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HLA-class Ib family include HLA-E, -F, -G, and -H mole-
cules that, in contrast with high polymorphic HLA-class Ia
molecules (HLA-A, -B, and -C), display a limited polymor-
phism, with a small number of alleles encoding limited
functional proteins. Similar to HLA-class Ia molecules, HLA-
class Ib molecules bind peptides generated from cytosolic
antigens and present them to CD8+ T lymphocytes, but their
main function is the regulation of immune responses, both in
physiological and pathological conditions.

HLA-G, the best characterized HLA-Ib molecule, is
expressed on fetal cytotrophoblast cells during pregnancy and
abrogates maternal NK cell cytotoxicity against fetal tissues.
However, HLA-G is also expressed (or released as soluble
molecules) by different cells and tissues in pathological
contexts such as tumors, grafted organs, pathogen-infected
cells, and inflammatory tissues.HLA-G interactswith specific
receptors on T and B lymphocytes, NK cells, neutrophils, and
antigen presenting cells, inhibiting their function. HLA-E is
virtually expressed by all nucleated cells and binds peptides
derived from HLA-class I molecules leader sequence. In
physiological conditions, it interacts with CD94/NKG2A
inhibitory receptor on NK cells, inhibiting their cytotoxi-
city against cells displaying normal HLA-class I molecules
expression. When such molecules are downregulated (i.e.,
transformed or infected cells), HLA-class I-derived peptides
are lower and subsequently HLA-E expression is dampened,

allowing NK cells lo lyse these cells. However, different
transformed cells upregulate HLA-E expression to avoid NK-
cell mediated lysis. Limited information is available regarding
HLA-F function. This molecule acts as chaperone for the
𝛽2-microglobulin-free heavy chain of other HLA-class I
molecules, and it is expressed on the surface of activated lym-
phocytes. So far, no functional HLA-Hmolecules encoded by
HLA-H genes have been characterized.

In the present issue dedicated to these nonclassical HLA-
class Ib molecules, two papers have analyzed some basic
aspects of HLA-G. First, E. C. Castelli et al. have reviewed
some interesting data regarding the regulation of HLA-G
gene expression. They analyzed different mechanisms that
operate at transcriptional and posttranscriptional level, with
emphasis on polymorphisms that are present both in the
untranslated and coding region. Second, E. Alegre et al. have
described the factors involved in the generation of different
HLA-G isoforms. Moreover, the authors analyzed the data
present in the literature regarding posttranslationalmodifica-
tions ofHLA-Gmolecules and the expression and function of
different HLA-G specific receptors.

The murine homologue of HLA-G and –E and Qa2 and
Qa1 has been analyzed by B. L. Melo-Lima et al., who have
provided some interesting data regarding the expression of
these molecules during fetal and postnatal development of
thymus and other tissues.
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Three papers have explored the role of HLA-G in physio-
logical conditions. The review by M. Dahl et al. has analyzed
factors that regulate HLA-G expression during pregnancy,
with emphasis on differential spatiotemporal expression of
HLA-G. Moreover, the authors analyzed functional differ-
ences between membrane-bound and soluble HLA-G. F.
Montespan et al. have demonstrated that human mesenchy-
mal stem cells derived from bone marrow or adipose tissue
maintain HLA-G expression and consequently retain their
immunoregulatory properties after osteodifferentiation, thus
suggesting that these cells may be used for bone repair.
Finally, E. Alegre et al. have analyzed HLA-G biochemistry
with special emphasis to the mechanisms that regulate its
expression and how the protein modifications affect the
quantification.

The role of HLA-G in pathological conditions is the key
topic of this special issue. M. Ezeakile et al. have demon-
strated that the presence of HLA-G dimers in kidney trans-
plant patients prolonged kidney allograft survival. L. Amiot
et al. have analyzed data regarding HLA-G expression in
patients with bacterial, viral, or parasitic infections, with
particular attention on factors released by parasites that may
affect HLA-G expression. Novel interesting data regarding
HLA-G expression and function in human tumors have been
described in two papers. G. Locafaro et al. have demonstrated
that HLA-G expressing DC-10 and CD4+ T cells are highly
represented in AML patients with HLA-G+ blasts and may
contribute to immune escape of tumor cells. In contrast, M. J.
Rutten et al. have demonstrated that HLA-G expression on
tumor cells in ovarian carcinoma patients is an independent
prognostic factor that predicts a better overall and event-free
survival and response to chemotherapy.

Finally, the expression and function of HLA-E have been
investigated by F. Morandi et al., whohave demonstrated that
IL-27 treatment upregulated HLA-E expression on human
monocytes, rendering the latter cells immunosuppressive,
through the inhibition of IFN-𝛾 secretion by NK cells.

In conclusion, the papers in this issue will help to enrich
the current knowledge regardingHLA-Ibmolecules and their
role in physiological and pathological conditions.

Fabio Morandi
Enrico Fainardi
Roberta Rizzo

Nathalie Rouas-Freiss
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Aberrant expression of human leukocyte antigens (HLA) class I has prognostic importance in various cancers. Here, we evaluated
the prognostic value of classical (A/B/C) and nonclassical (G/E)HLA expression in 169 high grade epithelial ovarian cancer samples
and linked that to clinicopathological characteristics and survival. Expression of HLA-A, -B/C, or -E was not correlated with
survival. Survival was prolonged when tumours expressed HLA-G (𝑃 = 0.008) and HLA-G was an independent predictor for
better survival (𝑃 = 0.011). In addition, HLA-G expression was associated with longer progression-free survival (𝑃 = 0.036) and
response to chemotherapy (𝑃 = 0.014). Accordingly, high expression of HLA-G mRNA was associated with prolonged disease-
free survival (𝑃 = 0.037) in 65 corresponding samples. Elevated serum-soluble HLA-G levels as measured by enzyme-linked
immunosorbent assay in 50matched patients were not correlated toHLA-Gprotein expression or gene expression norwith survival.
During treatment, sHLA-G levels declined (𝑃 = 0.038). In conclusion, expression of HLA-G is an independent prognostic factor
for improved survival in high grade epithelial ovarian cancer and a predictor for platinum sensitivity.

1. Introduction

Epithelial ovarian cancer (EOC) is the most lethal gynae-
cological cancer and the second cause of cancer related
death among women [1]. Stage at diagnosis, result of debulk-
ing surgery, histological type, and response to chemother-
apy all influence the prognosis [2–4]. All patients are
treated with cytoreductive surgery and adjuvant combination
chemotherapy, usually consisting of paclitaxel and carbo-
platin. Although response to treatment is high, approximately
70% of patients with advanced disease develop recurrence,
suggesting that effectiveness of treatment protocols is low.

Morphologically and histologically, there are large differ-
ences within epithelial ovarian cancer, suggesting different
patterns of development. Therefore, a classification based on
a dualistic model of carcinogenesis is developed [5]. Type I
tumours are low grade, are slowly growing, and develop from
premalignant stage towards malignant lesion, while type II
tumours are high grade,more aggressively growing, and often

present at an advanced stage [6–8]. However, even within
type II tumours, large differences exist regarding response to
treatment and patient survival.

Molecular variations or interference of the immune sys-
tem with the disease process may be accountable for this
[9, 10]. As in other solid tumours like breast, colon, and
cervical cancer, in epithelial ovarian cancer expression of
human leukocyte antigens (HLA) is also associated with
prognosis [9, 11–14]. The role of these molecules is to present
intracellular peptides to cytotoxic T cells and herewith trigger
an adequate immune response against the aberrant cells [15].
In contrast, nonclassical HLA expression is thought to play
a role in immune tolerance by inhibiting natural killer (NK)
cell-mediated lysis [16–21]. Studies have also indicated that
solubleHLA-G (sHLA-G) could play a role in suppressing the
functions of various immune competent cells [22–24].

Downregulation of classical HLA is associated with an
unfavourable prognosis in ovarian cancer [25, 26]; however,
the association of HLA-G with prognosis is controversial
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[12, 27–32]. Upregulation of HLA-G by IL6, IL8, or IL10 was
suggested to help cancer cells evade the immune response
by inhibition of NK cell- and CTL-mediated lysis [33–35].
However, the opposite was seen in melanoma cells [30]. The
same controversies regarding prognosis are seen between
studies analysing HLA-G expression in ovarian cancer.These
controversies could be due to the fact that heterogeneous
groups of patients were analysed [7, 36]. As HLA-G is fre-
quently expressed in high grade ovarian tumours and almost
never in low grade tumours, the role of this molecule could
be different within these tumour types [37]. To optimize
treatment regimens it is important to search for prognostic
markers in homogenous cohorts of patients.

The purpose of this study was to evaluate whether expres-
sion of classical and nonclassical HLA influences survival
in a cohort of 169 clinically well-characterized high grade
epithelial ovarian cancer patients. In addition, we analysed
HLA-G gene expression and serum sHLA-G concentration
in all available matched frozen biopsies and serum samples,
respectively.

2. Material and Methods

2.1. Patients and Material. This study includes patients
treated for primary epithelial ovarian cancer in the Gynae-
cologic Oncologic Centre of the Academic Medical Centre
Amsterdam and one of its referral hospitals, the Deventer
Hospital, between 1993 and 2010. Haematoxylin/eosin (H&E)
stained slides of the tumours were retrieved from the pathol-
ogy department archives and were reviewed. Histological
features, including histological grade, were assessed by an
experienced pathologist (MV) blinded to the clinical data. In
total, 169 patientswith type II, high grade serous andundiffer-
entiated tumours, were selected. Representative tumour areas
were marked on the H&E slides to be cored for the array
blocks. Furthermore, corresponding frozen tissue of 65 type
II tumours was collected for RNA isolation. From 50 patients
matched serum samples were available.

Clinical data of these patients were obtained from a
prospectively maintained database at the Department of
Gynaecologic Oncology at the Academic Medical Centre
Amsterdam and missing data were abstracted from patient
charts. Staging of the disease was done according to the
criteria of International Federation of Gynaecologists and
Obstetricians (FIGO). All patients were treated with primary
debulking surgery (PDS) or interval debulking surgery (IDS)
and a platinumbased combination chemotherapy if indicated
by disease stage. Patients who had more than one cen-
timetre of residual tumour after primary debulking surgery
underwent an interval debulking, solely when there was no
progression during chemotherapy treatment. Progression-
free survival (PFS) and disease specific survival (DSS) were
calculated from the date of first surgery or start of chemother-
apy to the date of progression, death, or last follow-up,
respectively. Result of surgery was scored as no macroscopic
disease or any residual tumour. Furthermore, sensitivity to
platinum containing chemotherapy was classified according
to moment of recurrence. When recurrence occurred within

6 months after the last cycle of chemotherapy was given,
tumours were classified as platinum resistant. If recurrence
occurredmore than one year after the last cycle of chemother-
apy was given, tumours were classified as platinum sensitive
[38, 39]. The tissue and serum as well as the clinical data
were used according to the guidelines of the Medical Ethical
Committee of the Academic Medical Centre Amsterdam.

2.2. Tissue Microarray. To construct the tissue microarrays
(TMA), formalin-fixed, paraffin-embedded (FFPE) tissue
samples were collected from the pathology archive of both
hospitals. We retrieved FFPE samples of primary tumour
or metastasis at surgical intervention, which was either
before treatment with chemotherapy or after 2 cycles of
chemotherapy. Of each tumour, 3 representative 0.6mm
diameter cores were taken, resulting in 20 to 24 tumours
on each TMA block (Beecher, Silverspring, MD, USA, TMA
instrument). Sections of 4𝜇m were obtained from each
TMA block and placed on coated glass slides to allow for
immunohistochemical staining.

2.3. Immunohistochemistry and Evaluation of Staining. For
HLA class I staining, antibodies against HLA-A (HCA2)
and HLA-B/C (HC10) heavy chains were used (a kind gift
from Professor Dr. Jaques Neefjes, NKI, Amsterdam, The
Netherlands). Normal epitheliumof benign ovarian cysts and
liver and renal tissue served as control. In addition, 4 𝜇m
sections of the TMAs were stained with the mouse mono-
clonal antibodies clone MEM-E/02 (MCA2193, AbD Serotec,
Kidlington, UK) and clone 4H84 (LifeSpan Biosciences, WA,
USA) against HLA-E and HLA-G, respectively.

First, the tissue sections were deparaffinised and rehy-
drated using graded concentrations of ethanol to distilled
water; endogenous peroxidise activity was blocked with
0.03% H

2
O
2
/MeOH for 20 minutes. Antigen retrieval was

performed in boiling 0.01M citrate buffer (pH 6.0) for 12
minutes. After 2 hours of cooling in citrate buffer, slides
were washed twice in distilled water and twice in phosphate-
buffered saline (PBS). Subsequently, incubation was per-
formed overnight at room temperature with the primary
antibodies diluted in PBS containing 1% bovine serum
albumin. Second, sections were incubated with BrightVi-
sion polyhorseradish peroxidase anti-mouse/rabbit/rat IgG
(Immunologic BV, Duiven, The Netherlands) for 30 min-
utes at room temperature. Washing between incubations
was performed 3 times for 5 minutes in PBS. Immune
complexes were visualized by applying a 0.05M tris-HCl
buffer (pH 7.6) containing 0.05% of 3,3-diamino-benzidine-
tetrahydrochloride and 0.0018% of H

2
O
2
. After 10 minutes,

the reactionwas stopped by rinsingwith demineralisedwater.
Finally, the tissue sections were counterstained with Mayer’s
haematoxylin before addition of a coverslip.

Immunohistochemical staining was scored without prior
knowledge of clinical parameters and based on the intensity
and percentage of positively stained tumour cells. The per-
centage of positively stained tumour cells was scored from
0 to 5: absent (<1%, 0), sporadic (1–5%, 1), local (6–25%,
2), occasional (26–50%, 3), majority (51–75%, 4), or large
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majority (>75%, 5). The staining intensity was scored from
0 to 3 to reflect negative (0), weak (1), moderate (2), or strong
(3) staining intensity. Samples stained for classical HLA class
I were categorized in one of three categories of expression
based on the sum of the scores: normal expression, total score
7-8; weak, 3–6; and total loss, 0–2. Any variation in expression
was considered as downregulation (score ≤ 6).

