHLA-G and sHLA-E
concentration in BM plasma samples from NB patients at
diagnosis has to be confirmed in future studies.
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5Service de Chirurgie Thoracique, Hôpital Nord, 13015 Marseille, France

Correspondence should be addressed to Christophe Picard; christophe.picard@efs.sante.fr

Received 30 March 2016; Revised 8 May 2016; Accepted 19 May 2016

Academic Editor: Fabio Morandi

Copyright © 2016 Julie Di Cristofaro et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Lung transplantation (LTx) is a valid therapeutic option for selected patients with end-stage lung disease. HLA-E seems to play a
major role in the immune response to different viral infections and to affect transplantation outcome, in Hematopoietic Stem Cell
Transplantation, for example. Two nonsynonymous alleles, HLA-E∗01:01 and HLA-E∗01:03, have functional differences, involving
relative peptide affinity, cell surface expression, and potential lytic activity of NK cells. The aim of this retrospective study was
to determine the impact of these two alleles for LTx recipients on anti-HLA alloimmunization risk, overall survival, and chronic
rejection (CLAD). HLA-E was genotyped in 119 recipients who underwent LTx from 1998 to 2010 in a single transplantation center.
In univariate analysis, both HLA-E homozygous states were associated with impaired overall survival compared to heterozygous
HLA-E alleles (𝑝 = 0.01). In multivariate analysis, HLA-E∗01:03 allele showed increased CLAD occurrence when compared to
homozygous HLA-E∗01:01 status (HR: 3.563 (CI 95%, 1.016–12), 𝑝 = 0.047). HLA-E allele did not affect pathogen infection or the
production of de novo DSA. This retrospective study shows an uninvestigated, deleterious association of HLA-E alleles with LTx
and requires verification using a larger cohort.

1. Introduction

Lung transplantation (LTx) is a valid therapeutic option for
selected patients with end-stage lung disease. Unfortunately,
posttransplant prognosis is hampered by the occurrence of
chronic lung allograft dysfunction (CLAD) which is highly
prevalent and remains the major limitation to long-term
survival and functional outcome in LTx compared to other
solid-organ transplants [1]. CLAD commonly reflects a bron-
chiolar obstruction defining a bronchiolitis obliterans syn-
drome (BOS). Recently, another phenotype of CLAD with a
predominant restrictive pattern has been identified and called
restrictive allograft syndrome (RAS) [2]. BOS and probably
RAS are considered to be a multistep injury remodeling
phenomenon targeted by recurrent immunologic events such

as acute rejection and the development of de novo Donor
Specific Antibodies (DSA). Several nonimmunological risk
factors have been proposed, although not yet widely accepted
as cytomegalovirus pneumonitis, bacterial/fungal/non-CMV
viral infections, and persistent neutrophil influx and seques-
tration.Also, various genetic factors have been identified such
as TGF- (Transforming Growth Factor-) B1, Toll-Like Recep-
tor (TLR), and IL- (Interleukin-) 17. However, confirmation
was not consistent across all studied cohorts [3].

Recently, we showed that HLA-G genetic polymorphism
could be associated with LTx outcome, especially with
CLAD occurrence [4]. HLA-G is a nonclassical HLA class I
molecule, closely related to HLA-E: the HLA-Emolecule also
plays a crucial role in inflammatory and adaptive immune
responses. HLA-E binds preferentially to the inhibitory
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CD94/NKG2A and activating CD94/NKG2C (which lacks
ITIM motif) receptors, selectively expressed on NK cells and
a subset of CTL cells, modulating their cell-mediated activity
[5]. Furthermore, HLA-E has also been showed to react with
CD8 T cells expressing the conventional T Cell Receptor
(TCR), suggesting that HLA-E involvement in the adaptive
immune system responses is mediated by T cells [6].

HLA-EmRNA is expressed in most tissues [7], but its cell
surface expression appears to be controlled by the binding of
a range of different peptides, such as signal peptides derived
from classical and nonclassical MHC class I molecules,
stress protein peptides, and peptides derived from different
pathogens [8, 9]. Thus, physiologically, HLA-E is expressed
at the cell surface of endothelial cells, T and B lymphocytes,
monocytes, and macrophages [10].

As HLA-G, HLA-E displays limited polymorphism with
21 alleles listed in the IMG/HLA database (release 3.23.0),
including 9 proteins. HLA-E∗01:01 and HLA-E∗01:03 are
the main alleles observed, with similar frequencies (∼50%)
in different populations [11–14]. They differ at codon 107
(R/G) and encode HLA-ER (E∗01:01) and HLA-EG (E∗01:03)
proteins. Functional differences between these two isoforms
involve relative peptide affinity, cell surface expression, and
potential lytic activity of NK cells [15]. Indeed, HLA-E∗01:03
protein is more thermally stable, exhibits higher cell surface
expression, and is a potentially stronger inhibitor of the NK
cell’s lytic activity compared to HLA-E∗01:01 [15].

A limited number of studies, with conflicted results,
investigated into the influence of HLA-E genotype on trans-
plantation outcomes. Although it is very difficult to show
an impact of HLA-E polymorphism in HSCT, because of a
limited amount of clinical data (cohort size, patient treatment
differences), the majority of studies supported an association
between the HLA-E∗01:03 allele and a lower risk of graft-
versus-host disease, decreased mortality, and greater disease-
free survival suggesting graft-versus-leukemia (GVL) effect
after Hematopoietic Stem Cell Transplantation (HSCT) [16–
20].

Control of HLA-E cell surface expression by bacterial
or viral infections and particularly human CMV is well
established [21]. One study showed that CMV-associated
HLA-E-restricted T cell alloreactivity was tightly regulated by
NK receptors [22]. Furthermore, a recent study demonstrated
that CMV-associated HLA-E-restricted T cells from a kidney
transplant recipient recognize and lyse allogenic endothe-
lial cells independently of their CMV status and HLA-
E genotype, supporting a potentially detrimental HLA-E
alloreactivity [23]. Interestingly, HLA-E molecules expressed
in transgenic mice elicited an alloantigenic reaction indis-
tinguishable from classical MHC class I molecules [24].
Finally, natural HLA antibodies directed against HLA-E have
been detected in the sera of nonalloimmunized healthy male
donors, probably induced by cross-reactive bacterial antigens
and/or peptides derived from ingested food or allergens [25].

Since immunosuppressed lung transplant patients are
particularly sensitive to infection and HLA sensitization, we
speculated that HLA-E genotype could have an influence on
the lung protection/allograft rejection balance.

Considering the immunotolerogenic properties of HLA-
E, the main objectives of this study were to determine
the impact of HLA-E alleles in a cohort of 138 adult LTx
recipients on overall survival, disease-free survival (with and
withoutCLAD), and viral and bacterial infection and onHLA
sensitization.

2. Material and Methods

2.1. Study Design and Patient Characteristics. We conducted
a retrospective single-center study based on adult patients
who underwent LTx at the Marseille Lung Transplant Center
between December 1998 and December 2010. Patients who
had less than 90-day survival or who were lost to follow-up
were excluded. There were 138 adult LTx recipients (mean
(SD) age: 39.3 (16.3) years, 64 women and 55 men) eligible
for analysis.

Patients received a first lung transplant (26 single LTx; 112
bilateral LTx) for an initial diagnosis of cystic fibrosis (43%),
emphysema (25%), pulmonary fibrosis (20%), or another
diagnosis (12%). The mean age at transplant procedure was
39.3 (13.3) years. The mean follow-up time was 37.2 months
(CI: 10.8–63.2months). HLA-A,HLA-B,HLA-DR, andHLA-
DQ mismatching between donor and recipient were 56%,
82%, 68%, and 53%, respectively. De novo post-LTx DSA
were detected in 51 recipients (38%) using Luminex single-
antigen flow beads. Forty-two, 26, 11, and 11 post-LTx DSA
were detected atMonth 1,M3,M12, andM24, respectively [3].

2.2. Posttransplant Clinical Management. Immunosuppres-
sion and prophylaxis: all recipients received a similar stan-
dardized immunosuppressive regimen in accordance with
our institutional protocols. Induction therapy consisted of
intravenous administration of rabbit anti-thymocyte glob-
ulins (Pasteur Merieux, Lyon, France) given for the first
3 postoperative days (except when daily lymphocyte count
was below 200/mm3 and when there were cytomegalovirus
(CMV) and/or EBV mismatches, i.e., seronegative recipient
and seropositive donor). A high dose of methylprednisolone
was additionally administered (6mg/kg/d Day 1, 2mg/kg/d
Day 2 and Day 3, and 1mg/kg/d thereafter). The standard
triple maintenance immunosuppressive regimen consisted
of cyclosporin (adjusted to maintain whole blood trough
levels varying between 200 and 250 ng/mL) or tacrolimus
after 2003 (adjusted to maintain whole blood trough levels
varying between 8 and 12 ng/mL), azathioprine (1mg/kg/d)
or mycophenolate mofetil after 2003 in 5 patients (adjusted
to a white blood cell count above 4000mm3), and steroids
(prednisone) tapered to 0.25mg/kg/d over the first 3 months
and stopped if possible around 12 months after surgery.