For HLA-G, membrane or combined membrane and
cytoplasmic expression were considered positive. Scoring
of HLA-G and -E was similar to classical HLA class I
scoring, except that labelling of categories was different
(strong expression 7-8; low expression 3–6; and no expression
0–2). Samples with any expression (>3) were considered
unregulated. HLA-E positivity was also analysed using 5 or
higher as cut-off as described earlier for ovarian cancer [12].
To obtain high concordance rate with whole tissue slides, a
minimum of 2 cores with representative tumours tissue had
to be present on the TMA to be used in statistical analyses.

2.4. Total RNA Isolation andMicroarray Hybridization. RNA
was isolated from frozen sections that contained at least 50%
of tumour collected at surgery for ovarian cancer. Of these,
65 samples matched with tissue used to construct the TMAs.
For this study, we used HLA-G gene expression data of these
65 matched cases.

For each specimen, 30 sections of 20𝜇m were cut for
RNA isolation. Total RNA was isolated and extracted using
RNA Bee (Amsbio, UK) and the RNeasy Mini kit (DNAse-
treated; Qiagen, The Netherlands) and amplified using the
Illumina TotalPrep RNA Amplification kit (Ambion, Life
Technologies). Samples with RIN values ≥7, as evaluated
using the Bioanalyzer (Agilent, California, USA), were used
for genetic analyses. RNA of the 65 samples was hybridized
to Illumina Human HT-12 v4 Expression BeadChip 47K
Arrays (Illumina, CA, USA). The arrays provide intensity
data for each probe or probe set, indicating a relative level
of hybridization with the labelled target. Genes that were not
detected above background level in at least one sample were
excluded from the analysis. The data were then normalized
by applying between array simple scaling (i.e., mean centring
between arrays) and a subsequent log2 transformation.

2.5. sHLA-G Enzyme-Linked Immunosorbent Assay. Serum
samples were collected from patients visiting the department
of gynaecologic oncology and stored at −80∘C. Samples
were collected before starting the treatment, after 2 courses
of chemotherapy, at the end of treatment, and at time of
recurrence. Of those patients whose tissue was used to
construct TMAs, we could retrieve serum of 50 patients.

sHLA-G was quantified using a commercially available
ELISA kit (Exbio, Prague, Czech Republic) according to the
manufacturer’s instructions. Briefly, calibrators and samples
were incubated in microtitration wells precoated with mon-
oclonal antibody, mouse anti-HLA-G monoclonal antibody
(MEMG/9), which recognized the most abundant soluble
isoforms (shedded sHLA-G1 and intron4 containing secreted
HLA-G5). After 18 hours of incubation and washing, mon-
oclonal anti-human beta2-microglobulin antibody labelled

with horseradish peroxidase (HRP), which recognized the
immobilized antibody sHLA-G complex, was added to the
wells and incubated for 60 minutes. Following rinsing, the
substrate solution (H

2
O
2
with tetramethylbenzidine) was

added to react with the remaining HRP-conjugated antibody.
After the addition of acidic stop solution, the absorbance
of the resulting yellow product was measured at 450 nm
using a microplate reader (BIO-RAD Model 550, CA, USA).
According to absorbance values proportional to sHLA-G
concentrations of calibrators, a calibration curve was con-
stituted and used to determine the sHLA-G concentrations
of serum samples. The interassay coefficient variation of the
human sHLA-G ELISA kit was 1.3–16.9% and the limit of
detectionwas 2U/mL.TheELISAwas performed in a blinded
manner.

2.6. Statistical Analysis. Association of clinicopathologic
parameters with HLA expression was analysed with two-
sided Chi-square tests. To correlate loss of expression or
upregulation of classical and nonclassical HLA with clini-
copathologic parameters or survival, expression of classical
HLA class I was analysed as normal expression versus down-
regulation. Nonclassical HLA was analysed as no expression
versus upregulation.

Survival was expressed as progression-free survival (PFS)
and disease specific survival (DSS). For DSS and PFS, the
Kaplan-Meier method and log-rank test were used to calcu-
late difference between groupswith andwithout expression of
classical and nonclassical HLA. To determine whether clini-
copathologic characteristics as well as HLA class I expression
were related to survival, univariable and multivariable Cox
regression analyses were performed.

Correlation of sHLA-G and HLA-G expression in tissue
was analysed with Spearman’s rho. Differences in concen-
tration of sHLA-G before, during, or after treatment and
at recurrence were compared between matched cases using
the Wilcoxon-rank test for the median. In all cases 𝑃 values
< 0.05 were considered statistically significant. Statistical
analysis was performed in IBMSPSS (Version 19.0, IBMSPSS,
Chicago, IL).

Gene expression levels of HLA-G were analysed
using R2: microarray analysis and visualization platform
(http://r2.amc.nl/). Differential gene expression analysis of
HLA-G of tissue with and without HLA-G protein expression
and sHLA-G concentration was performed with ANOVA.
For survival analyses, Kaplan-Meier method and log-rank
test were used to calculate differences between groups with
expression levels above and below the median.

3. Results

3.1. Patient Characteristics. Patients with high grade epithe-
lial ovarian carcinoma treated with primary or interval
debulking surgery were included (𝑛 = 169). From 141
patients, ovarian tissue was available of which 108 samples
were collected before chemotherapy started.

Median age at diagnosis was 60 years (range 36–88 years).
The majority of cases had advanced stage disease (𝑛 = 154)
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Table 1: Patient characteristics.

Baseline characteristics All patients
(𝑛 = 169)

Mean age, years (SD) 61 (11.7)
FIGO stage

I 8 (5%)
II 7 (4%)
III 125 (74%)
IV 29 (17%)

Histologic classification
High grade serous 141 (83%)
Undifferentiated 28 (17%)

Residual disease after debulking surgery
No macroscopic tumour 37 (22%)
Less than 1 cm residual disease 46 (27%)
1 cm or more residual disease 86 (51%)

Kind of debulking surgery
PDS 134 (79%)
IDS 35 (21%)

Tissue origin
Ovary 141
Metastases 28

Kind of chemotherapy given
None 9 (5%)
Single drug platinum 5 (3%)
Multidrug carboplatin/paclitaxel 123 (19%)
Multidrug with platinum 32 (73%)
Amount of cycles 6 (5–7)

Platinum sensitivity
Refractory disease 34 (20%)
Platinum resistant disease 36 (21%)
Partial chemosensitive 25 (15%)
Platinum sensitive disease 65 (38%)

Refractory disease: recurrence occurred during chemotherapy treatment;
platinum resistant disease: recurrence occurred within 6 months after the
last cycle of chemotherapy; partial platinum sensitive disease: recurrence
occurred after 6 months or within 1 year after last cycle of platinum based
chemotherapy; platinum sensitive disease: recurrence occurred more than 1
year after the last cycle of chemotherapy.

and residual disease after debulking surgery (𝑛 = 132).
Median follow-up was 31 months (0.7–186); 125 patients
had recurrence or progression. Median DSS was 38 months
(95%CI 29–47) and PFS was 15 months (95%CI 12–18).
Clinicopathologic characteristics are summarized in Table 1.

3.2. Correlation of HLA Class I Protein Expression and
Clinicopathologic Characteristics. Expression of all classical
and nonclassical HLA class I molecules could be evaluated
in 137 tumours (81%) (Figure 1). Downregulation of HLA-
A occurred in 74.6% of the cases; in 37.2%, there was no
expression at all. Downregulation of HLA-B/C was observed
in 82.7%; in 46%, tumours expression was totally absent.
HLA-E and HLA-G upregulation was observed in 73.4% and

47.9%, respectively. Clinical factors related to HLA protein
expression were residual disease after surgery and sensitivity
to chemotherapy (Table 2). In univariable analysis, residual
disease after surgery (OR: 2.42; 95%CI 1.06–5.52) and sen-
sitivity to platinum based chemotherapy (OR: 2.10; 95%CI
1.05–4.19) were significantly related to upregulation of HLA-
G. In multivariable analysis sensitivity to platinum based
chemotherapy (OR: 2.46; 95%CI 1.05–5.75) was indepen-
dently associated with HLA-G upregulation. Furthermore,
residual disease after surgery was independently associated
with HLA-A downregulation (OR 2.86; 95%CI 1.17–7.03).

Besides, combined absence ofHLA-AandHLA-Gexpres-
sion, which was correlated to residual disease after surgery
(𝑃 = 0.038), combination of expression levels of HLA-E and
-G or classical and nonclassical HLAs, did not correlate with
clinicopathologic characteristics.

When correlating HLA expression with survival, expres-
sion of HLA-G was significantly correlated with a favourable
prognosis. Both PFS and DSS were significantly better
when tumours expressed HLA-G. PFS was 19 months and
decreased to 6months, if therewas no expression (𝑃 = 0.038).
DSS of patientswithHLA-G expressionwas 56months versus
30 months, when there was no expression of HLA-G (𝑃 =
0.008). Five-year survival of patients with tumours expressing
HLA-G was significantly better (𝑃 = 0.001) (Figure 2(a)). In
the group of patients of whom ovarian tissue was collected
before chemotherapy treatment started (𝑛 = 108), PFS for
HLA-G positive cases was 28 months versus 16 months for
those lacking expression (𝑃 = 0.027). DSS advantage in this
group was 40 months (𝑃 = 0.011).

In univariate analysis, advanced stage disease (HR 4.7;
95%CI: 1.16–19.17), IDS (HR 1.8; 95%CI: 1.15–2.91), macro-
scopic residual tumour (HR 2.6; 95%CI: 1.57–4.43), and lack
of expression of HLA-G (HR 1.69; 95%CI: 1.14–2.51) were
related to worse survival. In multi-variate analysis, HLA-G
expression remained an independent prognostic factor for
improved survival (𝑃 = 0.020), as well as no residual disease
after surgery and PDS. However FIGO stage did not retain
prognostic significance (Table 3).

Downregulation of HLA-A resulted in a shorter PFS,
14 months (95%CI 11.1–16.9) instead of 25 months (95%CI
15.5-34.5) (𝑃 = 0.047), when there was normal expression.
Disease specific survival at five-year follow-up was not
different for patients with tumours lacking HLA-A expres-
sion (Figure 2(b)). Within the whole follow-up period, DSS
was worse, when there was downregulation (36 versus 58
months); however, this was not significant (𝑃 = 0.066).
Expression or absence of expression of HLA-B/C and -E
(any upregulation or with a cut-off of 5) or combination of
HLA-E/G did not influence prognosis. Also when stratified
for classical HLA class I expression no difference in survival
was observed according to HLA-E and/or -G expression
(Figure 2(c)).

3.3. HLA-G Gene Expression in Frozen Biopsies and sHLA-
G Concentration in Serum of High Grade EOC Patients. The
median level of HLA-G gene expression in tumour tissue was
230.38 fluorescence units. Patients with high HLA-G gene
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Table 3: Cox regression analysis on disease specific survival including clinicopathological factors and HLA expression.

Disease specific survival Univariable analysis Multivariable analysis
HR 95% CI 𝑃 value HR 95% CI 𝑃 value

Age (years) 1.01 0.99–1.03 0.185
FIGO stage

Low (I-IIA) 1 1
High (IIB–IV) 4.70 1.16–19.17 0.030 3.74 0.48–28.99 0.207

Kind of surgery
PDS 1 1
IDS 1.80 1.15–2.91 0.011 2.48 1.49–4.15 0.001

Residual disease
Microscopic 1 1
Macroscopic 2.60 1.57–4.43 <0.000 2.21 1.21–4.02 0.009

HLA-A expression
Normal 1
Downregulation 1.30 0.85–1.98 0.231

HLA-B/C expression
Normal 1
Downregulation 1.13 0.68–1.88 0.647

HLA-E expression
Normal 1
Upregulation 1.31 0.75–2.27 0.341

HLA-G Expression
Normal 1.69 1.14–2.51 0.009 1.62 1.08–2.42 0.020
Upregulation 1

HR: hazards ratio, CI: confidence interval, Ref.: referent, PDS: primary debulking surgery, IDS: interval debulking surgery.

expression had a significant better prognosis than those with
low expression for 5-year disease specific survival (𝑃 = 0.027)
(Figure 2(d)). Protein expression of HLA-G in tumour tissue
was not correlated with HLA-G gene expression (𝑃 = 0.43)
and also no correlation was observed between serum sHLA-
G levels and protein expression (𝑅 = 0.26, 𝑃 = 0.066) or
sHLA-G levels and gene expression.

The concentration of sHLA-G in serum at start of
treatment had a median of 10.3U/mL (interquartile range
(IQR) 3.0–23.5). Median concentration at the start of the
treatment was higher than after 2 cycles of chemotherapy
5.7U/mL (IQR 3.0–7.3) (𝑃 = 0.038). Concentration of sHLA-
Gdecreased during the treatment and increased at recurrence
(Figure 3). At recurrence, levels of sHLA-G were equally
high as at the start of the treatment (median 7.4U/mL (IQR
2.8–27.5)). Finally, no difference was seen in disease specific
survival of patients with sHLA-G levels in serum above the
median (𝑛 = 19) and below the median (𝑛 = 17) (𝑃 = 0.70).

4. Discussion

In this study, we analysed expression of classical and non-
classical HLA class I in high grade ovarian carcinomas.
Upregulation of HLA-G expression was an independent
predictor for improved survival. Furthermore, our analyses
showed thatHLA-G expression in these tumours is correlated
with residual disease after surgery and sensitivity to platinum

chemotherapy. In addition, loss of expression of HLA-A
resulted in shorter progression-free survival. The expression
or loss of expression of other classical and nonclassical HLA
molecules in combination or alone was not associated with
survival.

In concordance with protein expression, elevated gene
expression of HLA-G was associated with good prognosis.
However, besides an elevated concentration of sHLA-G at the
start of the treatment, the concentration of serum sHLA-G
did not show any prognostic relevance.

Prognostic significance ofHLA class Imolecules has been
described in various solid as well as heamatopoetic tumours,
including ovarian cancer. Several groups showed that intact
HLA phenotype confers better prognosis in terms of overall
survival [9, 25, 26]. Only one study, by Vitale et al. [40], did
not show a survival advantage for HLA class I in ovarian
cancer.Mostly, the lack of expression of classicalHLAclass I is
associated with poor survival, whereas expression of HLA-E
or -G results in a worse prognosis [12, 13, 17, 25, 35, 41, 42].
Recently, however, it was shown that not only the absence
of HLA-G and -E expression but also the absence of HLA
class I expression was associated with worse survival in colon
cancer patients [43]. This examples the controversies which
exists regarding HLA and survival, which could be due to
differences in staining techniques and scoring or definition
of expression.

Although expression of HLA-G is often correlated with
poor survival, which is explained by inhibition of NK cell and
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(a) (b) (c)

(d) (e) (f)

(g) (h)
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Figure 1: Representative examples of HLA immunohistochemical staining, HLA-A ((a)–(c)), HLA-B/C ((d)–(f)), HLA-E ((h)–(j)), andHLA-
G ((i)-(j)). Strong expression ((a), (d), (g), and (i)), weak expression ((b) and (e)), and loss of expression ((c), (f), (h), and (j)).

CTL-mediated lyses, our data show that, in high grade EOC,
expression of HLA-G is associated with a good prognosis.
It is assumed that upregulation helps the tumour to evade
the immune response of the host by blocking NK cell
activity whilst others dispute this [27, 31]. Improved survival
of patients with epithelial ovarian cancer expressing HLA-
G in tumour cells in ascites has been described [31]. Yet,
the biological significance of HLA-G remains uncertain at
present.

HLA-G is more often expressed in high grade tumours
[37, 44, 45]; therefore, it is thought that HLA-G plays a role in
tumour growth and aggressive behaviour of high grade EOC.

HLA-G is also thought to influence chemosensitivity of high
grade EOC [31].

Furthermore, as described inmelanoma cell lines, expres-
sion ofHLA-G can account for susceptibility toNK-mediated
lysis due to a switch in alternative splicing [30]. The primary
transcript of HLA-G is alternatively spliced, producing seven
different mRNA molecules encoding four membrane-bound
(HLA-G1 to HLA-G4) and 3 soluble (HLA-G5-G7) protein
isoforms. The susceptibility to NK-mediated lysis could be
explained by a switch of alternative splicing leading to
the loss of cell surface HLA-G1 and its replacement by
intracellular HLA-G2, through which tumour cells become



8 Journal of Immunology Research

Follow-up in months
60.0050.0040.0030.0020.0010.000.00

D
ise

as
e s

pe
ci

fic
 su

rv
iv

al

1.0

0.8

0.6

0.4

0.2

0.0

Upregulation of HLA-G-censored
Normal expression of HLA-G-censored
Upregulation of HLA-G
Normal expression of HLA-G

P = 0.001

(a)

Follow-up in months

NS

50.0040.0030.0020.0010.000.00
D

ise
as

e s
pe

ci
fic

 su
rv

iv
al

1.0

0.8

0.6

0.4

0.2

0.0

Normal expression HLA-A-censored
Downregulated HLA-A-censored
Normal expression HLA-A
Downregulated HLA-A

60.00

(b)

Follow-up in months
60.0050.0040.0030.0020.0010.000.00

D
ise

as
e s

pe
ci

fic
 su

rv
iv

al

1.0

0.8

0.6

0.4

0.2

0.0

Upregulation of HLA-G-censored
Normal expression of HLA-G-censored
Upregulation of HLA-G
Normal expression of HLA-G

P = NS

(c)

Follow-up in months
60.0050.0040.0030.0020.0010.000.00

D
ise

as
e s

pe
ci

fic
 su

rv
iv

al

1.0

0.8

0.6

0.4

0.2

0.0

Normal gene expression of HLA-G-censored
High gene expression of HLA-G-censored
High gene expression of HLA-G
Normal gene expression of HLA-G

P = 0.027

(d)

Figure 2: Survival analyses. Kaplan-Meier 5-year survival curves and log-rank test for HLA-G expression (a), HLA-A expression (b), HLA-G
expression in tumours with downregulation of HLA-A (c), andHLA-G gene expression at themedian expression cut-off of 230.4 fluorescence
units (d) (NS = not significant).
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Figure 3: Median concentration of sHLA-G (u/mL) at diagnosis,
after 2 cycles of chemotherapy, after primary treatment, and at
recurrence. ⊥ is the lowest interquartile and ⊤ is the highest
interquartile.

more susceptible to NK cell-mediated lysis [30, 35]. Recent
findings show that HLA-G interacts with KIR2DL4 on NK
cells to regulate the production of cytokines and chemokines
[46].

This binding leads to proangiogenic factors and
inflammatory cytokines production activating the immune
response. To further examine how NK and T cells respond
to HLA-G, we are currently analysing the expression of
KIR2DL4 on CTLs and NK cells isolated from high grade
EOC patients. On the contrary, recently Lin et al. described
that tumour invasiveness or metastasis correlated with
HLA-G expression may rely on the induction of MMP-15
expression by HLA-G in ovarian cancer [47].

Expression of nonclassical HLAs in tumours lacking
expression of classical HLA has been described in several
solid tumours to influence prognosis in a negativeway [28, 42,
48]. This is explained by the mechanism of downregulation
of classical HLA class I resulting in escape of tumours from
cytotoxic T cell immune recognition. By upregulation of
nonclassical HLA, they may further escape immune recog-
nition [35]. We could not demonstrate this in the current
high grade ovarian carcinoma cohort. Although we could not
indisputably demonstrate a significant correlation between
HLA-G gene expression and expression at the protein level,
high gene expression was found to be associated with a
good prognosis. There is evidence of upregulation of HLA-
G mRNA in response to transformation, neovascularisation,
inflammation, and infection [49]. Increased vascularity may
suggest improved tumour oxygenation and drug delivery
and thereby improved response to chemotherapy [50]. High
gene expression of HLA-G could reflect highly vascularised
tumours and susceptibility to chemotherapy.

In contrast, detection of soluble HLA-G in ascites was
described to be higher in malignant ascites of ovarian and
breast cancer than in ascites of benign disease [44], but detec-
tion of sHLA-G in serum of ovarian cancer patients has not
been described. Although the concentration of sHLA-G at
diagnosis was higher than after the treatment, in the present
study, no prognostic value of sHLA-Gcould be demonstrated.
Schütt et al. described in a subgroup of lung cancer patients

with squamous cell carcinoma a better prognosis for patients
with low concentrations of sHLA-G [51]. Similar to the
findings in our study, no prognostic significance for sHLA-
G concentration was observed in breast, renal cell, and
esophageal carcinoma [52–54].

Expression of HLA-G on tumour cells in malignant
effusions has been demonstrated to be related to survival
and proposed as a possible marker of tumour susceptibility
to chemotherapy [31]. In concordance with the findings of
Davidson et al., who found reduced expression of HLA-G in
effusions obtained after the start of chemotherapy, we found
a reduced concentration of sHLA-G in serum in samples
obtained during and after treatment. This could indicate a
role in susceptibility to chemotherapy.

In order to validate the use of HLA-G expression as
a predictive marker in selecting patients for treatment,
independent, large, and homogeneous cohorts should be
evaluated to make definite conclusions on the prognostic
influence of HLA expression in EOC.

In conclusion, this is the first study to describe the cor-
relation of classical and nonclassical HLA class I expression
levels with survival in high grade epithelial ovarian cancer
and to correlate both membrane-bound and soluble HLA-
G protein and HLA-G gene expression. The here presented
data show that, in high grade epithelial ovarian carcinomas,
HLA-G expression is an independent parameter for improved
survival.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] R. Siegel, D.Naishadham, andA. Jemal, “Cancer statistics, 2012,”
CA Cancer Journal for Clinicians, vol. 62, no. 1, pp. 10–29, 2012.

[2] A. Elattar, A. Bryant, B. A. Winter-Roach, M. Hatem, and
R. Naik, “Optimal primary surgical treatment for advanced
epithelial ovarian cancer,” Cochrane Database of Systematic
Reviews, no. 8, p. CD007565, 2011.

[3] E.-I. Braicu, J. Sehouli, R. Richter, K. Pietzner, C. Denkert, and
C. Fotopoulou, “Role of histological type on surgical outcome
and survival following radical primary tumour debulking of
epithelial ovarian, fallopian tube and peritoneal cancers,”British
Journal of Cancer, vol. 105, no. 12, pp. 1818–1824, 2011.

[4] W. E. Winter III, G. L. Maxwell, C. Tian et al., “Tumor residual
after surgical cytoreduction in prediction of clinical outcome
in stage IV epithelial ovarian cancer: a Gynecologic Oncology
Group study,” Journal of Clinical Oncology, vol. 26, no. 1, pp. 83–
89, 2008.

[5] R. J. Kurman and I.-M. Shih, “Molecular pathogenesis and
extraovarian origin of epithelial ovarian cancer—shifting the
paradigm,” Human Pathology, vol. 42, no. 7, pp. 918–931, 2011.

[6] R. J. Kurman and I.-M. Shih, “Pathogenesis of ovarian cancer:
lessons from morphology and molecular biology and their
clinical implications,” International Journal of Gynecological
Pathology, vol. 27, no. 2, pp. 151–160, 2008.

[7] A. Bamias,M. Sotiropoulou, F. Zagouri et al., “Prognostic evalu-
ation of tumour type and other histopathological characteristics



10 Journal of Immunology Research

in advanced epithelial ovarian cancer, treated with surgery
and paclitaxel/carboplatin chemotherapy: cell type is the most
useful prognostic factor,” European Journal of Cancer, vol. 48,
pp. 1476–1483, 2012.

[8] R. Vang, I.-M. Shih, and R. J. Kurman, “Ovarian low-grade and
high-grade serous carcinoma: pathogenesis, clinicopathologic
and molecular biologic features, and diagnostic problems,”
Advances in Anatomic Pathology, vol. 16, no. 5, pp. 267–282,
2009.

[9] M. Shehata, A. Mukherjee, S. Deen, A. Al-Attar, L. G. Durrant,
and S. Chan, “Human leukocyte antigen class i expression is
an independent prognostic factor in advanced ovarian cancer
resistant to first-line platinum chemotherapy,” British Journal of
Cancer, vol. 101, no. 8, pp. 1321–1328, 2009.

[10] B. Seliger, Y. Rongcun, D. Atkins et al., “HER-2/neu is expressed
in human renal cell carcinoma at heterogeneous levels inde-
pendently of tumor grading and staging and can be recognized
by HLA-A2.1-restricted cytotoxic T lymphocytes,” International
Journal of Cancer, vol. 87, pp. 349–359, 2000.

[11] N. F. S.Watson, J. M. Ramage, Z. Madjd et al., “Immunosurveil-
lance is active in colorectal cancer as downregulation but not
complete loss of MHC class I expression correlates with a poor
prognosis,” International Journal of Cancer, vol. 118, no. 1, pp.
6–10, 2006.

[12] M. Gooden, M. Lampen, E. S. Jordanova et al., “HLA-E
expression by gynecological cancers restrains tumor-infiltrating
CD8+ T lymphocytes,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 108, no. 26, pp.
10656–10661, 2011.

[13] Z. Madjd, I. Spendlove, S. E. Pinder, I. O. Ellis, and L. G.
Durrant, “Total loss of MHC class I is an independent indicator
of good prognosis in breast cancer,” International Journal of
Cancer, vol. 117, no. 2, pp. 248–255, 2005.

[14] Y. Wook Jung, Y. Tae Kim, S. Wun Kim et al., “Correlation
of human leukocyte antigen-g (hla-g) expression and disease
progression in epithelial ovarian cancer,” Reproductive Sciences,
vol. 16, no. 11, pp. 1103–1111, 2009.

[15] M. Suthanthiran and T. B. Strom, “Medical progress: renal
transplantation,”The New England Journal of Medicine, vol. 331,
no. 6, pp. 365–375, 1994.

[16] B. Favier, J. LeMaoult, and E.D. Carosella, “Functions ofHLA-G
in the immune system,” Tissue Antigens, vol. 69, no. 1, pp. 150–
152, 2007.

[17] N. Rouas-Freiss, P. Moreau, C. Menier, and E. D. Carosella,
“HLA-G in cancer: a way to turn off the immune system,”
Seminars in Cancer Biology, vol. 13, no. 5, pp. 325–336, 2003.

[18] V. M. Braud, A. J. McMichael, and V. Cerundolo, “Differential
processing of influenza nucleoprotein in human and mouse
cells,” European Journal of Immunology, vol. 28, pp. 625–635,
1998.

[19] N. Lee, M. Llano, M. Carretero et al., “HLA-E is a major
ligand for the natural killer inhibitory receptor CD94/NKG2A,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 95, no. 9, pp. 5199–5204, 1998.

[20] A. Moretta, R. Biassoni, C. Bottino, M. C. Mingari, and L.
Moretta, “Natural cytotoxicity receptors that trigger human
NK-cell-mediated cytolysis,” Immunology Today, vol. 21, no. 5,
pp. 228–234, 2000.

[21] K.-J. Malmberg, V. Levitsky, H. Norell et al., “IFN-𝛾 protects
short-term ovarian carcinoma cell lines from CTL lysis via
a CD94/NKG2A-dependent mechanism,” Journal of Clinical
Investigation, vol. 110, no. 10, pp. 1515–1523, 2002.

[22] A. Lin,W.-H.Yan,H.-H.Xu et al., “HLA-Gexpression in human
ovarian carcinoma counteracts NK cell function,” Annals of
Oncology, vol. 18, no. 11, pp. 1804–1809, 2007.