Episodes of acute cellular allograft rejection were treated
with intravenous methylprednisolone (5mg/kg/d for 3 con-
secutive days) and then rapidly reduced. All CMV-positive
recipients were treated with IV ganciclovir switched to oral
valganciclovir as soon as possible for prophylaxis over the
first 15 days after transplantation. All CMV-mismatched
recipients (seronegative recipient and seropositive donor)
were treated with IV ganciclovir or oral valganciclovir when
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available for prophylaxis for the first 3 postoperative months.
CMV-negative recipients who received a graft from a negative
donor did not receive antiviral prophylaxis. All recipients
were screened weekly for CMV infection with a polymerase
chain reaction assay and pp65 antigenemia for the first 12
weeks, monthly thereafter, and when clinically indicated.

Pulmonary function tests (PFTs) were routinely con-
ducted at our center on a monthly basis for the first 12
postoperative months, at 2-month intervals in the second
year, and at 3-month intervals thereafter. In addition, PFTs
were conducted when patients had clinical symptoms or
a decline in home spirometry values of at least 10% on 2
consecutive days. Spirometry was measured in a constant
volume (830 L) whole body plethysmograph (MasterLab,
Jaeger, Wurzburg, Germany) and included measurement of
forced vital capacity (FVC), FEV

1
, residual volume (RV),

and total lung capacity (TLC). Forced expiratory flow rate
between 25% and 75% of FVC (FEF

25–75) was obtained from
the best flow-curve volume. The baseline FEV

1
value was

calculated as the average of the 2 best FEV
1
values at least

3 weeks apart. Baseline values of TLC and FEV
1
/FVC were

defined as the average of the 2 measurements obtained at the
same time as the best 2 FEV

1
measurements.

The diagnosis of CLAD included both BOS and RAS phe-
notypes. BOS was defined according to the ISHLT guidelines
[19]. RAS was defined as an irreversible decline in TLC to
<90% of baseline for more than 3 weeks [2].

2.3. HLA-E Genotyping. A home-made primer extension
method described in Julie et al., 2011, was used to simulta-
neously analyze 5 SNPs of the HLA-E gene in 119 patients to
detect HLA-E∗01:01, HLA-E∗01:02, HLA-E∗01:03, and HLA-
E∗01:04 alleles [11]. Nineteen acid nucleic samples were either
lost (10) or degraded (9).

Briefly, the HLA-E multiplex PCR coamplified two PCR
fragments (exons 1-2 by forward primer TGGTAGATG-
GAACCCTCCTTT and reverse primer GTGAATCTG-
GGACCCGAAG and exon 3 by forward primer GTG-
GGCGGGACTGACTAAG and reverse primer AGTAGC-
CCTGTGGACCCTCT) encompassing three and two SNPs,
respectively. The multiplex PCR was performed on 200 and
75 ng of genomicDNA, respectively, in a final volume of 25𝜇L
containing 1x PCR buffer, 1.5mM MgCl

2
, 0.2mM of each

dNTP, and 0.1 units of Taq DNA-polymerase (Invitrogen,
Cergy-Pontoise, France) and a defined concentration of each
primer. Amplification was carried out as follows: 1 cycle at
95∘C for 5min; 30 cycles at 95∘C for 30 s, 63∘C for 45 s,
and 72∘C for 75 s; and 1 cycle at 72∘C for 7min. After
control on 2% (w/v) agarose gel, 15 𝜇L of PCR product
was incubated with 5 units of shrimp alkaline phosphatase
and 1 unit of exonuclease-I (Euromedex, Souffelweyersheim,
France) for 1 h at 37∘C followed by 15min at 80∘C to remove
unincorporated primers and dNTPs.

The second step involved the incorporation of a fluo-
rescent dNTP into extension-primers annealed upstream or
downstream to each SNP. This multiplex extension reaction

including five forward or reverse extension-primers (48T-
AGTGTGGAAATACTTCAAGGAGTG to detect polymor-
phism C/G in codon 66, 10T-CCGCACAGATTTTCCGAG-
TGAA to detect polymorphism C/T in codon 77, 25T-CTG-
CGGACGCTGCG to detect polymorphismC/G in codon 83,
41T-CGCGGAGGAAGCGCC to detect polymorphism A/G
in codon 107, and 41T-GCATGTGTCTTCCAGGTAGGCTC
to detect polymorphism G/A in codon 157) was performed
using the SNaPshot kit (Applied Biosystems, Courtaboeuf,
France) according to the manufacturer’s protocol in a final
volume of 10 𝜇L containing 3 𝜇L of the PCR product, 5𝜇L
of SNaPshot mix, and extension-primers. The reaction was
programed as follows: 25 cycles at 95∘C for 10 s, 50∘C for
5 s, and 60∘C for 30 s. The product of the extension reaction
(10 𝜇L)was purifiedwith 1 unit of SAP for 1 h at 37∘C, followed
by 15min at 80∘C for enzyme inactivation.

The fluorescence and size of the extended products were
determined by capillary electrophoresis on an ABI PRISM
3130XL genetic analyzer (Applied Biosystems) using POP-7
polymer and a 36 cmcapillary array. Capillary electrophoresis
was performed according to the manufacturer’s protocol.

Data were analyzed using GENEMAPPER v4.0 with
specific detection parameters. Using an in-house computer
program, output files (.txt) exported from GENEMAPPER
4.0 were automatically formatted into files readable by the
“Phenotype” application of the GENE[RATE] computer tool
package [26].

HLA-G and UTR genotyping data were from [4].

2.4. Studied Variables. Variables applied in univariate and
multivariable analyses were grouped into four categories:

(1) Preoperative donor variables: donor age, gender,
CMV status, and classical HLA type.

(2) Preoperative and postoperative recipient variables:
recipient age, gender, initial diagnosis, HLA type and
HLA Donor Specific Antibodies (DSA), CMV status
and bacterial infection at M1 and M3, HLA-E, and
HLA-G polymorphism.

(3) Preoperative donor-recipient matching: age, gender,
CMVmismatch, and HLA mismatch.

(4) Intraoperative variables: ischemic time and type of
procedure (single versus bilateral LTx).

2.5. Statistical Analyses. Missing data led to the exclusion
of the concerned sample from further analyses. No multiple
imputations were used in this study.

HLA-G and HLA-E Global Linkage Disequilibrium and
HLA-E frequencies were estimated using an EM algorithm
implemented in the GENE[RATE] computer tools. Devia-
tions from Hardy-Weinberg equilibrium (HWE) were tested
using a nested likelihood model.

Median values and ranges were used for continuous
variables and percentages for categorical variables. For each
continuous variable, the study cohort was initially split into
quartiles and into two groups at the median.

Analysis using the Kruskal-Wallis test, Fisher’s exact
test, and Chi-square test was applied to determine clinical
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Table 1: (a) Univariate analysis of death risk factors. (b) Univariate
analysis of CLAD occurrence risk factors.

(a)

Variables 𝑝 value
Diseases other than cystic fibrosis <0.001
HLA class II DSA <0.001
HLA-G∗01:04∼UTR3 0.001
Older recipients 0.001
CLAD occurrence 0.002
HLA class I DSA 0.03
HLA-B mismatch 0.03

(b)

Variables 𝑝 value
HLA-DQ mismatch 0.002
HLA class I DSA 0.008
Diseases other than cystic fibrosis 0.01
HLA-DR mismatch 0.01
Single lung transplantation 0.03
HLA-G∗01:04∼UTR3 0.03
Older recipients 0.05

significance wherever required, in particular for any rele-
vance between HLA-E alleles and the status of CMV infec-
tion.

The primary endpoints of this study were overall survival
(OS) and disease-free survival (DFS). OS was defined as the
interval between the date of transplantation and last follow-
up visit or death. DFS was defined as the time interval from
transplantation to the first event, either the diagnosis of
CLAD or death without diagnosis of CLAD. The Kaplan-
Meier method was used to estimate OS and freedom from
CLAD. The log-rank test was used to assess the univariate
effects on OS and DFS. For all analyses, 𝑝 < 0.05 was
considered statistically significant.

Multivariate analyses were performed using Fine and
Gray’s proportional hazards regression model.

All analyses were performed using SPSS 15.0 software
(SPSS Inc., Chicago, IL) and the cmprsk package (developed
by Gray, June 2001) on R2.3.0 software (http://www.R-project
.org/).