[23] F.-A. Le Gal, B. Riteau, C. Sedlik et al., “HLA-G-mediated
inhibition of antigen-specific cytotoxic T lymphocytes,” Inter-
national Immunology, vol. 11, no. 8, pp. 1351–1356, 1999.

[24] P. Contini, M. Ghio, A. Poggi et al., “Soluble HLA-A,-B,-C and
-G molecules induce apoptosis in T and NK CD8+ cells and
inhibit cytotoxic T cell activity throughCD8 ligation,” European
Journal of Immunology, vol. 33, no. 1, pp. 125–134, 2003.

[25] P. Rolland, S. Deen, I. Scott, L. Durrant, and I. Spendlove,
“Human leukocyte antigen class I antigen expression is an inde-
pendent prognostic factor in ovarian cancer,” Clinical Cancer
Research, vol. 13, no. 12, pp. 3591–3596, 2007.

[26] L. Han, M. S. Fletcher, D. L. Urbauer et al., “HLA class i antigen
processing machinery component expression and intratumoral
T-Cell infiltrate as independent prognostic markers in ovarian
carcinoma,” Clinical Cancer Research, vol. 14, no. 11, pp. 3372–
3379, 2008.

[27] L. M. Real, T. Cabrera, A. Collado et al., “Expression of HLA G
in human tumors is not a frequent event,” International Journal
of Cancer, vol. 81, pp. 512–518, 1999.

[28] M. Urosevic, M. O. Kurrer, J. Kamarashev et al., “Human
leukocyte antigen G up-regulation in lung cancer associates
with high-grade histology, human leukocyte antigen class I
loss and interleukin-10 production,” The American Journal of
Pathology, vol. 159, no. 3, pp. 817–824, 2001.

[29] S. Lefebvre, M. Antoine, S. Uzan et al., “Specific activation of
the non-classical class I histocompatibility HLA-G antigen and
expression of the ILT2 inhibitory receptor in human breast
cancer,” Journal of Pathology, vol. 196, no. 3, pp. 266–274, 2002.

[30] N. Rouas-Freiss, S. Bruel, C. Menier, C. Marcou, P. Moreau,
and E. D. Carosella, “Switch of HLA-G alternative splicing in
a melanoma cell line causes loss of HLA-G1 expression and
sensitivity to NK lysis,” International Journal of Cancer, vol. 117,
no. 1, pp. 114–122, 2005.

[31] B. Davidson, M. B. Elstrand, M. T. McMaster et al., “HLA-
G expression in effusions is a possible marker of tumor sus-
ceptibility to chemotherapy in ovarian carcinoma,” Gynecologic
Oncology, vol. 96, no. 1, pp. 42–47, 2005.

[32] F. A. El-Chennawi, F. A. Auf, A. M. El-Diasty et al., “Expression
of HLA-G in cancer bladder,”The Egyptian Journal of Immunol-
ogy, vol. 12, no. 1, pp. 57–64, 2005.

[33] M. Urosevic and R. Dummer, “HLA-G and IL-10 expression
in human cancer—different stories with the same message,”
Seminars in Cancer Biology, vol. 13, no. 5, pp. 337–342, 2003.
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Mesenchymal stem cells (MSCs) are multipotent cells that can be obtained from several sources such as bone marrow and adipose
tissue. Depending on the culture conditions, they can differentiate into osteoblasts, chondroblasts, adipocytes, or neurons. In this
regard, they constitute promising candidates for cell-based therapy aimed at repairing damaged tissues. In addition, MSCs display
immunomodulatory properties through the expression of soluble factors including HLA-G.We here analyse both immunogenicity
and immunosuppressive capacity of MSCs derived from bone marrow and adipose tissue before and after osteodifferentiation.
Results show that HLA-G expression is maintained after osteodifferentiation and can be boosted in inflammatory conditions
mimicked by the addition of IFN-𝛾 and TNF-𝛼. Both MSCs and osteodifferentiated MSCs are hypoimmunogenic and exert
immunomodulatory properties in HLA-mismatched settings as they suppress T cell alloproliferation in mixed lymphocyte
reactions. Finally, addition of biomaterials that stimulate bone tissue formation did not modify MSC immune properties. As MSCs
combine both abilities of osteoregeneration and immunomodulation, theymay be considered as allogenic sources for the treatment
of bone defects.

1. Introduction

Bone is among the most frequently transplanted tissues with
about 1 million procedures annually in Europe. Despite their
considerable disadvantages, including the risk of disease
transfer and immunologic rejection, limited supply of bone,
costs, and complications, allografts and autografts account
for more than 80% of total graft volume. Significant growth
opportunities exist for synthetic bone grafts in association
with mesenchymal stem cells (MSCs) from autologous or
allogenic sources as alternatives to biological bone grafts in

orthopaedic and maxillofacial surgery [1, 2]. In a classical
approach, bone tissue engineering consists of harvesting bone
marrow from a patient, isolating MSCs by their adherence
to tissue culture plastic, expanding and differentiating those
cells in culture to a sufficient number, and then seeding them
onto a suitable synthetic scaffold prior to implantation into
the same patient [3].

MSCs can be isolated from different tissues
including bone marrow (BM), adipose tissue (AT),
and perinatal sources [4]. Many reports highlighted the
immunomodulatory properties of MSCs relying on three
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Figure 1: BM-derived MSCs express HLA-G and are hypoimmunogenic. (a) Expression of HLA-DR molecules was evaluated by flow
cytometry analysis on BM-derived MSCs pretreated with IFN𝛾 and TNF𝛼 (MSC-BM IFN𝛾/TNF𝛼) or not (MSC-BM). IgG1 was used as
isotype control Ab. (b) Expression of HLA-G5 was evaluated by intracellular flow cytometry analysis on BM-derived MSCs pretreated with
IFN𝛾 and TNF𝛼 (MSC-BM IFN𝛾/TNF𝛼) or not (MSC-BM). Tubulin was used as positive control of cell permeabilization. (c) PBMC from
healthy individual (#15) were used as responder cells towards BM-derived MSCs pretreated with IFN𝛾 and TNF𝛼 (MSC-BM IFN𝛾/TNF𝛼)
or not (MSC-BM) as stimulating cells at various responder : stimulator ratios. Irradiated LCL∗ were used as positive control of T cell
alloproliferation. Results are given as mean cpm ± s.e.m.; one representative experiment is shown.

main mechanisms: (1) cell cycle arrest of immune cells at
the G1 phase, (2) direct interaction with immune cells, and
(3) paracrine effect through secretion of various factors
including HLA-G, prostaglandin E2, cytokines (TGF𝛽,
IL6, IL10, HGF, VEGF, etc.), and enzymes (indoleamine
2,3-dioxygenase and inducible nitric oxide synthase) [5–8].
Based on these tolerogenic properties, allogenic MSCs are
currently tested in various clinical trials [9, 10].

HLA-G molecules expressed by mesenchymal stem cells
fulfill an important function since blockade of HLA-G using
HLA-G neutralizing antibodies could reverse MSC ability to
(i) generate in vitro the expansion of CD4+CD25+ FoxP3+
regulatory T cells, (ii) inhibit the alloproliferative T cell
response, and (iii) suppress the cytotoxic function of NK
cells. These results show that HLA-G molecules, mainly sol-
uble HLA-G5, actively contribute to the immunosuppressive
properties exerted by MSCs [11, 12].

In clinical trials aimed at repairing bone defects, themain
objective is to develop new biomaterials that simulate bone

issue formation in combination with MSCs. In this context,
ourwork entailed assessing, from an immunological perspec-
tive, whether allogenic MSCs could be used without a risk of
rejection instead of autologous MSCs. The results obtained
in vitro validate this hypothesis since the MSCs proved to
be hypoimmunogenic and immunosuppressive in allogenic
conditions. Moreover, following infusion in bone, MSCs may
undergo osteodifferentiation process under the influence of
𝑖𝑛 𝑣𝑖𝑣𝑜 osteogenic factors. We thus evaluated whether (1)
allogenic MSCs committed to osteodifferentiation process
can be rejected or not due to histoincompatibility and
(2) combination with biomaterials modifies MSCs immune
properties.

2. Materials and Methods

2.1. Isolation of PBMC. PBMC were isolated from blood
of healthy volunteer donors (after informed consent) from
the French Blood Establishment (EFS, Saint-Louis Hospital,
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Figure 2: AT-derived MSCs express HLA-G and are hypoimmunogenic. (a) Expression of HLA-DR molecules was evaluated by flow
cytometry analysis on AT-derivedMSCs pretreated with IFN𝛾 and TNF𝛼 (MSC-AT IFN𝛾/TNF𝛼) or not (MSC-AT). IgG1 was used as isotype
control Ab. (b) Expression of HLA-G5 was evaluated by intracellular flow cytometry analysis on AT-derived MSCs pretreated with IFN𝛾 and
TNF𝛼 (MSC-AT IFN𝛾/TNF𝛼) or not (MSC-AT). (c) PBMC from healthy individual (#59-) were used as responder cells towards AT-derived
MSCs pretreated with IFN𝛾 and TNF𝛼 (MSC-AT IFN𝛾/TNF𝛼) or not (MSC-AT) as stimulating cells at various responder : stimulator ratios.
Irradiated LCL∗ were used as positive control of T cell alloproliferation. Results are given asmean cpm± s.e.m.; one representative experiment
is shown.

Paris, France) by density-gradient centrifugation over Ficoll-
Paque PLUS (GE Healthcare). These cells were used as HLA-
mismatched responding cells in MLR.

2.2. In Vitro Osteodifferentiation. MSCs from BM or
AT were obtained from Reborne consortium center
(http://www.reborne.org/). Before experiments, MSCs
were thawed and expanded through seeding 1000 cells/cm2
in T75 flasks. When cultures reach 60–70% confluence
cells were harvested and seeded for immunological assays.
The osteodifferentiated MSCs used as stimulating cells in
MLR were obtained as previously described [13]. Briefly,
MSCs were cultured in osteoblastic differentiation medium
consisting of 𝛼MEM, FBS, ascorbic acid, NaH

2
PO
4
, and

BMP-4 during 14 to 23 days.

2.3. Preparation of MSC-Biomaterial Complex For Immuno-
logical Tests. 24-well (ultralow attachment) plates containing
disks of MBCP+ (macroporous biphasic calcium phosphate)
granules with the same diameter of each well bottom
were prepared in collaboration with Biomatlante (France)

to achieve a complete adherence of seeded MSCs to the
biomaterial and then a complete induction of osteoblastic
differentiation of MSCs. The disks of MBCP+ were washed
for 48 hours before use to avoid any toxic effect on MSCs.
Then MSCs were seeded on MBCP discs during 5 days
in order to colonize homogenously the particles. Then,
MSC-biomaterial complex was tested in mixed lymphocyte
reactions.

2.4. Mixed Lymphocyte Reaction (MLR) Using MSC as
Either Stimulating Cells Or Third-Party Cells Facing HLA-
Mismatched PBMC as Responder Cells. PBMC from different
donors were used as responder cells andMSCs or osteodiffer-
entiated MSCs from BM or AT were used as either allogenic
stimulating cells or third-party cells at various ratios. The
HLA class II+ human B-lymphoblastoid cell line LCL 721.221
(ATCC) was used as positive control to stimulate HLA-
mismatched PBMC.When LCL cells were used as stimulator
cells, a 75Gy dose irradiation was given and responder:
stimulator ratio was of 1 : 0.5 with a final concentration
of PBMC responder cells of 105 cells/well in a 96-well flat
bottomed plate.
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Figure 3: BM-derived MSCs committed to osteodifferentiation process express HLA-G and are hypoimmunogenic. (a and b) Expression
of ALP and HLA-G5 was evaluated by intracellular flow cytometry analysis on BM-derived MSCs committed to 14-day osteodifferentiation
process and pretreated with IFN𝛾 and TNF𝛼 (Os-MSC-BM IFN𝛾/TNF𝛼) or not (Os-MSC-BM). IgG1 was used as isotype control Ab. Tubulin
was used as positive control of cell permeabilization. (c) PBMC from healthy individual (#00) were used as responder cells towards BM-
derived MSCs committed to osteodifferentiation process and pretreated with IFN𝛾 and TNF𝛼 (Os-MSC-BM IFN𝛾/TNF𝛼) or not (Os-MSC-
BM) as stimulating cells at various responder: stimulator ratios. Irradiated LCL∗ were used as positive control of T cell alloproliferation.
Results are given as mean cpm ± s.e.m.; one representative experiment is shown.

Particularly, in MBCP experiments, MLR were per-
formed in 24-well bottomed plates with a final concentration
of PBMC responder cells of 106 cells/well. Experiments com-
paring the effects of standard culture condition (no MBCP)
and three-dimensional culture setting using MBCP discs
were both performed in 24-well bottomed plates.

Cultures were incubated at 37∘C in a humidified 5%
CO
2
air atmosphere. PBMC proliferation was measured at

day 6 by [3H]-thymidine incorporation (1𝜇Ci/well, Perkin
Elmer) during the last 18 hours of culture. Cells were then
harvested on filtermats A and thymidine incorporation into
DNA was quantified, using a beta counter (Wallac 1450,
Pharmacia). All samples were run in triplicate. The influence
ofMSC licensing with inflammatory cytokines such as IFN-𝛾
at 10 ng/mL (Peprotech) and plus TNF-𝛼 at 15 ng/mL (R&D
systems) was analyzed by adding these cytokines in cultures
48 hours before MLR [14].

2.5. Flow Cytometry. The cytokine (IFN-𝛾 and TNF-𝛼) treat-
ment efficiency was checked by cytofluorometry analysis

through the upregulation of HLA-DR expression on MSC.
Briefly, cells were washed in PBS and stained with the
anti-HLA-DR conjugated with PE (Beckman Coulter) in
PBS 2% heat-inactivated fetal calf serum for 30 minutes at
4∘C. Control aliquots were stained with an isotype-matched
antibody to evaluate nonspecific binding to target cells.
Fluorescence was detected by using the Epics XL4 flow
cytometer (Beckman Coulter, Brea, CA, USA).

The expression of the HLA-G5 soluble isoform by MSCs
was assessed by using the 2A12 mAb (Exbio) after cell per-
meabilization. The osteodifferentiation process was verified
by cytofluorometry analysis through the induction of alkaline
phosphatase (ALP) expression in osteodifferentiated MSC
after cell permeabilization. Briefly, cells were first permeabi-
lized by using saponin (Sigma) and then stained with 2A12
or anti-ALP (R&D systems) for 30 minutes at 4∘C. After
washing, cells were subsequently stained with an F(ab)2
goat anti-mouse IgG antibody conjugated with PE (Beckman
Coulter) for 30 minutes at 4∘C. Control aliquots were stained
with an isotype-matched antibody to evaluate nonspecific
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Figure 4: AT-derived MSCs committed to osteodifferentiation process express HLA-G and are hypoimmunogenic. (a) Expression of HLA-
DRmolecules was evaluated by flow cytometry analysis onAT-derivedMSCs committed to 14-day osteodifferentiation process and pretreated
with IFN𝛾 and TNF𝛼 (Os-MSC-AT IFN𝛾/TNF𝛼) or not (Os-MSC-AT). (b) Expression of ALP and HLA-G5 was evaluated by intracellular
flow cytometry analysis on AT-derived MSCs committed to 14-day osteodifferentiation process and pretreated with IFN𝛾 and TNF𝛼 (Os-
MSC-AT IFN𝛾/TNF𝛼) or not (Os-MSC-AT). IgG1 was used as isotype control Ab. (c) PBMC from healthy individual (#00) were used as
responder cells towards AT-derived MSCs committed to osteodifferentiation process and pretreated with IFN𝛾 and TNF𝛼 (Os-MSC-AT
IFN𝛾/TNF𝛼) or not (Os-MSC-AT) as stimulating cells at various responder : stimulator ratios. Irradiated LCL∗ were used as positive control
of T cell alloproliferation. Results are given as mean cpm ± s.e.m.; one representative experiment is shown.

binding to target cells. Fluorescencewas detected by using the
Epics XL4 flow cytometer.

2.6. Statistical Analysis. Significance was assessed by using
a nonparametric Mann-Whitney test, assuming a 𝑃 value <
0.05 as significant, and was marked with ∗ in the figures.

3. Results and Discussion

Twomain questions were addressed in the present study rely-
ing on whether immune regulatory properties of MSCs are
modified by (1) MSC differentiation towards the osteoblastic
cell lineage or (2) the addition of synthetic biomaterial (i.e.,
MBCP+ granules). In this regard, we analyzed both the
immunogenic and immunosuppressive properties of MSCs
from BM or AT in allogenic conditions, that is, facing HLA-
mismatched PBMC. To identify low immunogenic MSC
types, we studied their ability to be recognized as allogenic

cells by HLA-mismatched PBMC in MLR using MSCs as
stimulating cells and PBMC from various healthy donors
as responder cells. To examine their immunosuppressive
properties, we studied their ability to modulate T cell allo-
proliferation as third-party cells in a classical MLR. All the
functional experiments were performed by considering the
differentiation status of MSC, either immature or osteodiffer-
entiated, and seeded onto biomaterial or not.

No PBMC alloproliferation was observed in response to
various doses of allogenic MSCs derived from bone marrow
(Figure 1(c)) or adipose tissue (Figure 2(c)) even after licens-
ing with IFN-𝛾 and TNF-𝛼 (Figures 1(c) and 2(c)). Tables 1
and 2 summarize the results obtained with PBMC from dis-
tinct healthy donors.The efficiency of cytokine treatment was
attested by the induction of HLA-DR expression on MSCs
(Figures 1(a) and 2(a)). In order to evaluate the influence
of osteodifferentiation process on the immunogenicity of
MSCs, similar functional assays were performed using BM-
derived and AT-derived MSCs committed to preosteoblastic
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Figure 5: Both BM- andAT-derived MSCs when combined to MBCP biomaterial keep their hypoimmunogenicity. PBMC from healthy
individual (#713) were used as responder cells towards either BM-derived MSCs (MSC-BM) or AT-derived MSCs (MSC-AT) that were
pretreated with IFN𝛾 and TNF𝛼 (IFN𝛾/TNF𝛼) or not and used as stimulating cells at the responder : stimulator ratio of 1 : 0.2. MSCs were
combined toMBCP biomaterial (MBCP) or not (NoMBCP). Irradiated LCL∗ were used as positive control of T cell alloproliferation. Results
are given as mean cpm ± s.e.m.; one representative experiment is shown.

MSCs as stimulating cells. The osteodifferentiation process
was validated through the upregulation of ALP expression in
osteodifferentiated MSCs (Figures 3(a), 3(b), 4(a), and 4(b)).
Results show that both BM-derived and AT-derived MSCs
committed to osteodifferentiation are still hypoimmunogenic
whether they are pretreated or not with IFN-𝛾 and TNF-𝛼
(Figures 3(c) and 4(c) and Tables 1 and 2). Then, we looked
at whether combination of biomaterial (i.e., MBCP) with
MSCs alters their immunogenicity.Nodifferenceswere found
between standard 2D-coculture conditions (MSC + PBMC)
and 3D-coculture conditions (MSC + MBCP + PBMC). One
representative allogenic combination is shown (Figure 5) for
which the mean percentage of T cell alloproliferation is
presented in Table 3 (𝑛 = 3 healthy donors). It is of note
that the addition of MBCP to BM-derived MSCs treated or

not with cytokines modifies slightly their immunogenicity,
although no statistical difference was observed between
both conditions (𝑃 > 0.1) (Table 3). Consequently, we
can conclude that both the osteodifferentiation process and
the presence of biomaterial (MBCP) did not abrogate the
hypoimmunogenicity of MSCs.

Notably, expression of the tolerogenic soluble HLA-G5
protein was observed in MSCs derived from BM and AT
and could be enhanced following treatment with IFN-𝛾 and
TNF-𝛼 (Figures 1(b) and 2(b)). Such enhanced expression
of HLA-G by IFN-𝛾 treatment was previously reported for
other cell types such as monocytes [15], bronchial epithelial
cells [16], thymic epithelial cells [17], and various tumor cells
[18]. Nevertheless, HLA-G expression levels varied among
the various batches of MSCs tested (data not shown). In
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Figure 6: Both BM- andAT-derived MSCs display immunosuppressive properties in a dose-dependent manner. PBMC from healthy
individuals were used as responder cells towards irradiated LCL∗ used as stimulating cells in presence of either (a) BM-derivedMSCs (MSC-
BM) or (b) AT-derived MSCs (MSC-AT) that were pretreated with IFN𝛾 and TNF𝛼 (IFN𝛾/TNF𝛼) or not and used as third-party cells at
various responder : stimulator :MSC ratios. Results are given as mean percentage of alloproliferation inhibition ± s.e.m. according to the
maximal alloproliferation observed with PBMC+LCL∗ using PBMC from 4 and 6 distinct healthy donors in BM- and AT-derived MSCs
experiments, respectively.

Table 1: MSC from BM after osteodifferentiation and licensing by
IFN-𝛾 and TNF-𝛼 do not induce PBMC proliferation in allogenic
conditions.

R : Sa
ratio MSC-BM MSC-BM

IFN-𝛾/TNF-𝛼 Os-MSC-BM Os-MSC-BM
IFN-𝛾/TNF-𝛼

1 : 0.5 4.3 ± 2.1b 1.1 ± 0.3 3.3 ± 0.3 1.7 ± 0.2

1 : 0.25 4.5 ± 1.4 1.0 ± 0.3 3.1 ± 0.1 1.8 ± 0.5

1 : 0.12 5.3 ± 1.9 1.1 ± 0.4 3.2 ± 1.0 2.3 ± 1.2

1 : 0.06 5.4 ± 2.4 1.4 ± 0.5 2.6 ± 1.1 3.9 ± 3.1

1 : 0.03 4.3 ± 1.7 1.4 ± 0.5 2.2 ± 0.2 2.1 ± 1.2
aPBMC from healthy individuals were used as responder cells towards BM-
derived MSCs pretreated with IFN-𝛾 and TNF-𝛼 (MSC-BM IFN-𝛾/TNF-
𝛼) or not (MSC-BM) as stimulating cells at various responder : stimulator
(R : S) ratios. Similar experiments were performed with BM-derived MSCs
committed to osteodifferentiation process and pretreated with IFN-𝛾 and
TNF-𝛼 (Os-MSC-BM IFN-𝛾/TNF-𝛼) or not (Os-MSC-BM) as stimulating
cells.
bData are mean ± s.e.m. of alloproliferation percentage obtained with 5
and 3 distinct healthy donors for MSC-BM and Os-MSC-BM experiments,
respectively. This percentage is calculated considering PBMC stimulated
with LCL∗ as 100% alloproliferation.

agreement with recent findings, we observed enhancedHLA-
Gexpression byMSCs following osteodifferentiation (Figures
3(a), 3(b), and 4(b)) [13].

Table 2: MSC from AT after osteodifferentiation and licensing by
IFN-𝛾 and TNF-𝛼 do not induce PBMC proliferation in allogenic
conditions.

R : Sa
ratio MSC-AT MSC-AT

IFN-𝛾/TNF-𝛼 Os-MSC-AT Os-MSC-AT
IFN-𝛾/TNF-𝛼

1 : 0.5 5.6 ± 1.0b 7.2 ± 3.1 1.1 ± 0.2 0.9 ± 0.6

1 : 0.25 5.5 ± 1.5 5.2 ± 2.6 1.3 ± 0.3 0.8 ± 0.5

1 : 0.12 5.3 ± 1.5 4.7 ± 2.9 1.0 ± 0.3 1.1 ± 0.8

1 : 0.06 5.3 ± 2.0 5.5 ± 3.0 1.0 ± 0.2 1.3 ± 1.0

1 : 0.03 4.6 ± 1.1 3.9 ± 2.0 1.4 ± 0.3 1.8 ± 1.3
aPBMC from healthy individuals were used as responder cells towards AT-
derived MSCs pretreated with IFN-𝛾 and TNF-𝛼 (MSC-AT IFN-𝛾/TNF-
𝛼) or not (MSC-AT) as stimulating cells at various responder : stimulator
(R : S) ratios. Similar experiments were performed with AT-derived MSCs
committed to osteodifferentiation process and pretreated with IFN-𝛾 and
TNF-𝛼 (Os-MSC-AT IFN-𝛾/TNF-𝛼) or not (Os-MSC-AT) as stimulating
cells.
bData are mean ± s.e.m. of alloproliferation percentage obtained with 4
and 3 distinct healthy donors for MSC-AT and Os-MSC-AT experiments,
respectively. This percentage is calculated considering PBMC stimulated
with LCL∗ as 100% alloproliferation.

Then, we investigated the immunomodulatory properties
of MSCs as third-party cells in MLR. Results showed that
bothBM-derived andAT-derivedMSCsdisplay immunosup-
pressive properties in a dose-responsemanner (Figure 6). It is
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Figure 7: Both BM- andAT-derived MSCs when combined to MBCP biomaterial keep their immunosuppressive properties. PBMC from
healthy individuals were used as responder cells towards irradiated LCL∗ used as stimulating cells in presence of either BM-derived MSCs
(MSC-BM) or AT-derived MSCs (MSC-AT) that were pretreated with IFN𝛾 and TNF𝛼 (IFN𝛾/TNF𝛼) or not and used as third-party cells
at various responder : stimulator :MSC ratios. MSCs were combined to MBCP biomaterial (MBCP) or not (No MBCP). Results are given as
mean percentage of alloproliferation inhibition ± s.e.m. when compared to PBMC+LCL∗ using PBMC from 3 distinct healthy donors.

Table 3: Immunogenicity of MSC from bone marrow and adipose
tissue combinedwithMBCPbiomaterial and licensing by IFN-𝛾 and
TNF-𝛼.

MSC-BM MSC-BM
IFN-𝛾/TNF-𝛼 MSC-AT MSC-AT

IFN-𝛾/TNF-𝛼
No MBCPa 7.5 ± 2.2b 9.8 ± 4.0 13.9 ± 3.9 23.0 ± 5.2

MBCP 51.9 ± 14.1 41.1 ± 11.6 8.1 ± 0.8 11.0 ± 0.8
aPBMC from healthy individuals were used as responder cells towards BM-
or AT-derivedMSCs pretreated with IFN-𝛾 and TNF-𝛼 or not as stimulating
cells at 1 : 0.2 responder : stimulator ratio.
bData are mean ± s.e.m. of alloproliferation percentage obtained with 3
distinct healthy donors. This percentage is calculated considering PBMC
stimulated with LCL∗ as 100% alloproliferation.

of note that (i) AT-derivedMSCs aremore potent at low doses
compared to BM-derived MSCs (𝑃 < 0.05) (Figures 6(a) and
6(b)) and (ii) licensing with cytokines reduces significantly
the immunosuppressive properties of AT-derived MSCs
(𝑃 < 0.05) (Figure 6(b)). When combined to biomaterial
(MBCP), both BM-derived and AT-derived MSCs still exert
immunosuppressive properties as they greatly inhibit T cell

alloproliferation with or without being seeded with MBCP
(Figure 7). Although not statistically significant, addition of
MBCP reduces the immunomodulatory properties of BM-
derived MSCs at high responder: stimulator: MSC ratios.
This could be due to steric hindrance when high numbers
of cells are used. Indeed, such MBCP effect is no longer
observed at low ratios (Figure 7). Also, both BM-derived
and AT-derived MSCs when committed to preosteoblastic
MSCs inhibit T cell alloproliferation and remain thus able to
induce a tolerogenicmicroenvironment (Figure 8). Licensing
with IFN-𝛾 and TNF-𝛼 did not modify such MSC-derived
immunosuppression (Figures 7 and 8). It is of note that
once osteodifferentiated AT-derived MSCs are more potent
at low doses compared to BM-derived MSCs as they display
higher immunosuppressive effects (𝑃 < 0.05) (Figure 8).
Such higher immunomodulatory capacity of adipose tissue-
derived multipotent stromal cells compared to their bone
marrow-derived counterparts has been previously reported
[19].