3. Results

3.1. Conditions Associated with Overall Survival and Allograft
Function. Overall survival of the LTx population was 74%
and 68% at 12 and 24 months, respectively (median survival,
7 years). In univariate analysis, the conditions associated with
better survival were an initial diagnosis of cystic fibrosis (CF)
compared to other indications, HLA class II DSA detected
at M3 and/or M12, HLA-G∗01:04∼UTR3 haplotype, the
younger age of the recipient, absence of CLAD occurrence,
the number of recipient/donor mismatches at the B locus,
and HLA class I DSA detected at M3 and/orM12 (Table 1(a)).
During the study period, 29 LTx recipients developed CLAD
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Figure 1: Survival curves in LTx recipients according to the presence
of heterozygousHLA-E (in green) compared to homozygousHLA-E
(homozygous HLA-E∗01:01 in light grey, homozygous HLA-E∗01:03
in blue) (log-rank test, 𝑝 = 0.01).

(including 5 patients (17%) with RAS and 24 (83%) with
BOS), corresponding to a proportion of 8%, 21%, and 30%
of the cohort at 1, 2, and 3 years after LTx, respectively.
The major risks for CLAD were HLA class I DSA detected
at M3 and/or M12, recipient/donor mismatches at HLA-DR
and HLA-DQ loci, the single lung transplant procedure, the
non-CF population, and carrying the HLA-G∗01:04∼UTR3
haplotype (Table 1(b)).

3.2. HLA-E Allelic Frequencies. A total of 3 HLA-E genotypes
were observed in these patients (Table 2). HomozygousHLA-
E∗01:01 was detected in 38/119 (32%) patients, homozygous
HLA-E∗01:03 was detected in 24/119 (20%), and heterozygous
HLA-E was detected in 57/119 (48%). HLA-E frequency dis-
tribution was in Hardy-Weinberg equilibrium. HLA-E allele
and genotype frequencies were also concordant with previ-
ously published data showing a relatively equal distribution
between HLA-E∗01:01 and HLA-E∗01:03 in Western Europe
[11]. Analysis of two-locus Global Linkage Disequilibrium
(GLD) showed that the HLA-E alleles are not in significant
GLD with HLA-G or UTR loci.

3.3. Impact of HLA-E Alleles and Genotypes on LTx Out-
come. HLA-E genotype was not associated with patient
characteristics (Table 2). HLA-E∗01:01/01:03 heterozygous
state was associated with survival advantage (𝑝 = 0.01)
when compared to HLA-E∗01:01 or HLA-E∗01:03 homozy-
gous states. The two-year survival rate was 80% ± 8% for
HLA-E heterozygous genotypes and 50% ± 8% and 50% ±
10% for homozygous HLA-E∗01:01 and homozygous HLA-
E∗01:03 states, respectively (Figure 1). HLA-E∗01:03 allele was
associated with CLAD occurrence (Figure 2). The two-year
freedom fromCLAD ratewas 44%±25% for theHLA-E∗01:03
allele and 73.4%±8% for the homozygous HLA-E∗01:01 state.
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Table 2: Baseline comparison of distribution and risk factors for 119 patients who underwent LTx according to HLA-E genotypes.

E∗01:01/∗01:01 E∗01:01/∗01:03 E∗01:03/∗01:03 p E∗01:01/∗01:01 E∗01:03 allele p
Genotypes frequency (𝑁, %) 38 (31.9) 57 (47.9) 24 (20.2) 38 (31.9) 81 (68.1)
Male (𝑁, %) 15 (40) 28 (49) 12 (50) 0.60 15 (39.5) 40 (49) 0.33
Age of recipient (SD) 39.1 (14.2) 40.23 (13) 39.6 (12) 0.92 39.1 (14.2) 40 (13) 0.72
Initial disease 0.33 0.91

Emphysema (𝑁, %) 10 (26.3) 11 (19.3) 10 (41.7) 10 (26.3) 21 (25.9)
Fibrosis (𝑁, %) 8 (21.1) 8 (14) 5 (20.8) 8 (21.1) 13 (16.1)
Cystic fibrosis (𝑁, %) 14 (36.8) 28 (49.1%) 6 (25%) 14 (36.8) 34 (42.1)
Others (𝑁, %) 6 (15.8) 10 (17.5%) 3 (12.5) 6 (15.8) 13 (16)

Transplant procedure 0.58 0.92
Lung and heart transplantation (𝑁, %) 1 (2.6) 0 (0) 1 (4.2) 1 (2.6) 1 (1.2)
Single lung transplantation (𝑁, %) 8 (21.1) 14 (24.6) 4 (16.7) 8 (21.1) 18 (22.2)
Bilateral lung transplantation (𝑁, %) 29 (76.3) 43 (75.4) 19 (79.2) 29 (76.3) 62 (76.5)

CMV status
D+/R− (𝑁, %) 6 (16.2) 7 (12.3) 4 (17.4) 0.83 6 (16.2) 11 (13.8) 0.78
D+/R+ or − (𝑁, %) 19 (51) 31 (54) 9 (40) 0.46 19 (51) 40 (50) 0.88
D+ or −/R+ (𝑁, %) 22 (58) 36 (63) 12 (50) 0.54 22 (58) 48 (59) 0.88
Mismatch HLA/6 (𝑁) 5.03 5 4.83 0.9 5.03 4.95 0.90

Infection at M1 (𝑁, %) 8 (53.3) 16 (47.1%) 2 (25) 0.49 8 (53.3) 18 (42.9) 0.48
Infection at M3 (𝑁, %) 6 (46.2) 7 (38.9) 5 (50) 0.83 6 (46.2) 12 (42.9) 0.84
Infection in first year (𝑁, %) 16 (42) 32 (56) 11 (45.8) 0.37 16 (42.1) 43 (53.1) 0.26
DSA at M1 (𝑁, %) 7 (63.6) 13 (81.3) 5 (83.3) 0.51 7 (63.5) 18 (81.8) 0.25
DSA at M3 (𝑁, %) 6 (66.7) 8 (66) 3 (60) 1 6 (66.7) 11 (64.7) 0.92
CLAD occurrence (𝑁, %) 5 (22.7) 20 (40.8) 7 (58.3) 0.06 5 (22.7) 27 (44.3) 0.02
BOS (𝑁, %) 5 (23.8) 16 (32.7) 6 (22.2) 0.31 5 (23.8) 22 (36.1) 0.02
RAS (𝑁, %) 0 (0) 4 (8.2) 1 (8.3) 0.41 0 (0) 5 (8.2) 0.32
Overall survival (median, year) 2.37 3.7 2.6 0.01
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Figure 2: Freedom from CLAD in LTx recipients according to the
presence of homozygous HLA-E∗01:01 (in blue) compared to HLA-
E∗01:03 alleles (in green) (log-rank test, 𝑝 = 0.02).

Cox proportional regression hazards modeling showed
that the main risk factors for CLAD were a noncystic fibrosis
initial diagnosis (𝑝 < 0.001), HLA-E∗01:03 alleles carriers

Table 3: Main risk factors for CLAD according to Cox regression
multivariate analysis on recipient diagnosis, HLA-G∗01:04∼UTR3
haplotype, andHLA-E∗01:03 allele (HR, hazard ratio; CI, confidence
interval).

Estimated HR (95% CI) 𝑝 value
Diagnosis
Cystic fibrosis Baseline 0.000
Emphysema 8.612 (3.113–23.824) 0.000
Fibrosis 1.515 (0.362–6.335) 0.569
Others 2.897 (0.822–10.214) 0.098

HLA-G∗01:04∼UTR3 2.567 (0.889–7.412) 0.071
HLA-E∗01:03 3.563 (1.016–12.488) 0.047

(𝑝 = 0.047), and HLA-G∗01:04∼UTR3 carriers (𝑝 =
0.071). The relative risks of CLAD were 8.612 for emphysema
compared to cystic fibrosis patients (CI 95%, 3.13–23.824),
3.563 in recipients carrying HLA-E∗01:03 allele compared to
recipients who did not carry it (CI 95%, 1.016–12), and 3.037
in recipients carrying HLA-G∗01:04∼UTR3 compared to
recipientswhodid not carry it (CI 95%, 0.889–7.412) (Table 3).

None of the HLA-E alleles were significantly associated
with the different clinical variables, such as bacterial infection
at M1 or M3 and DSA detection at M1 and M3 (Table 2).
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4. Discussion

This is the first study to show that HLA-E polymorphisms
could be implicated in survival andCLADoccurrence in LTx.
The two homozygous HLA-E states are associated with worse
survival compared to the heterozygous state. These alleles
however contribute differentially as HLA-E∗01:03 allele is
correlated to CLAD occurrence in multivariate analysis.

Although the exact pathogenesis of CLAD remains
unknown, studies indicate that BOS begins with epithelial
injury of the airways due to a variety of factors such as viral
infection, autoimmune disease, and alloreactivity response,
followed by an inflammatory reaction that leads to obliter-
ation of the airways [3]. HLA-E is an immunomodulatory
molecule that can function as both an immune-tolerogenic
and immune-activating molecule and plays a dual role in
natural and acquired immune responses.