Our present results are in agreement with previous
reports showing that differentiation of stem cells does not
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Figure 8: Both BM- andAT-derived MSCs when committed to osteodifferentiation process keep their immunosuppressive properties.
PBMC from healthy individuals were used as responder cells towards irradiated LCL∗ used as stimulating cells in presence of either
osteodifferentiated BM-derived MSCs (Os-MSC-BM) or AT-derived MSCs (Os-MSC-AT) that were pretreated with IFN𝛾 and TNF𝛼
(IFN𝛾/TNF𝛼) or not and used as third-party cells at various responder : stimulator :MSC ratios. Results are given as mean percentage of
alloproliferation inhibition ± s.e.m. when compared to PBMC+LCL∗ using PBMC from 3 and 5 distinct healthy donors in BM- and AT-
derived MSCs experiments, respectively.

alter their low immunogenicity and immunomodulatory
properties. For instance, human amniotic epithelial cells,
which have stem cell-like properties, retain their immuno-
suppressive functions after differentiation into hepatocyte-
like cells [20]. Also, human Wharton’s jelly-derived MSCs
maintain the expression of immunomodulatory molecules,
such as HLA-G, when subjected to osteogenic differentiation
in vitro [21].

In conclusion, MSCs from BM or AT display tolerogenic
properties which are maintained following osteodifferenti-
ation process or addition of biomaterial and may thus be
considered as allogenic sources for regenerating bone defects
in orthopaedic and maxillofacial surgery [22].
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Qa-2 and Qa-1 are murine nonclassical MHC class I molecules involved in the modulation of immune responses by interacting
with T CD8+ and NK cell inhibitory receptors. During thymic education, the Aire gene imposes the expression of thousands of
tissue-related antigens in the thymic medulla, permitting the negative selection events. Aiming to characterize the transcriptional
profiles of nonclassicalMHC class I genes in spatial-temporal associationwith theAire expression, we evaluated the gene expression
of H2-Q7(Qa-2), H2-T23(Qa-1), H2-Q10(Qa-10), and Aire during fetal and postnatal development of thymus and other tissues. In
the thymus, H2-Q7(Qa-2) transcripts were detected at high levels throughout development and were positively correlated with
Aire expression during fetal ages. H2-Q7(Qa-2) and H2-T23(Qa-1) showed distinct expression patterns with gradual increasing
levels according to age in most tissues analyzed. H2-Q10(Qa-10) was preferentially expressed by the liver. The Aire transcriptional
profile showed increased levels during the fetal period and was detectable in postnatal ages in the thymus. Overall, nonclassical
MHC class I genes started to be expressed early during the ontogeny. Their levels varied according to age, tissue, and mouse strain
analyzed. This differential expression may contribute to the distinct patterns of mouse susceptibility/resistance to infectious and
noninfectious disorders.

1. Introduction

Immune tolerance has been assigned to two broad categories
according to the places where it occurs, that is, central and
peripheral tolerance [1]. It is well known that nonclassical
Major Histocompatibility Complex class I molecules (MHC
Ib), like HLA-G and HLA-E, are associated with the regula-
tion of immune responses in the periphery; however, little is

known regarding the effect of these molecules at the central
level. Human MHC Ib molecules exhibit restricted tissue
distribution and do not have an important role in antigen
presentation, and the coding regions of the respective genes
have relatively low variability, particularly at exons that code
major functional regions of the molecules [2].

In mice, two molecules have been described to be
functional homologues of HLA-G and HLA-E: Qa-2 and
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Qa-1, respectively. Like humans, Qa-2 and Qa-1 molecules
are involved in the regulation of immune responses and
are encoded by the H2-Q7/H2-Q9 (also called PED gene—
preimplantation embryo development gene) and H2-T23
genes, respectively, both located in Histocompatibility
Complex-2 (H-2) [3, 4].

The H-2 spans approximately 4Mb of chromosome 17
(23.0 cM, cytoband B-C) and contains 3 major classes of
highly polymorphic gene sets: class I (H-2-K, H-2-D, Q, and
H-2-T18 genes), class II (H-2-I genes), and class III (H-2-S
genes).These genes are involved inmany immunological pro-
cesses, including graft rejection, immune response, antigen
presentation, and complement component [5]. The number
of class I genes, their organization, structural characteristics,
and their patterns and levels of expression differ from species
to species [3]. In general, C57BL/6 and BALB/c mice are
considered in two different haplotypes: H-2b and H-2d,
respectively [4] (http://www.informatics.jax.org/).

Themurine Qa-2 genesmap to the H-2Q region, between
the classical class I H-2D locus and the H-2TL cluster of
class lb sequences. This locus encodes a variable number of
class Ib genes in different strains [3]. Strains expressing high
(Qa-2high), medium (Qa-2med), low (Qa-2low), and no Qa-
2 (Qa-2nul) were identified [3]. In general, BALB/c strain is
considered to be Qa-2med having two Qa-2 genes (Q6d and
Q7d). In C57BL/10, considered to beQa-2high, four genes with
the Qa-2-coding properties are located within the Q regions:
Q6b, Q7b, and, additionally, Q8b and Q9b [3].

Qa-2 is a 40-kDa glycoprotein found as membrane-
bound and soluble isoforms generated by alternative splicing
[3, 6, 7]. Qa-2 is expressed mostly by lymphoid-derived cells
and plays an important role in controlling growth andmurine
fetal development and, like HLA-G, the molecule is related
to the protection of the fetus by inhibiting maternal NK cell-
mediated lysis [8–10].

Qa-1 is a 48 kDa cell surface glycoprotein currently found
in association with 𝛽2-microglobulin [4, 11]. Its surface
expression is found in lower levels virtually in all tissues and
is increased in activated hematopoietic, T, B, and antigens
presenting cells [4]. Qa-1 is involved in suppression of
CD4+ T cell and NK cell responses through a preferential
interaction with inhibitory CD94/NKG2A receptors [4, 12].
The suppression and modulation of autoreactive T CD4+
and B clones is mediated by T CD8+ regulatory cells that
recognize autoantigens presented by Qa-1 molecules [4, 12,
13]. These regulatory cells perform perforin-mediated lysis
and production of immunomodulatory cytokines such as
TGF-𝛽 and IL-10 [4, 12, 13].

Another murine MHC class Ib molecule involved in the
modulation of the immune system is Qa-10, encoded by the
H2-Q10 gene. Qa-10 is synthesized at high levels by the liver
parenchymal cells and is easily detectable in the serum as a
highmultivalent complex [14]. It has been suggested that Qa-
10 liver cell expressionmay be responsible for the relative lack
of immunogenicity of liver transplants and better acceptance
of liver allografts [15, 16].

It has been postulated that the regulatory role played by
MHC class Ib molecules is an additional mechanism that

controls autoimmune reactions in peripheral autoreactive
lymphocytes that escaped from central tolerance during the
ontogeny of the thymus [13]. Indeed, the mechanisms of
central tolerance that occur during thymus development are
critical processes for the prevention of autoimmunity during
the fetal and neonatal periods [17, 18]. This process charac-
terizes the negative selection that purges the T cell repertoire
of self-reactive clones through clonal deletion, inactivation,
or deviation [18, 19]. The medullary thymic epithelial cells
(mTECs) are primarily associated with negative selection
through the expression of a wide array of tissue-restricted
antigens (TRAs), a process also termed promiscuous gene
expression (PGE) [20–22].

PGE is greatly dependent on the Aire gene (autoimmune
regulator) [18, 21]. A mutation in this gene leads to a
severemultiorgan autoimmunepolyglandular syndrome type
I (APS 1, also called APECED), in both mice and humans
[17, 18]. It has currently been reported that most genes
encoding promiscuously expressed TRAs in the thymus are
regulated by a single Aire gene product, which is involved
in a multiprotein complex transcriptional process responsi-
ble for transcription initiation, modifications of chromatin,
transcriptional regulation of mRNA during the productive
elongation phase, and regulation of alternative splicing events
of the pre-mRNA [23, 24].

Interestingly, the expression of several MHC class Ib
molecules has been reported on certain thymic cell subpopu-
lations inmice and humans.Qa-2 expression has been used to
identify functionally competent medullary thymocytes [25–
27]. HLA-G is highly expressed on mTECs and stromal cells
at the corticomedullary junction, and high levels of soluble
HLA-G are observed in the thymus medullary compartment
[28]. Qa-1 is expressed on the surface of hematopoietic cells
responsible for the positive selection of Qa1-restricted CD8+
T cells, allowing the maturation and selection of potentially
self-reactive T CD8+ regulatory cells [4, 11]. In addition
to expressing immunoregulatory MHC Ib molecules, the
thymus is the primary site of Aire expression, which is
characteristically synthesized by mTEC subsets, intrathymic
dendritic cells, and thymic macrophages [18].

During thymus ontogeny in the fetal stage, the expression
of MHC class I and class II molecules is crucial for the
education and selection of the repertoire of lymphocytes
[29]. The early fetal thymus from E13.5 to E17.5 day p.c. is
primarily composed of a homogeneous population of double-
negative (DN) CD4−/CD8− precursor T cells. The gradual
acquisition of the CD4 antigen occurs around E18.5 day,
with the positive selection process starting thereafter [30].
This period (E16.5–E18.5) coincides with the onset of V(D)J
recombination of T cell receptor in DN thymocytes and with
the beginning of promiscuous gene expression, in which the
Aire gene has a well-recognized role [31]. From the E18.5
day p.c., thymocytes gradually gain the phenotypic markers
resembling the T CD4low lymphocyte precursors in adults.
These events allow the recognition and interaction of the T
cell receptor with the MHC-peptide complex, allowing the
occurrence of positive and negative selection in these cells
[30]. The negative selection process occurs during perinatal
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ages and extends during the first 15 days after birth [17, 32].
This period is a critical stage in thymus ontogeny that is
related to the mechanisms operating in the prevention of
autoimmune processes [17, 32].

Considering that (i) many immunomodulatory MHC
class Ib molecules are expressed in the thymus, (ii) Aire is a
paradigmatic thymic immunomodulatorymolecule that may
have the ability to induce the expression of other molecules
involved in the regulation of immune responses; (iii) many
immunomodulatory molecules have differential temporal
expression during thymus ontogeny, and (iv) different exper-
imental strains may show distinct profiles of immunoreg-
ulatory molecules, we hypothesized that nonclassical MHC
class I gene expression, such as H2-Q7(Qa-2), H2-T23(Qa-
1), and H2-Q10(Qa-10), could be temporally related to Aire
expression, participating in the occurrence of the central tol-
erance process and extending through the postnatal thymus
development. To achieve this goal, we assessed the pattern
of Aire expression and also the expression of nonclassical
MHC class I genes by evaluating the temporal transcript
profiles ofQa1, Qa2, Qa10, andAire in the thymus of C57BL/6
and BALB/c mice, starting from the embrionary (E14.5 days)
period and continuing till adulthood (60 days).The temporal
transcript profile of these genes was also evaluated in some
lymphoid and nonlymphoid tissues (spleen, liver, and gut)
and in immunologically privileged sites (brain and placenta)
to correlate with thymus findings.

2. Material and Methods

2.1. Animals. C57BL/6 and BALB/c mice were bred in an
isolated cage provided with 0.45 𝜇m pore size air filter. To
obtain an accurate day of gestation, the presence of a post
coitum vaginal plug observed at 7:00 am was considered to
be day zero. Fetuses were surgically collected from the uterus,
and p.c. age was confirmed according to the morphological
characteristics of each developmental phase [32]. Tissue
sampleswere obtained in triplicate from (i) fetuses agedE14.5,
E15.5, E16.5, E17.5, E18.5, E19.5, and E20.5 days of gestation,
(ii) newborns aged 1, 5, 10, and 15 days, and (iii) adults aged
45 and 60 days. For each age were used at least 3 different
animals. For tissue harvesting all tissues were washed in
saline solution and then processed. For thymus both lobes
were processed. For spleen, liver, gut, placenta, and brain
only the same portions of tissues were analyzed. There was
no separation between hematopoietic cells and parenchyma.
Experimental procedures followed ethical guidelines under
strict guidance and approval from the University of São
Paulo Ethics Committee for Animal Experimental Research
(Protocol number 043/2009).

2.2. RNA Extraction. After tissue isolation, total RNA
samples were obtained by maceration of each tissue in
TRizol reagent using a Potter homogenizer according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA) and
treated with DNAse (deoxyribonuclease I amplification
grade, Invitrogen). RNA integrity was checked by the
presence of the 28S and 18S bands in 1.5% agarose gel,

and only protein-free, phenol-free, and undegraded RNA
species were used, as determined by UV spectrophotometry.

2.3. Analysis of Expression by Real-Time PCR. Total RNA
isolated from sampleswas reverse-transcribed to cDNAusing
the High Capacity cDNA Transcription Kit (Applied Biosys-
tems, Foster City, CA), following the manufacturer’s instruc-
tions. cDNA amplification was initially carried out in a total
volume of 25 𝜇L, corresponding to 500 ng of the initial RNA.