The HLA-E-peptide complex can act as ligand for the
CD94/NKG2 receptors expressed on the surface natural
killer cells and represents a restriction element for the TCR.
Although the two alleles only differ by a single amino acid
in alpha 2 domain of the HLA-E heavy chain, HLA-E∗01:03
is characterized by a stronger affinity for various peptides
and a higher thermal stability thanHLA-E∗01:01, inducing its
higher cell surface expression in PBMC or other cells [27].
These differences might influence the affinities for the dif-
ferent activator or inhibitor receptors, might induce different
intracellular signaling, and might have an impact on the cel-
lular immune response in the context of transplantation [28].

HLA-E has the ability to bind non-self-antigen and self-
antigen, among which peptides derived from the leader
sequences of classical and nonclassical HLAmolecules. HLA-
E and HLA-G, both categorized as nonclassical class I HLA,
share immunosuppressive properties and immunological cell
targets; furthermore, HLA-E has the highest affinity for the
HLA-G leader peptide. These observations back quite a close
relationship between these molecules, but this coordination
remains unclear. For instance, in the context of pregnancy,
HLA-E, binding an HLA-G peptide signal, interacts with
CD94/NKG2C activating receptors to activate NK cells lysis
of trophoblast cells during placental invasion, leading to
tissue remodeling [29]. At a genetic level, the low number
of coding SNPs in both HLA-E and HLA-G loci could
suggest that amino acidmodifications have serious functional
consequences. However, HLA-G and HLA-E are not in GLD.
Furthermore, the impact of HLA-G∗01:04∼UTR3 on CLAD
occurrence seems to be independent of the HLA-E∗01:03
allele; finally, contrary to HLA-G alleles, HLA-E∗01:03 was
not associated with an increase in anti-HLA alloimmuniza-
tion, suggesting that HLA-E and HLA-G have both differen-
tial involvements and pathways. Thus, another hypothesis to
explain the low level of coding modification in both HLA-E
and HLA-G loci is that they lead to amino acid modifications
with little functional consequences but that they are linked
to SNPs in the regulatory region involved in quantitative
expression.

Considering HLA-E and pathogen infections, HLA-E
can bind to different viral peptides derived from CMV, the
Epstein-Barr virus, the human immunodeficiency virus, the

influenza virus, and Hepatitis C virus. A few studies have
linked reactivation of CMV with organ rejection [30]. CMV
infection in post-LTx is considered a risk factor for BOS
[30, 31]. The CMV immune evasion protein, UL40, when
complexed with HLA-E, can modulate NK cell functions
via interactions with the CD94-NKG2A receptors, leading
to viral evasion [31]. Recently, it has been suggested that
latent CMV infection-mediated increase in the proportion of
NKG2C+ NK cells may prime NK cell cytotoxicity and could
be beneficial in preventing the progression and development
of hematologic malignancies characterized by high HLA-E
expression [32]. This effect, dependent potentially on HLA-
E alleles, may be deleterious for transplantation occurrence.

Furthermore, the UL40-derived sequence can also be
immunogenic, eliciting robust CD8+ T cell responses.
Recently, CMV UL-40-specific T cells were detected in the
peripheral blood of LTx recipients and were significantly
associatedwith allograft dysfunction, such as BOS [33].These
cells were first identified between 6 and 12 months after
transplant, a period that coincides with the cessation of
antiviral prophylaxis and the highest risks for CMV reac-
tivation, suggesting an antigen-driven expansion restricted
preferentially by HLA-E. These cells could lyse a large array
of allogenic target cells and directly damage the allograft [34].
In contrast, HLA-E can promote specific HLA-E-restricted
CD8+ Treg cells that inhibit antiviral effector CD8+ T cells,
diminishing virus control [35].

In this retrospective study, CMV reactivation data were
unavailable. Mismatch CMV (D−/R− versus D+/R− or + and
D+ or −/R+) were not associated with CLAD occurrence and
overall survival (𝑝 = 0.8 and 𝑝 = 0.7, resp.). None of the
homozygous or heterozygous HLA-E alleles with a positive
CMV recipient and/or donor showed a statistical difference
on survival and CLAD occurrence compared to the same
HLA-E alleles with a negative CMV recipient and donor (𝑝 =
0.8 and 𝑝 = 0.7) (data not shown). The percentage of death
(55%) was similar between positive CMV recipient and/or
donor and negative CMV donor and recipient, whatever
homozygous HLA-E alleles. These results can be explained
by the small size of this retrospective monocentric cohort.
Furthermore, reactivation of other viruses such as respiratory
virus could be more relevant than CMV reactivation [36].

T cells are also able to recognize HLA-E binding pep-
tides from bacteria such as Mycobacterium tuberculosis,
Salmonella, and Listeria monocytogenes. In an unrelated
allogenic stem cell transplantation study, homozygous HLA-
E∗01:01 was identified as a risk for the occurrence of severe
bacterial but not viral infections [16]. None of the HLA-E
alleles were associated with a higher risk of bacterial infection
at M1 and M3.

Another hypothesis is that HLA-E∗01:03 could lead to
more efficient activation of CD8+ T cells alloreactivity. This
mechanism has been suggested in a few related or unrelated
stem cell allograft studies, showing that homozygous HLA-
E∗01:03 induced a significant graft-versus-leukemia effect
[17–19, 37]. In this context, HLA-E∗01:03 recipient may
preferentially bind nonstandard minor histocompatibility
antigen (mHag) peptides that can react with T cell activating
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receptors [18, 19, 37]. Thus, as for the GVL effect, this HLA-
E dependent, alloreactive cellular process could specifically
generate lung tissue inflammation. Furthermore, it has been
shown that HLA-E exhibits alloantigenic properties that are
indistinguishable from classical HLA class I molecules when
expressed in HLA-E∗01:03 transgenic mice [24].

In summary, these data could be explained by the func-
tional properties of the two HLA-E alleles in peptide affinity,
cell surface expression, and potential lytic activity by NK
cells or T cells. Therefore, a heterozygous status would offset
the two homozygous states, each allele bringing benefits
and risks to the overall survival of recipients via different
mechanisms. For example, HLA-E∗01:03 could promote cel-
lular alloreactivity mechanisms, triggered or not by viral
infection via different receptors. In contrast, HLA-E∗01:01
could promote severe bacterial infection. Anyway, the impact
of these two alleles in lung transplantation is concordant with
the maintenance of these two alleles based on a balancing
selection, meaning that there is a heterozygote advantage for
individuals that are heterozygous at theHLA-E locus [38, 39].

Finally, the mechanism by which HLA-E alleles may
promote CLAD and decrease long-term survival after LTx
remains to be elucidated.Themajor limitation of this investi-
gation is that it is a single-retrospective study and for certain
analyses the patient cohort was small. It is possible that a few
confounding factors not explored in this study may modify
its interpretation. Furthermore, in the same way, a potential
role of the donor’s genotype and the possible interactions
with the recipient’s genotype could be studied. Thus, this
association of HLA-E polymorphism with LTx occurrence
needs verification using a larger cohort.
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Objectives. The variant rs3828903 within MICB, a nonclassical MHC class I chain-related gene, was detected to contribute to
systemic lupus erythematosus (SLE) in a Caucasian population. This study aimed to investigate the association in a northern Han
Chinese population.Methods. We recruited 1077 SLE patients and 793 controls for analysis. rs3828903 was genotyped by TaqMan
allele discrimination assay. Using the public databases, its functional annotations and gene differential expression analysis ofMICB
were evaluated. Results. Significant association between the allele G of rs3828903 and risk susceptibility to SLE was observed after
adjusting for sex and age (𝑃 = 1.87×10−2). In silico analyses predicted a higher affinity to transcription factors for allele G (risk) and
cis-expression quantitative trait loci (cis-eQTL) effects of rs3828903 in multiple tissues (𝑃 ranging from 2.79 × 10−6 to 6.27 × 10−38).
Furthermore, higher mRNA expressions of MICB were observed in B cells, monocytes, and renal biopsies from SLE patients
compared to controls. Conclusion. An association between rs3828903 and susceptibility to SLE has been detected in a Chinese
population. This together with the functional annotations of rs3828903 convertsMICB into a main candidate in the pathogenesis
of SLE.

1. Introduction

Systemic lupus erythematosus (SLE) is a complex autoim-
mune disease characterized by diverse clinical performances
and outcomes [1]. Although its exact pathogenesis remains
to be unclear, a number of studies have suggested the genetic
component in the pathogenesis of SLE [2].

A significant association between major histocompat-
ibility complex (MHC) locus and SLE susceptibility has
been detected and validated in multiple populations [3–5].
However, compared with the classicalMHC genes, the data is
still limited about the roles of nonconventionalMHC genes in

SLE. A high-density single nucleotide polymorphism (SNP)
screening of MHC in SLE demonstrated strong evidence
for independent susceptibility regions, including rs3828903
within MICB, in a Caucasian population [6]. MICB belongs
to a family of genes located in the MHC class I region,
which encodes a stress-induced molecule involved in both
innate and adaptive immunity. Its receptor NKG2D is mostly
expressed on all natural killer (NK) cells and on subsets of
NKT, CD8+ 𝛼𝛽, and 𝛾𝛿 T cells [7]. The NKG2D/MIC inter-
action was engaged in the pathogenesis of various autoim-
mune diseases [8–10] by altering their activity, including
SLE.
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MICB is known to be polymorphic. Significantly, several
polymorphisms of MICB have been reported to modify the
level of gene expression by altering the binding of transcrip-
tion factors [11], suggesting that a profound dysregulation of
MICB expression may cause autoreactive T-cell stimulation.
This, in turn, underlies relevant differences in the natural
immune response against infections or tumor transformation
and autoimmune diseases [12]. rs3828903 is a regulatory vari-
ant within MICB. In spite of the fact that rs3828903 has
been reported to be associated with the susceptibility to
SLE [6], there is no information about its functionality or
expression. Thus, further studies in different populations are
warranted to confirm this finding. What is more important
is that functional analyses are necessary in order to study
the characteristics of rs3828903 and how it may affect the
autoimmune response observed in SLE patients.

The present study was conducted to investigate whether
there is also an association between MICB polymorphism
rs3828903 and susceptibility to SLE in a northern Han Chi-
nese population. Furthermore, using the public databases,
the functional annotations of rs3828903 and gene differential
expression analyses ofMICB were evaluated.

2. Patients and Methods

2.1. Study Population. To identify the association of
rs3828903 with SLE, a total of 1077 patients with SLE (31.55 ±
12.95 years, 883 females) who were of Han ethnicity living in
north of China were enrolled in this study. The controls were
793 geographically and ethnically matched healthy blood
donors (29.38 ± 13.15 years, 257 females).

All the patients met the revised SLE criteria of the Amer-
ican College of Rheumatology (ACR) [13]. The study was
approved by the Ethic Review Committee of Peking Uni-
versity First Hospital. All subjects gave a written informed
consent.

2.2. SNP Selection and Genotyping. The SNP rs3828903
within MICB, which was reported to be associated with
SLE in a Caucasian population [6], was selected for asso-
ciation analysis. It was genotyped using a TaqMan allele
discrimination assay (assay ID: AH0JEOO; Applied Biosys-
tems, Foster City, CA, USA) according to the manu-
facturer’s instructions. The primers are as follows: for-
ward 5-GGTGGGATAGGGTGAGGAGATC-3 and reverse
5-GGAAACCATAGCTCCCACAATCTA-3. The reporter
sequences include VIC 5-CACCACCTCCATTTC-3 and
FAM 5-ACCACCCCCATTTC-3.

2.3. Computational Assessment of rs3828903. The DNA
features and regulatory elements of the regions that contain
rs3828903 were identified by searching HaploReg v4.1 data-
base (http://www.broadinstitute.org/mammals/haploreg/hap-
loreg.php) and RegulomeDB database (http://regulome.stan-
ford.edu/). Using HaploReg v4.1 database, the variant effect
of rs3828903 on regulatory motifs was quantified as the dif-
ference of LOD (alt) − LOD (ref). A negative score suggested
a relatively higher affinity for the reference sequence, while

a positive score indicated a relatively higher affinity for the
alternative. Besides, the cis-expression quantitative trait loci
(cis-eQTL) effect of rs3828903 was summarized.

2.4. Gene Differential Expression Analysis of MICB. Using
the ArrayExpress Archive database (http://www.ebi.ac.uk/
arrayexpress/), gene differential expression analyses ofMICB
were checked in immune cell subsets and renal biopsies from
SLE patients and healthy controls. In detail, the analysis
data was derived from large-scale genome-wide gene expres-
sion analyses which were conducted in peripheral blood
mononuclear cells (PBMCs) (E-GEOD-50772), B cells (E-
GEOD-4588), CD3+ T cells (E-GEOD-13887), CD4+ T cells
(E-GEOD-4588), monocytes (E-GEOD-46907), monocytes
from healthy donors incubated with SLE sera (E-GEOD-
46920), and tubulointerstitial and glomeruli samples (E-
GEOD-32591).

2.5. Statistical Analyses. Significant deviation from the
Hardy-Weinberg equilibrium in the controls (𝑃 < 0.05) was
excluded. Statistical power was estimated using the soft-
ware Power and Sample Size Calculations Version 3.0
(http://biostat.mc.vanderbilt.edu/PowerSampleSize) with a
two-sided type I error rate of 0.05. To assess the possible
association of rs3828903 with SLE, the allelic distribution
between cases and controls was analyzed using the chi-square
test. The odds ratio (OR) was provided with 95% confidence
interval (95% CI). The age and sex were adjusted by logistic
regression analysis. Quantitative variables with a normal
distributionwere expressed asmeans and standard deviations
and the independent-samples 𝑡-test (2 groups) was used for
analysis. Statistical analyses were performed with SPSS 16.0
software (SPSS Inc., Chicago, IL). A two-tailed 𝑃 value of less
than 0.05 was considered statistically significant.

3. Results

3.1. Polymorphism rs3828903 Was Significantly Associated
with SLE. The call rate for rs3828903 was 99.20% and the
SNP was in the Hardy-Weinberg equilibrium in both cases
and controls (𝑃 > 0.05). Taking into account the expected
frequency of rs3828903 risk allele G (58.0%) in the general
population, the combined set of 1,077 SLE cases and 793
controls provided a power of 96.0% to detect an association
between SLE and the variant, with an OR of 1.4 at the 5%
significance level.

The frequency of the risk allele G of rs3828903 was
significantly higher in SLE patients as compared with healthy
controls (62.26% versus 57.25%; OR = 1.23, 95% CI = 1.07
to 1.42, 𝑃 = 4.75 × 10−3). And logistic regression analysis
adjusting for sex and age also suggested a significant associ-
ation between rs3828903 and SLE (OR = 1.30, 95% CI = 1.05
to 1.62, 𝑃 = 1.81 × 10−2), indicating its potential role in the
pathogenesis of SLE.

3.2. Various Regulatory Effects of rs3828903 Were Predicted.
In HaploReg v4.1 database, rs3828903 was predicted to locate
in promoter histone marks, enhancer histone marks, DNase,
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Figure 1: Systemic lupus erythematosus-associated rs3828903 predicted to be part of the motifs for Zfp740 and Zic 2 in both HaploReg
v4.1 and RegulomeDB databases. (a, b) Degeneracy within the 16- and 9-base motifs is illustrated at all positions by the stacked letters at
each position. The relative height of each letter is proportional to its overenrichment in the motif. A line is boxed around rs3828903-G; this
systemic lupus erythematosus-associated risk allele G is predicted to form the 8th and the second nucleotide in the motifs. (c) Altering the
rs3828903 allele from rs3828903-G to rs3828903-A decreases the binding affinity for transcription factors CACD 2, Irf disc4, Zfp740, and
Zic 2 in HaploReg v4.1 database.

proteins bound, and motifs changed regions within MICB.
Four binding site motifs span the rs3828903 region for
binding by the transcription factors (TFs) CACD 2, Irf disc4,
Zfp740, and Zic 2. The differences between the LOD scores
for the alleles A and G (reference) were −3.8, −1.9, −6.4, and
−2.8 for CACD 2, Irf disc4, Zfp740, and Zic 2, respectively
(Figure 1). Therefore, this model predicted a higher affinity
to TFs for allele G (risk) relative to allele A. Also, in Regu-
lomeDB database, rs3828903 showed a high score (1f, eQTL +
TF binding/DNase peak). Consistent with the HaploReg v4.1
database, the motifs for binding by the TFs Zfp740 and Zic 2
have also been observed in RegulomeDB database (Figure 1),
suggesting its potential role for gene expression regulation.

Considering the regulatory effects mentioned above, the
cis-eQTL effect of rs3828903 has been validated in multiple
tissues, including 12 tissues derived from a subset of 1641 sam-
ples across 43 sites from 175 individuals and nontransformed
peripheral blood samples from 5311 and 1469 unrelated
individuals (Table 1).The variant rs3828903 has been detected
to affect the expression of MICB significantly (with 𝑃 values

ranging from 2.79 × 10−6 to 6.27 × 10−38). Particularly, with
an increase in sample size, the association fit was reinforced.
This was particularly true for the study, which contained data
from 5311 individuals.

3.3. Higher Expression Levels of MICB Were Observed in
SLE. Using the ArrayExpress Archive database, we further
ascertained whether MICB was expressed differently in SLE
patients and healthy controls. As was shown in Figure 2,
MICB mRNA expression was significantly or marginally
significantly upregulated in SLE B cells (489.80 ± 95.50 versus
352.66 ± 96.13; 𝑃 = 1.31 × 10−2; 7 SLE patients versus
9 controls), monocytes (1661.14 ± 532.87 versus 1065.38 ±
220.72; 𝑃 = 4.97 × 10−2; 5 SLE patients versus 5 controls),
tubulointerstitial samples (4.33 ± 0.22 versus 4.21 ± 0.16; 𝑃 =
7.45×10

−2; 32 SLE patients versus 15 controls), and glomeruli
samples (7.92 ± 0.52 versus 6.77 ± 0.23; 𝑃 = 2.18 × 10−13; 32
SLE patients versus 14 controls). Interestingly, although with
a rather small sample size, a marginally significantly higher
expression level of MICB has been observed in monocytes
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Table 1: cis-eQTL effect of rs3828903 in multiple tissues in HaploReg v4.1 database.