We assessed the expression of the H2-Q7(Qa-2), H2-
T23(Qa-1), H2-Q10(Qa-10), and Aire genes by quantitative
real-time PCR using TaqMan Probe-Based Gene Expression
Analysis (Applied Biosystems) in a total volume of 10𝜇L
containing 75 ng total RNA, 5 𝜇L TaqMan PCR Universal
Master Mix (Applied Biosystems), and 0.5 𝜇L TaqMan Gene
Expression Assays. An ABI System Sequence Detector 7500
(Applied Biosystems) was used with the following regimen of
thermal cycling: stage 1—1 cycle for 2 minutes at 50∘C; stage
2—1 cycle for 10 minutes at 95∘C; stage 3—40 cycles for 15
seconds at 95∘C, followed by the last cycle for 1 minute at
60∘ and 25 seconds at 72∘C. Gene expression was normal-
ized relatively to the TaqMan endogenous controls (Applied
Biosystems), using glyceraldehyde-3-phosphate dehydrogenase
and 𝛽-actin genes. The relative quantification of transcript
levels at the different ages and tissues was performed by
the comparative 2−ΔΔCt method for each different analysis
using the ΔCt minimum as control sample. Each sample
was tested in triplicate. The TaqMan Inventoried Assays and
TaqMan Gene Expression Assay reference are listed as fol-
lows: H2-Q7: Mm00843895 m1; H2-Q10: Mm01275264 m1;
H2-T23: Mm00439246 m1; Aire: Mm00477461 m1; GAPDH:
4352339E; ACTB: 4352341E.

Statistical analysis was performed using one-way
ANOVA followed by the Bonferroni multiple comparison
test for analysis of gene expression profiles in different tissue
samples. To compare age-related tissue samples between
lineages, we used the Student’s 𝑡-test. The analyses involving
several variables (type of tissue, age, and genes) were
performed using the two-way ANOVA Bonferroni’s multiple
comparison test with the aid of the Graphpad Prism V.5
software (SanDiego, CA, http://www.graphpad.com/prism/).
The Pearson product-moment correlation coefficient was cal-
culated using R software version 2.14.0 (http://www.r-project
.org/). 𝑃 < 0.05, 𝑃 < 0.01, and 𝑃 < 0.001 were considered
statistically significant.

3. Results

3.1. Analysis of MHC Class Ib and Aire Transcripts in Different
Tissues of C57BL/6Mice. Aiming to discriminate the primary
organ of gene expression, we first compared each individual’s
gene transcript levels among the different tissues analyzed.
We found that theH2-Q7 transcripts were primarily observed
in thymus, followed by spleen and liver at all ages, being
higher in adult thymus compared with other tissues along at
different ages (𝑃 < 0.01) (Figure 1(a)). The transcript levels
of H2-T23 were homogeneously expressed among all tissues,
showing higher levels only in liver at adult ages (𝑃 < 0.01)
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Figure 1: Analysis of MHC class Ib and Aire transcripts in different tissues of C57BL/6 mice. Relative quantification (RQ) of messenger RNA
for (a) H2-Q7(Qa-2), (b) H2-T23(Qa-1), (c) H2-Q10(Qa-10), and (d) Aire is representative of the mean values of 2−ΔΔCt. Tissue samples were
obtained in triplicate from different animals for each age analyzed. Each experiment was independently performed at least three times. Data
were analyzed statistically by two-way ANOVA followed by the Bonferroni multiple comparison test. Values close to the level of significance
are marked with (∗).

(Figure 1(b)). H2-Q10 proved to be liver-specific, gradually
increasing with age (𝑃 < 0.001). H2-Q10 expression was
also detected in the fetal thymus and intestine (Figure 1(c)).
Abundant levels of Aire transcripts were observed in the
thymus during fetal ages, with a peak occurring at day E16.5
(𝑃 < 0.001), although, at reduced levels,Aire transcripts were
observed at all postnatal ages. In addition, restricted levels of
this gene were observed in brain and placenta (during fetal
periods) and in spleen of adult mice (Figure 1(d)). In this
analysis the gene transcript levels of each gene singly were
compared between all tissues and ages.

3.2. Comparisons of Gene Expression Profiles of MHC Class
Ib and Aire during Development of Thymus, Lymphoid, and
Nonlymphoid Tissues in C57BL/6 Mice. To compare the
transcription pattern during organ ontogeny, we analyzed
each transcript in isolated tissues according to age. During
fetal thymus development, both H2-Q7 and Aire transcripts
were significantly increased at E16.5 days in comparison to
H2-Q10 and H2-T23 at all ages (𝑃 < 0.001). In addition,
H2-Q7 was the most widely expressed gene throughout
the period of thymus development, reaching significance at
E16.5, 45, and 60 days (𝑃 < 0.001). In adult thymus, Aire
transcripts were observed at levels similar to H2-Q10 and
H2-T23 (Figure 2(a)). In liver samples, H2-Q10 expression

was high and increased with aging (Figure 2(b)); however,
in gut samples, these transcripts were elevated during fetal
and perinatal ages (𝑃 < 0.05). During postnatal periods, the
H2-T23 gene was the most expressed (𝑃 < 0.001), followed
by H2-Q7 (𝑃 < 0.01) (Figure 2(c)). In the spleen, a gradual
transcript increase was observed for H2-Q7 and H2-T23.
H2-Q7 was significantly higher in spleen samples from
60-day-old animals (𝑃 < 0.001). A diminished expression of
Aire was observed in spleen samples at postnatal ages
(Figure 2(d)). Interestingly, during the evolution of
pregnancy, the H2-T23 transcripts levels were higher
than H2-Q7 at day E15.5 (𝑃 < 0.001) and day E16.5
(𝑃 < 0.001), and at day E20.5 (𝑃 < 0.05) in placenta samples
(Figure 2(e)). Overall, MHC class Ib transcripts were
observed at very restricted levels in brain at all ages analyzed,
except for a faint expression of H2-Q7 transcripts during the
perinatal period (Figure 2(f)).

3.3. Individual Transcript Patterns of H2-Q7(Qa-2), H2-
T23(Qa-1), H2-Q10(Qa-10), and Aire throughout Develop-
ment in C57BL/6 Mice. The individual values of the tran-
scripts for H2-Q7, H2-Q10, H2-T23, and Aire throughout the
development are shown in Table 1 and are representative of
the mean values of 2−ΔΔCt.
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Figure 2: Comparisons of gene expression profiles of MHC class Ib and Aire during development of thymus, lymphoid, and nonlymphoid
tissues in C57BL/6 mice. Relative quantification (RQ) obtained from (a) thymus, (b) liver, (c) intestine, (d) spleen, (e) placenta, and (f) brain
is representative of the mean values of 2−ΔΔCt. obtained from comparisons of the four genes in each tissue independently. Tissue samples were
obtained in triplicate from different animals for each age analyzed. Each experiment was independently performed at least three times. Data
were analyzed statistically by two-way ANOVA followed by the Bonferroni multiple comparison test. Values close to the level of significance
are marked with (∗).

In the thymus, transcript levels of H2-Q7 gradually
increased with age, reaching significance in mice aged 1, 45,
and 60 days compared to other ages. H2-T23 expression was
increased in animals aged 1, 5, 15, and 45 days compared
to fetal and adult ages. Although it is considered to be
liver-specific, H2-Q10 expression was surprisingly increased
during the fetal period of thymus development at days E15.5,
E16.5, E19.5, and E20.5 and during the perinatal period at days
1 and 5. Aire expression was significantly increased during
fetal thymus development, primarily at E16.5 and E17.5. Aire
expression wasmaintained at reduced levels during postnatal
periods in the thymus of newborn and adult animals.

In the liver, gene expression profiles of H2-Q7,
H2-T23, and H2-Q10 were detected at low levels at fetal and
perinatal ages, increasing after day 5. Postnatal expression
of H2-Q7 and H2-Q10 peaked at days 45 and 60, whereas
H2-T23 expression continued to be elevated from day 5 to
60. Aire gene transcription was not detected during liver
development.

In the gut, the expression of H2-Q7 and H2-T23
was increased in the postnatal period, primarily from
day 15 to day 60. In contrast, H2-Q10 transcripts
peaked at late fetal periods on days E19.5 and E20.5.
Aire expression was observed at all ages, exhibiting
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Figure 3: Comparison of gene expression profiles during thymus development between C57BL/6 and BALB/c mice. Relative quantification
(RQ) of messenger RNA for (a) H2-Q7 (Qa-2), (b) H2-T23 (Qa-1), (c) H2-Q10 (Qa-10), and (d) Aire is representative of the mean values
of 2−ΔΔCt. Tissue samples were obtained in triplicate from different animals and lineages for each age analyzed. Each experiment was
independently performed at least three times. Data were analyzed statistically by the Student’s 𝑡-test. Values close to the level of significance
are marked with (∗).

significant peak expression at day E14.5 and at perinatal
day 5.

Due to the late formation of the spleen, the tissue samples
were obtained only during postnatal periods.H2-Q7 andAire
showed a closely similar expression pattern, exhibiting peak
levels at day 60. In contrast, H2-Q10 transcripts peaked at
day 1. No significant differences in H2-T23 expression were
observed.

In placenta samples, the gene expression profiles of H2-
Q7 and H2-T23 showed no significant differences from day
E14.5 to day E20.5. On the other hand, the expression of H2-
Q10 peaked at day E14.5 and the expression of Aire peaked at
day E20.5.

In the brain, analysis of the expression of H2-Q7, H2-
T23, H2-Q10, and Aire in fetal and adult mice showed no
significant differences.

3.4. Comparison of Gene Expression Profiles between C57BL/6
and BALB/c Mice. Compared with BALB/c mice, the
C57BL/6 mouse thymus showed (i) higher transcript levels
for H2-Q7 and H2-Q10 during fetal and postnatal develop-
ment; (ii) increased levels of H2-Q7 on the following days:
E16.5 (𝑃 = 0.0142), E20.5 (𝑃 = 0.0063), 1 (𝑃 = 0.0037),
and 45 (𝑃 < 0.0001) (Figure 3(a)); (iii) closely similar H2-
T23 transcript levels, except at days 1 and 45, when H2-T23

expression levels were significantly increased in BALB/cmice
(𝑃 = 0.01 and 𝑃 = 0.0058, resp.) (Figure 3(b)); (iv) increased
levels of H2-Q10 mRNA in mice aged E16.5 (𝑃 < 0.01),
E20.5 (𝑃 < 0.01), 1 (𝑃 < 0.001), and 5 postnatal days
(𝑃 < 0.001) (Figure 3(c)); (v) a peak of Aire transcripts at day
E16.5 (𝑃 < 0.001), while in BALB/cmice this peak occurred at
day E18.5 of development (𝑃 = 0.0001). Overall, BALB/cmice
expressed higher levels of Aire in the thymus at all other ages
evaluated in this study, reaching significance at fetal E18.5
(𝑃 = 0.0001) and E20.5 days (𝑃 = 0.0318) and at 10 days
after birth (𝑃 = 0.0004) (Figure 3(d)).

Regarding other organs (liver, gut, spleen, placenta, and
brain), C57BL/6 mice expressed considerably higher levels of
H2-Q7 than BALB/c mice. In addition, H2-Q7 transcripts in
fetal E17.5 liver (𝑃 = 0.0125), in E16.5 and E18.5 placentas
(𝑃 = 0.00137), in 10 day spleen (𝑃 = 0.0146), and in
15-day gut (𝑃 = 0.0002) were higher in C57BL/6 mice
(data not shown). H2-T23 transcripts were more abundant
in BALB/c mice at most ages and in most organs compared
to C57BL/6 mice, being significantly increased at E17.5, E18.5,
and E20.5 day in the fetal liver (𝑃 = 0.0057, 𝑃 = 0.0196,
and 𝑃 = 0.0174, resp.) and at day 10 in the gut (𝑃 < 0.001).
No significant differences in H2-T23 levels were observed
in the spleen of these mice (data not shown). H2-Q10 was
significantly increased in fetal liver and fetal gut of C57BL/6
mice aged E20.5 (𝑃 = 0.0020) and E18.5 (𝑃 = 0.0210),
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respectively. C57BL/6 mouse placentas with E16.5 and E20.5
days of pregnancy (𝑃 = 0.0094 and 𝑃 = 0.018, resp.)
showed augmented H2-Q10 levels. Overall, Aire transcripts
were higher in BALB/c mice compared with C57BL/6 mice,
being significantly increased in 10-day spleen (𝑃 = 0.0242),
in E18.5, E20.5, and 15-day gut (𝑃 = 0.0002, 𝑃 = 0.0067, and
𝑃 < 0.01, resp.), and in E20.5 day placenta (𝑃 = 0.0009) (data
not shown).

3.5. Correlation of Gene Expression Profiles during Thymus
Ontogeny. Considering the thymus tissue samples obtained
at fetal ages, we found a positive correlation between Aire
and H2-Q7 in both strains analyzed (𝑅 = 0.0378/𝑃 =
0.4025 for C57BL/6, and 𝑅 = 0.03618174/𝑃 = 0.9638
for BALB/c). Negative correlations between Aire and H2-
T23 were found for C57BL/6 (𝑅 = −0.0408/𝑃 = 0.9306)
and for BALB/c mice (𝑅 = −0.1852341/𝑃 = 0.8148). In
C57BL/6 mice, the expression of the H2-Q10 gene showed
a positive correlation with Aire (𝑅 = 0.1311/𝑃 = 0.7793);
however, a negative correlation was observed in BALB/cmice
(𝑅 = −0.5067555/0.4932). After birth, negative correlations
between Aire and H2-Q7 were observed for both strains
(𝑅 = −0.424/𝑃 = 0.4016 for C57BL/6, and 𝑅 =
−0.1140859/𝑃 = 0.8076 for BALB/c). A positive correlation
between Aire andH2-Q10 andAire andH2-T23was observed
for C57BL/6 and BALB/c mice (𝑅 = 0.3409015/𝑃 = 0.5085
and 𝑅 = 0.8148293/𝑃 = 0.04826, resp.). However, in BALB/c
mice this correlation was negative (𝑅 = −0.4232537/𝑃 =
0.3441 for H2-Q10, and 𝑅 = −0.1459941/𝑃 = 0.7548 for H2-
T23).