Study PMID Tissue Number P value
GTEx2015 v6 25954001 Adipose Subcutaneous 94 6.17 × 10−18

GTEx2015 v6 25954001 Artery Aorta 24 4.81 × 10−14

GTEx2015 v6 25954001 Artery Coronary 9 6.96 × 10−8

GTEx2015 v6 25954001 Artery Tibial 112 3.45 × 10−17

GTEx2015 v6 25954001 Breast Mammary Tissue 27 1.16 × 10−9

GTEx2015 v6 25954001 Cells Transformed fibroblasts 14 5.94 × 10−6

GTEx2015 v6 25954001 Esophagus Gastroesophageal Junction — 4.67 × 10−7

GTEx2015 v6 25954001 Esophagus Mucosa 18 2.05 × 10−14

GTEx2015 v6 25954001 Esophagus Muscularis 20 2.03 × 10−8

GTEx2015 v6 25954001 Heart Atrial Appendage 25 2.79 × 10−6

GTEx2015 v6 25954001 Nerve Tibial 88 9.55 × 10−7

GTEx2015 v6 25954001 Skin Sun Exposed Lower leg 96 2.00 × 10−10

Westra2013 24013639 Whole Blood 5311 6.27 × 10−38

Fehrmann2011 21829388 Whole Blood 1469 9.70 × 10−10

from healthy donors incubated with SLE sera compared to
those incubated with autologous serum (1047.50 ± 494.43
versus 300.40 ± 48.88; 𝑃 = 5.98 × 10−2; 3 SLE patients
versus 3 controls), while there was no difference of MICB
mRNA expression in PBMC (1577.45 ± 488.74 versus 1610.67
± 325.23; 𝑃 = 0.78; 61 SLE patients versus 20 controls), CD3+
T cells (2195.09 ± 865.77 versus 1900.54 ± 715.70; 𝑃 = 0.35; 10
SLE patients versus 17 controls), and CD4+ T cells (495.56 ±
144.59 versus 401.59 ± 94.80; 𝑃 = 0.12; 8 SLE patients versus
10 controls) (Figure 2).

4. Discussion

In this study, a significant association between G allele
of rs3828903 and the risk susceptibility to SLE has been
detected. The risk G allele showed a higher affinity to the
TFs, which significantly affects the expression level ofMICB.
Accordingly, a significantly higher expression level of MICB
has been observed in SLE patients compared with controls,
suggesting the important role ofMICB in SLE.

SLE is a complex autoimmune disease with periods of
waning disease activity and intermittent flares. Various exter-
nal factors, such as infection, smoking, and ultraviolet light,
were suggested to be involved in the disease pathogenesis.
MICB belongs to a “stress-induced” family of MHC I-like
proteins, which is generally expressed in normal tissues and
monocytes. It can be induced by stress, such as heat shock
[14], oxidative stress [15], viral and bacterial infections [16],
DNA damage [17], and tumorigenesis [17], acting as danger
signals to alert NK cells and the subsets of NKT, CD8+ 𝛼𝛽,
and 𝛾𝛿 T cells through engagement of the NKG2D activating
receptor [7]. As it has beenwidely accepted thatNKG2D/MIC
interaction is essential for NK cells and CD8+ T cells to sense
the abnormal cell and subsequently eliminate it, MICB was
regarded to play an important role in immune regulation
in the pathogenesis of SLE. Epstein-Barr virus (EBV) is one
of the most common infections in SLE, and suppression

of MICB expression is employed by Epstein-Barr virus to
escape NK cell recognition [18]. However, in the present
study, it is a pity that we had no data about EBV positivity
available for our patients cohort. In spite of the fact that no
starting assumptions about disease pathogenesis are required
except that genetic variation contributes to disease and that,
starting from this recognition, the genes that are causally
related to disease pathophysiology can be reliably identified,
it should be of special interests for future pathogenesis studies
to investigate if there are differences about EBV positivity
between SLE and control subjects, since a huge amount of the
world population is positive for EBV.

In the present study, we observed a significant association
between the risk allele G of rs3828903 withinMICB and SLE.
The HaploReg v4.1 and RegulomeDB databases predicted
a much higher affinity between the factor-binding site of
rs3828903 risk allele G and the TFs, which could be the cause
of its higher transcription level of MICB found in in silico
analyses. Moreover, higher expressions in B cells, monocytes,
and renal biopsies from SLE patients have been observed
which may contribute to disease progression through acti-
vating NK cells and costimulating effector T cells. However,
the differential gene expression ofMICB was not observed in
PBMC and T-cell subsets from SLE patients, which may be
due to the fact that MICB was mainly expressed in normal
tissues and monocytes.

To conclude, we have found that the allele G of rs3828903
was significantly associated with risk susceptibility to SLE
in the current population. These data together with the
functional annotations of rs3828903 convert MICB into a
main candidate for being an additionalMHC gene associated
with SLE susceptibility.
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Figure 2: Gene differential expression analyses of MICB in immune cell subsets and renal biopsies from SLE patients and controls. (a)–(h)
present the MICB expression levels in immune cell subsets and renal biopsy samples from SLE patients and normal donor controls. MICB
mRNAexpressionwas significantly ormarginally significantly upregulated in SLEB cells (489.80± 95.50 versus 352.66± 96.13;𝑃 = 1.31×10−2;
(b)), monocytes (1661.14 ± 532.87 versus 1065.38 ± 220.72; 𝑃 = 4.97 × 10−2; (e)), tubulointerstitial samples (4.33 ± 0.22 versus 4.21 ± 0.16;
𝑃 = 7.45 × 10

−2; (g)), and glomeruli samples (7.92 ± 0.52 versus 6.77 ± 0.23; 𝑃 = 2.18 × 10−13; (h)). Although with a rather small sample
size, a marginally significantly higher expression level of MICB has been observed in monocytes from healthy donors incubated with SLE
sera compared to those incubated with autologous serum (1047.50 ± 494.43 versus 300.40 ± 48.88; 𝑃 = 5.98 × 10−2; (f)), while there was no
difference of MICB mRNA expression in PBMC (1577.45 ± 488.74 versus 1610.67 ± 325.23; 𝑃 = 0.78; (a)), CD3+ T cells (2195.09 ± 865.77
versus 1900.54 ± 715.70; 𝑃 = 0.35; (c)), and CD4+ T cells (495.56 ± 144.59 versus 401.59 ± 94.80; 𝑃 = 0.12; (d)). PBMCs: peripheral blood
mononuclear cells; SLE: systemic lupus erythematosus. The expression data of MICB was captured from ArrayExpress Archive database
(http://www.ebi.ac.uk/arrayexpress/).
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Allergic diseases are sustained by a T-helper 2 polarization leading to interleukin-4 secretion, IgE-dependent inflammation,
and mast cell and eosinophil activation. HLA-G molecules, both in membrane-bound and in soluble forms, play a central role
in modulation of immune responses. Elevated levels of soluble HLA-G (sHLA-G) molecules are detected in serum of patients
with allergic rhinitis to seasonal and perennial allergens and correlate with allergen-specific IgE levels, clinical severity, drug
consumption, and response to allergen-specific immunotherapy. sHLA-Gmolecules are also found in airway epithelium of patients
with allergic asthma and high levels of sHLA-Gmolecules are detectable in plasma and bronchoalveolar lavage of asthmatic patients
correlating with allergen-specific IgE levels. Finally, HLA-G molecules are expressed by T cells, monocytes-macrophages, and
Langerhans cells infiltrating the dermis of atopic dermatitis patients. Collectively, although at present it is difficult to completely
define the role of HLA-G molecules in allergic diseases, it may be suggested that they are expressed and secreted by immune cells
during the allergic reaction in an attempt to suppress allergic inflammation.

1. Introduction

The human major histocompatibility complex (HLA)
encodes two sets of HLA class I molecules, which have been
termed class Ia (or classical) and class Ib (or nonclassical)
molecules. The class Ia antigens include the gene products
of HLA-A, HLA-B, and HLA-C loci and are characterized by
a broad tissue expression and by a high degree of polymor-
phism [1]. The class Ib antigens include the gene products of
HLA-E, HLA-F, and HLA-G loci and are characterized by a
restricted tissue distribution and by a limited polymorphism
[2]. The encoding genes for classical and nonclassical HLA
class I molecules are located on chromosome 6p21 [3]. Since
its original description in the 1980s in choriocarcinoma cells
and primary cytotrophoblast cells in the placenta [4–6],
considerable evidence supports a central role for HLA-G in
the suppression of immune responses, long-term immune
escape, or tolerance and modulation of inflammation.
Allergic diseases are considered as immunoregulatory
disorders with decreased tolerance towards allergens [7].

In this review, we discuss the current knowledge and the
potential role of HLA-G in allergic diseases.

2. HLA-G Structure

Seven HLA-G isoforms generated by alternative splicing of
the primary HLA-G transcript have been characterized. Four
of them, HLA-G1, HLA-G2, HLA-G3, and HLA-G4, are
bound to the cell surface, while the remaining three,HLA-G5,
HLA-G6, andHLA-G7, are detectable in soluble form (sHLA-
G). The membrane HLA-G1 molecule, which is derived
from the translation of the total HLA-G transcript, and
its soluble counterpart HLA-G5 (sHLA-G) have a structure
identical to that of classical HLA-A, HLA-B, and HLA-C
antigens whereas the other isoforms are smaller lacking one
or two domains [8–11]. Truncated isoforms are generated by
excision of one or two exons encoding globular domains
(G1–G4), while translation of either intron 4 or intron 2
yields sHLA-G5–G7 that lack the transmembrane domain
[12]. Furthermore, sHLA-G1 isoform (shed G1 or sHLA-G1)
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derives from the proteolytic cleavage of themembrane bound
HLA-G1. Both HLA-G1 and HLA-G5 have an extracellular
structure that is similar to other classical HLA class I
molecules: a heavy chain of 3 globular domains that are
linked noncovalently to 𝛽2-microglobulin. By contrast, the
other truncated isoforms have a structure similar to HLA
class II and do not bind 𝛽2-microglobulin. Both HLA-G1
and HLA-G5 can homodimerize either in association with
𝛽2-microglobulin or as free heavy chains. These dimers bind
the LIL-RB1/2 (ILT-2/4) receptors for HLA-G with greater
affinity as compared with monomeric HLA-G [13, 14]. HLA-
G1 and HLA-G5 have been found outside the placenta. HLA-
G generally plays immunosuppressive functions and does so
by several mechanisms [15]. Membrane-bound HLA-G1 and
soluble HLA-G1 and HLA-G5 inhibit uterine and peripheral
NK cell activation, CD8+ T-cell mediated cytolysis, and
CD4+ T-cell alloproliferative responses. Furthermore, HLA-
G may also downregulate alloproliferative responses, induce
immune tolerance by promoting the expansion of CD4+
CD25+ FoxP3+ T regulatory (Treg) lymphocytes, and trigger
the differentiation of CD4+ T-cells in suppressor cells [15].
While originally described as “highly” restricted in its tissue
expression, constitutive expression of HLA-G1 and/or HLA-
G5 has been recognized in a number of tissues includ-
ing thymic medulla, pancreatic islet cells, and peripheral
CD14+ mononuclear cells [16, 17]. Both the promoter and
the 3 untranslated region (UTR) of HLA-G are highly
polymorphic [5, 6]. Three variations in the 3UTR, a 14 bp
insertion/deletion [18–23], a single nucleotide polymorphism
(SNP) substituting guanine at +3142 [24, 25], and a SNP
substituting adenine at +3187 [24], can lead to differences
in HLA-G expression [12, 25]. However, some polymorphic
sites in the 3UTR of HLA-G interfere with mRNA stability,
alternative splicing, and binding of specific microRNAs
(miRs) thereby modulating HLA-G mRNA and/or protein
expression [26]. Indeed, overexpression of these miRs had
also functional activities, since these miRs could directly
downregulate HLA-G mRNA and/or HLA-G surface expres-
sion. Furthermore, cytokines such as interferon- (IFN-) 𝛾
and interleukin- (IL-) 10 trigger the expression of HLA-G by
peripheral blood mononuclear cells (PBMCs) [27, 28]. IL-10
is a key regulator of immune and inflammatory responses and
HLA-G plays an essential role in fetomaternal tolerance by
inhibiting lysis by maternal NK cells. IL-10 enhances steady-
state levels of HLA-G transcription in cultured trophoblast
cells upregulating HLA-G cell surface expression in this cell
type. Moreover, IL-10 is able to enhance HLA-G expression
and to downregulate classicalHLA class I and class II antigens
on monocytes, thus regulating NK cells and T lymphocyte
responses. These characteristics suggest that IL-10 could be
proposed as immunosuppressor agent in the treatment of
transplantation rejection and autoimmune diseases [27, 28].

3. HLA-G and Allergic Rhinitis

Allergic rhinitis (AR) is sustained by mucosal IgE-dependent
inflammation which is promoted, maintained, and amplified
by T-helper (Th) 2 cells [29]. The mucosal inflammation
is characterized by mast cell and eosinophil activation.

Interleukin- (IL-) 4 is a pivotal cytokine that orchestrates
allergic inflammation, because it is the most important
signal to induce Th2 polarization in allergic patients. IL-
4 and IL-13 promote IgE synthesis, upregulate adhesion
molecules selective for eosinophil recruitment, and cause
increased mucous production and airway hyperreactivity
[30–32]. Furthermore, peripheral blood mononuclear cells
of AR patients predominantly produce IL-4 [33]. However, a
defect in Treg lymphocytes has been demonstrated in allergic
patients [7, 34]. Therefore, allergic diseases are considered as
immunoregulatory disorders with reduced tolerance towards
allergens [7]. These pathophysiologic events promote the
production of allergen-specific IgE.

Our group investigated sHLA-A, sHLA-B, sHLA-C, and
sHLA-G serum levels in AR patients allergic to Betula alba,
Parietaria judaica, and Graminaceae [35]. sHLA-A, sHLA-
B, and sHLA-C serum levels were significantly higher in AR
patients as compared to healthy controls (1309 ± 73.3 ng/mL
and 1001 ± 145.7 ng/mL, resp., 𝑝 = 0.011). sHLA-G serum
levels were also significantly higher in AR patients than in
healthy controls (35.86 ± 2.7 ng/mL and 12.79 ± 2.4 ng/mL,
resp., 𝑝 < 0.0001). Moreover, we found a moderate but sig-
nificant correlation between sHLA-G and sHLA-A, sHLA-B,
and sHLA-C levels in AR patients (𝑟 = 0.37). Serum sHLA-G
levelswere also evaluated in patientswithARdue to perennial
allergens including house dust mite and cat and dog dandruff
[36, 37]. Clinical severitywas evaluatedwith a validated visual
analogue scale (VAS) for quantifying the perception of nasal
symptoms intensity and drug consumption at the end of the
pollen season [38]. The serum levels of sHLA-G molecules
resulted as significantly higher in patients with perennial AR
than in healthy controls (𝑝 < 0.0001). Notably, there was a
strong correlation between sHLA-G serum levels, VAS score
(𝑟 = 0.850, 𝑝 < 0.001), and drug use (𝑟 = 0.793, 𝑝 < 0.001).
Notably, a significant even though weak correlation between
serum sHLA-A, sHLA-B, and sHLA-C levels and VAS was
also observed (𝑟 = 0.309, 𝑝 = 0.016) but not between serum
sHLA-A, sHLA-B, and sHLA-C levels and drug consumption
[37]. A further study showed that serum sHLA-G levels were
significantly associated with allergen-specific IgE levels both
in allergic rhinitis (𝑟 = 0.468 and 𝑝 = 0.003) and in allergic
asthma (𝑟 = 0.479 and 𝑝 = 0.006) patients [39]. Finally,
serum sHLA-G levels were higher in patients with seasonal
allergy than in those with perennial allergy (𝑝 = 0.0194)
[40]. Data from another group confirmed that serum sHLA-
G levels are significantly higher also in children with allergic
diseases [41].

AR management includes patient education, allergen
avoidance, drug treatment, and, when appropriate, allergen-
specific immunotherapy [42]. The aim of allergen-specific
sublingual immunotherapy (SLIT) is to achieve clinical tol-
erance to the causal allergen through oral administration
of high-dose allergens by shifting Th2 immune response,
mainly mediated by IL-4, to Th1 response, mainly mediated
by interferon- (IFN-) 𝛾. We evaluated sHLA-G and sHLA-
A, sHLA-B, and sHLA-C serum levels before and 3 months
after the end of SLIT and correlated their values with IFN-
𝛾 production by peripheral blood mononuclear cells [43,
44]. sHLA-G levels decreased from 35.86 ± 2.7 ng/mL to
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11.36 ± 1.6 ng/mL (𝑝 < 0.0001) and sHLA-A, sHLA-B,
and sHLA-C levels decreased from 1309 ± 73.3 ng/mL to
695.3 ± 33.2 ng/mL (𝑝 < 0.0001). Notably, IFN-𝛾 production
increased from 44 ± 68 spots before SLIT to 181 ± 89 spots
after SLIT (𝑝 < 0.0001) and significantly correlated with
both sHLA-G (𝑟 = −0.39, 𝑝 = 0.023) and sHLA-A, sHLA-B,
and sHLA-C (𝑟 = −0.38, 𝑝 = 0.029) changes. Furthermore,
the percentage changes of sHLA-G and sHLA-A, sHLA-
B, and sHLA-C levels were significantly correlated among
themselves (𝑟 = 0.84) and with VAS score (𝑟 = 0.63 and
𝑝 = 0.60, resp.).

4. HLA-G and Asthma

Persistent airway inflammation, structural remodelling, and
bronchial hyperresponsiveness in lower airways are hall-
marks of allergic asthma [45, 46]. Allergen-driven activation
of Th2 CD4+ T-lymphocytes releasing IL-4, IL-5, and IL-
13 perpetuate the inflammation via recruitment of other
lymphocytes, eosinophils, and mononuclear cells [47–49].
Genetic factors play a central role in asthma pathogenesis.
Indeed, over 100 genes have been implicated in asthma
susceptibility [50]. One of such genes may be HLA-G. In
fact, HLA-G genetic polymorphisms confer susceptibility to
airway hyperresponsiveness and asthma development [3].
The G/G genotype at SNP-964 in the promoter region
4 is associated with asthma in the offspring of mothers
with asthma or bronchial hyperresponsiveness (BHR), while
the A/A genotype was associated with asthma in the off-
spring of asthma- and BHR-free mothers [37]. Tan et al.
[51] demonstrated that the SNP-964G/A tagged two major
promoter haplotype clades with evidence of longstanding
balancing selection amongst African Americans, European
Americans, and Han Chinese individuals. There is a strong
linkage disequilibrium between SNPs in the HLA-G gene.
The +3142C/G SNP, which is located in the 3UTR of the
HLA-G gene, affects the targeting of miR-148a, miR-148b,
and miR-152 and interacts with mother’s asthma status to
determine risk of asthma in the child [24]. Notably, the
+3142 (rs10633320) G/G SNP resulted as protective against
asthma among offspring of asthmatic mothers whereas the
C allele was associated with asthma risk in the offspring of
mothers without asthma. Statins upregulate miR-148b and
miR-152 and, thus, affect HLA-G expression. It has been
found that subjects carrying at least one copy of the G minor
allele of the rs10633320 presented a decreased frequency of
asthma-related exacerbations (emergency department visit,
hospitalizations, or oral corticosteroid use). Moreover, there
was no difference in exacerbation frequency between G/G
and G/C genotypes [52]. A genome-wide association study
(GWAS) confirmed in 6819 participants from the Framing-
ham Heart Study the association of previously described
genetic variants in FCERIA, STAT6, and IL-13 and identified
potential susceptibility loci in the HLA-A, HLA-G, andHLA-
DQA2 gene regions as risk factors for IgE dysregulation
and atopy [53]. KIR2DL4 (CD158d) is a member of the
killer cell immunoglobulin-like receptor family that is mainly
expressed on natural killer (NK) cells and its ligand has

been reported to be HLA-G [54–58]. Furthermore, NK-cell
derived IFN-𝛾 secretion has been reported to be critical
for the generation of tolerogenic dendritic cell (DC) in the
placenta [59]. It might be predicted that individuals with the
functionally defective 9A allele of KIR2DL4would not be able
to secrete IFN-𝛾 and might therefore be prone to producing
Th2-biased immune responses and fewer tolerogenic DC.
KIR2DL4 genotypes were analyzed in 2 cohorts of children
at high risk for atopic disease [60]. However, there was
neither significant relationship between KIR2DL4 genotype
and the prevalence of atopy, as assessed by allergen skin
prick testing in either cohort at any age, nor was there
any significant relationship between KIR2DL4 genotype and
the prevalence of wheeze, bronchial hyperreactivity, and
asthma. A role for HLA-G in asthma pathogenesis was
further suggested by the demonstration of the expression
of the sHLA-G5 isoform in the airway epithelium and of
increased circulating plasma levels of sHLA-G in children
with atopic asthma [61]. Because airway inflammation in
asthma involves a Th-2 skewing of lymphocytes similar
to pregnancy, HLA-G is an attractive candidate molecule
for promoting the immune profile characteristic of asthma.
Localization of HLA-G in airway epithelium suggests that
it could contribute to immune dysregulation and airway
inflammation in chronic asthma. Tahan and Patiroglu [61]
measured sHLA-G levels in bronchoalveolar lavage (BAL)
of patients with mild persistent asthma and found increased
levels as compared to controls (𝑝 = 0.01). Notably, there was
no significant difference in sHLA-G BAL levels in Caucasian
individuals as compared to African-American individuals.
Furthermore, sHLA-G was present in the epithelium of
endobronchial biopsies from 9 of 11 patients with asthma.
These findings supported and confirmed a role for sHLA-G in
asthma pathogenesis. Zheng et al. [62] confirmed that plasma
sHLA-G levels were significantly higher in atopic asthmatic
children than in healthy controls (𝑝 < 0.001). 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 both in asthmatic children
and in controls. On the contrary, we found a significant
association between sHLA-G levels and allergen-specific IgE
levels both in AR (𝑟 = 0.468 and 𝑝 = 0.003) and in
asthmatic (𝑟 = 0.479 and 𝑝 = 0.006) patients [36]. Mapp et
al. [63] demonstrated that baseline levels of IL-10 secretion
by PBMC in patients with isocyanate-induced asthma and
asymptomatic-exposed individuals are higher than those in
nonoccupational allergic asthma and in healthy controls
(𝑝 < 0.0001). Spontaneous production of sHLA-Gby PBMCs
resulted as significantly higher in patients with isocyanate-
induced asthma than in the other groups (𝑝 < 0.005).

5. HLA-G, Allergy and Pregnancy

Rizzo et al. [64] evaluated the potential role of pregnancy
and labor on plasma sHLA-G and IL-10 levels in women
with AR or asthma and in healthy pregnant women. Plasma
samples were obtained during the 3rd trimester of pregnancy,
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at delivery, and at a nonpregnant state 2 years postpartum.
The plasma levels of sHLA-G1 isoform and IL-10 resulted
as significantly increased during labor in comparison with
the levels detected during the 3rd trimester and 2 years after
delivery (𝑝 < 0.0001). However, allergic women had lower
plasma sHLA-G levels than nonallergic women during the
3rd trimester of pregnancy and at delivery (𝑝 < 0.01 and
𝑝 < 0.05, resp.). Interestingly, no significant differences were
found in samples obtained 2 years after pregnancy. Thymus-
and-activation-regulated chemokine (TARCorCCL17) is one
of the Th2-inducible chemokines produced by the thymus
[65] and by trophoblasts and endometrial gland cells dur-
ing pregnancy [65]. CCL17 is related to both allergy and
pregnancy. Miyahara et al. [66] enrolled 70 paired full-term
and normal-vaginal-delivery newborns and their mothers
and reported that serum levels of CCL17 were higher in
mothers with atopic dermatitis (AD) than in those without
AD (𝑝 < 0.001). High umbilical cord serum levels of CCL17
were associated with infantile AD development (𝑝 < 0.001).
Serum levels of CCL17 (𝑟s = 0.340, 𝑝 < 0.001) and sHLA-
G (𝑟s = 0.600, 𝑝 < 0.001) showed high correlations between
umbilical cord and maternal blood.

6. 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 [67]. In AD biopsies, HLA-G positive
cells were always found in the papillary and, less frequently,
in the reticular dermis [64]. HLA-G was expressed mainly
by infiltrating T cells but also, to a lesser extent and less
frequently, by monocytes-macrophages or Langerhans cells
[68].

7. What Is the Role of HLA-G in the
Pathogenesis of Allergic Diseases?

HLA-G molecules have a complex immune regulatory role
in transplantation, cancer, viral infections, chronic inflam-
matory diseases, and pregnancy [8, 9, 69–72]. In general,
HLA-G is a tolerance-inducing molecule but it is also a
stimulus for Th2 responses and Treg cells activation [73].
Allergic diseases are driven by aTh2-polarized inflammation
[74] and allergic patients display a defect in Treg cells which
may be restored by specific immunotherapy [34]. At present,
it is difficult to completely clarify the role of HLA-G in
allergic diseases. It may be suggested that they are expressed
and secreted by immune cells during the allergic reaction
and may represent a reactive attempt to suppress allergic
inflammation. This hypothesis is supported by their increase
during immunotherapy and is in keeping with the finding
that antigen presenting cells andmonocytes expressingHLA-
G molecules are able to create a tolerogenic milieu enriched
in IL-10 which, in turn, promotes Treg cells activity [75,
76]. HLA-G genetic polymorphisms confer susceptibility
to airway hyperresponsiveness and asthma development.
In particular, G/G genotype at SNP-964G/A in the pro-
moter region is associated with asthma; the +3142C/G SNP

increases the risk of asthma in the child. By contrast, the
+3142 (rs10633320) G/G SNP resulted as protective against
asthma development. In conclusion, it could be postulated
that increased HLA-G levels could be either compensatory
or pathogenetic through mechanisms not yet completely
known. Accordingly, it has been recently proposed that HLA-
G should be no longer qualified as a “shield” to protect
tissues and cells from immune destruction but, rather, as an
“immune checkpoint” molecule [77].
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