4. Discussion

4.1. MHC Class Ib Genes and the Thymic Selection. Although
the Aire gene has a well-recognized role in central tolerance,
the role of nonclassical MHC molecules, which also have
tolerogenic properties, is not fully understood. To evaluate
the relationship between Aire and nonclassical MHC class I
genes, we studied the simultaneous expression of these genes
during the ontogeny of lymphoid and nonlymphoid organs,
from embryonic ages to adulthood.

In the present study, the H2-Q7 gene (Qa-2 molecule)
was abundantly expressed in the thymus comparedwith other
genes and in other tissues at any age analyzed. Several lines
of evidence indicate that Qa-2 may be involved in migration,
maturation, and effector mechanisms of cells that emigrate
from the thymus. Cells exhibiting a high expression of Qa-
2 do migrate to the periphery and perform their effector
mechanisms [26, 27], corroborating previous results showing
that Qa-2 is a marker of medullary thymocytes in the final
stages of development [25–27]. In addition, Qa-2 may be
involved in the generation of T CD8+ lymphocytes specific
for antigens that are presented at the periphery in the context
of thesemolecules [12, 26] and in the selection and regulation
of CD8𝛼𝛼/TCR𝛼𝛽 intraepithelial T cells [34].

In humans, the expression of HLA-G in the fetal thymus
may be related to the inhibition of thymus NK cells, poten-
tially capable of destroying thymocytes expressing classical

HLA class I molecules at low density [35] or even inducing
apoptosis of CD8+ T cells via Fas expression [8, 28]. Also, the
expression of HLA-G by mTECs may induce immune toler-
ance driven by antigen-specific T cells through the expansion
of natural regulatory CD4+ Foxp3+ T cells [8, 36]. Taken
together, these findings indicate that the high expression of
H2-Q7 during perinatal and adult ages may be related to
the formation of subtypes of functionally mature thymocytes
residing in thymic medulla. The increased expression of H2-
Q7 in adulthood may further indicate that, instead of thymic
involution, the presence ofmature and functional thymocytes
may maintain the functionality of the thymus in thymocyte
generation.

It is interesting to observe that the expression of the
H2-Q7 and Aire genes exhibited closely similar profiles and
showed positive significant correlations in C57BL/6 and in
BALB/c mice only during fetal ages. Negative selection is
crucial to maintain the homeostasis of the immune system,
a process in which the Aire gene plays a central role, since
it is directly implicated in the control of the expression of
thousands of TRAs [21, 22]. Based on the positive correlations
between the transcript profiles ofAire,H2-Q7, andH2-Q10 in
the fetal thymus, we may hypothesize that nonclassical MHC
class I genes are also under the transcriptional control of
Aire. Additionally, it has been proposed thatAiremay activate
genes that are usually silenced or expressed at low levels due
to methylation marks (H3K4me0) in their promoter regions.
The low expression and the presence of methylation marks
may be a feature of Aire-dependent activation of genes which
are not normally expressed, as in mTECs [23, 24]. In humans,
the expression of the HLA-G gene is regulated at epigenetic
levels due to the presence of methylation of CpG motifs in
the promoter region [37, 38] and could also be under the
transcriptional regulation of Aire.

In contrast to H2-Q7, we found a negative correlation
between Aire and H2-T23(Qa-1) expression during fetal
thymic development in both mouse strains. Indeed, H2-T23
transcription levels were reduced during the fetal period
of thymus development, increasing during postnatal ages.
These results corroborate previous studies reporting that Qa-
1 is primarily expressed by antigen-presenting cells and acti-
vated lymphocytes during the effector phase of the immune
response [4, 11, 12]. The expression of Qa-1 (H2-T23) in
the fetal thymus, as observed in the present study, may be
related to the generation of regulatory T cells, since Qa-1 is
involved in the regulation of autoimmunity by suppressive
CD8+ T regulatory cells. The positive selection of potentially
Qa-1-dependent CD8+ Tregs may allow the expansion of
these regulatory cells in the peripheral lymphoid organs after
encountering the cognate antigen [4, 11, 12].

There are no previous studies evaluating the expression
of H2-Q10 in the thymus, and there are few studies reporting
the immunomodulatory role of the Qa-10 molecule. In this
context, it has been reported that Qa-10 is liver-specific and
may be related to better acceptance of hepatic allografts [14,
15]. At least at a transcriptional level, we demonstrated the
expression of H2-Q10 outside the liver. Although a reduced
expression ofH2-Q10 during thymus ontogeny was observed
in this study, the expression levels were higher during the fetal
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period. Additionally, we found a significant positive corre-
lation between Aire and H2-Q10 in C57BL/6 mice both for
embrionary and for postnatal ages. In contrast, we observed
a significant negative correlation betweenAire andH2-Q10 in
BALB/cmice for embrionary and postnatal ages. As proposed
for H2-Q7, Aire may also be involved in the transcriptional
regulation of H2-Q10(Qa-10), which in turn may be involved
in tolerance in the thymus. Since the expression patterns of
Aire and H2-Q10 are distinct in different strains, one may
hypothesize that H2-Q10 expression may be associated with
differential immune response patterns, yielding differential
susceptibility to foreign or modified self antigens.

4.2. MHC Class Ib Genes during Ontogeny of Lymphoid and
Nonlymphoid Tissues. Overall, in peripheral organs such as
the spleen, liver, and gut, the transcription profiles ofH2-Q7,
H2-Q10, andH2-T23were characterized by a gradual increase
of transcript levels with aging. In the spleen, the increased
expression of H2-Q7 in C57BL/6 mice supports previous
studies reporting that the expression of Qa-2 by spleen cells is
sufficiently high to primeCD8+ T cells [39]. Additionally,H2-
T23 transcripts found in this organmay be related to a higher
state of activation of T cells, since the expression of Qa-1 pref-
erentially occurs in activated immunocompetent cells [12].

In the liver, both during the fetal period and in adult-
hood, we observed an increased level of nonclassical MHC
transcripts, particularly those encoding the Qa-10 molecule.
The increasedH2-Q10 liver transcription rates could serve to
modulate immune responses maintaining the “immunosup-
pressed” state of the liver.This idea is corroborated by studies
reporting that hepatocytes expressing Qa-10 are apparently
free of autoimmune processes and show little evidence of cell
damage [14].The early expression ofMHC class Ib genes may
be involved in the maintenance of this “immunosuppressed”
state from embryonic stage to adulthood. This maintained
state of tolerance in liver cell subpopulations possibly con-
tributes to the high rates of acceptance of liver transplants;
however, it may also contribute to liver vulnerability to
chronic pathogens, such as hepatitis viruses and Plasmodium
spp. [40]. We agree with the idea raised by Stroynowski and
Tabaczewski in which since Qa-10 appears in the circulation
as a soluble molecule, the high expression of Qa-10 would be
an additional mechanism by which the liver could impose
systemic immunological tolerance, influencing the immune
responses at other body sites, particularly in autoimmune
manifestations or in allografts [3].

The transcription of the H2-Q7, H2-Q10, and H2-T23
genes was detected from E13.5 day during the embryonic
development of liver. It is well established that during
embryogenesis the fetal liver acts as an important hematopoi-
etic organ, producing diverse cell types as the progenitors of
T, B, NK, and dendritic cells and monocytes [41, 42]. Indeed,
under normal conditions, these cells and hematopoietic stem
cells are able to express Qa-2 and Qa-1 [3, 4]. It has also
been demonstrated that fetal liver mesenchymal stem cells
express HLA-G molecules [43], and some subtypes of CD8+
T cells have been identified as natural CD8+ T cells, exhibiting
the CD8+ HLA-G2+ and CD8+ CD122+ phenotypes [40].

Apparently, the expression of HLA-G in liver cells may
contribute to immunosuppression events observed in the
liver, favoring the chronification of infections [44, 45].

H2-Q7 expression in the gut is of potential interest,
since several lines of evidence show that Qa-2 is involved in
the selection and maintenance of mucosal CD8𝛼𝛼/TCR𝛼𝛽
intraepithelial lymphocytes and therefore in the regulation of
immune responses [39]. It is known that regulatory T cells are
abundantly found in the lamina propria of the gut, which can
be generated at these sites or may migrate through homing
receptors to the gut [46]. Thus, the increased levels of H2-
T23 transcripts observed in the gut may be related to the
involvement of Qa-1 in the suppression of NK cell responses
and the maintenance and generation of CD8+ regulatory T
cells, contributing to oral tolerance in the gut [12, 13].

The importance of Qa-1 and Qa-2 in the placenta was
demonstrated by studies showing that 𝛾𝛿 TCR lymphocytes
present in the decidua are oligoclonal and restricted to
antigens presented by class Ib molecules. Interestingly, these
populations of 𝛾𝛿T cells are selected in the thymus during the
fetal period [47]. The expression profiles of H2-Q7 and H2-
T23 observed in our study are consistent with human studies
showing that theHLA-Gmolecule has well-marked temporal
regulation during pregnancy, with high expression in the first
months and decreased expression in the third trimester of
pregnancy [47]. Our observation that H2-T23 transcripts are
more expressed H2-Q7 transcripts is surprising, considering
that the placenta and embryonic tissues are described as the
relevant sites of expression of Qa-2 and a major component
of theH2-Q6/Q7/Q8/Q9 genes (Ped gene) involved in preim-
plantation and embryonic development [6, 9].

Overall, we did not observe expression of MHC class Ib
genes in the brain, except for a faint expression of H2-Q7
and Aire transcripts in both mouse strains (data not shown).
Under physiological conditions, brain Qa-2 expression has
been associated with the development and plasticity of the
organ [48]. On the other hand, in humans, induced brain
expression of HLA-G has been reported during the course of
inflammatory diseases such asmultiple sclerosis and has been
associated with inhibition of responsesmediated by cytotoxic
T cells, NK cells, and inhibition of T cell proliferation [46].

The expression of Aire transcripts outside the thymus,
found here to be reduced in the brain and to occur in
considerable levels in peripheral organs such as the spleen
and gut, is quite interesting, since in recent years several
studies have attempted to identify the expression of Aire and
the occurrence of PGE in tissues other than the thymus [17, 18,
32]. The relevance and functionality of the expression of Aire
in peripheral lymphoid organs are still very controversial.
Recently, it has been reported that the stromal cells of lymph
nodes, spleen, and Peyer’s patches express reduced levels of
Aire.The expression of Aire by these organs occurs in certain
eTACS (extra thymic Aire-expressing cells). In a similar way
to mTECs, eTACS can perform promiscuous gene expression
and are able tomediate deletion of autoreactive T cells [17, 18].

4.3. Differential Transcript Profiles between Mice Strains. The
comparisons of Aire gene expression profiles between strains
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corroborated our previous studies, showing a peak of Aire
expression in C57BL/6 thymus at day E16.5 and in BALB/c
thymus at day E18.5. Aire expression anticipated the PGE
phenomenon in both strains andoccurred after the beginning
of TCRV(D)J recombination.This process starts on the E14.5
day and E16.5 day in C57BL/6 and BALB/c mice, respectively
[49, 50]. Therefore, the timing of T cell maturation during
thymus development apparently differs between these strains,
suggesting an important role of the genetic background in
the modulation of these important thymus events [51, 52].
In addition, differences in imunomodulatory MHC class
Ib gene expression profiles between strains, as observed in
this study, may provide further evidence of the patterns
of susceptibility and resistance to infections, autoimmune
diseases, and cancers of these strains. In most age groups
analyzed in this study, the expression of H2-Q7 in the
thymus and other peripheral organs was significantly higher
in C57BL/6 mice than in BALB/c mice. This may reflect the
fact that BALB/c mice usually express lower levels of Qa-2
as they present a deletion of both H2-Q6 and H2-Q9 loci,
and therefore the BALB/c strain is characterized as medium
producers of Qa-2 (Qa-2med) [3].

Considering that Q7 and Q9 genes synergistically con-
tribute to the expression of Qa-2, the genetic differences
between BALB/c and C57BL/6mice may contribute to differ-
ential expression of Qa-2, which is approximately 4 to 5 times
higher in C57BL/6 mice [3]. In contrast, H2-T23 and AIRE
transcript levels were significantly higher in BALB/c mice
compared to C57BL/6 mice. Compared to C57BL/6 mice,
BALB/c mice are more vulnerable to infections triggered by
Staphylococcus aureus, Mycoplasma pulmonis, and Leishma-
nia major [51–53]. Considering that Qa-1 is clearly involved
in the generation of regulatory T cells [4, 12, 13] and that Aire
may shape the repertoire of regulatory T cells [18], increased
expression of these transcripts may account for increased
central regulatory function and increased susceptibility to
infections [54].

5. Conclusions

Thepresent study raised the idea of a potential transcriptional
link between Aire and nonclassical MHC class I genes acting
at a central level during thymic education and potentially
influencing and modulating the immune responses at the
periphery. Although using a generalist approach, this study
aimed to characterize the transcription patterns of relevant
immunomodulatory genes and may be useful for further
studies regarding the involvement of nonclassical MHC class
I molecules in immune tolerance events. The evaluation
of the protein product encoded by these genes is crucial
to understand the relationship and possible transcriptional
regulation of nonclassical MHC class I molecules by Aire.
Further analysis will be performed in this area in order to
verify the potential influence of Aire on the promoter regions
ofH2-Q7,H2-Q10, andH2-T23. Studies involving appropriate
animal models for MHC class Ib molecules can contribute to
the current knowledge about HLA-G and HLA-E in humans
and are a prerequisite for the development of therapeutic

strategies such as the production of nonclassical MHC
recombinants molecules associated with immunosuppressive
therapy.
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HLA-G is a nonclassical major histocompatibility complex molecule first described at the maternal-fetal interface, on extravillous
cytotrophoblasts. Its expression is restricted to some tissues in normal conditions but increases strongly in pathological conditions.
The expression of thismolecule has been studied in detail in cancers and is now also beginning to be described in infectious diseases.
The relevance of studies on HLA-G expression lies in the well known inhibitory effect of this molecule on all cell types involved
in innate and adaptive immunity, favoring escape from immune control. In this review, we summarize the features of HLA-G
expression by type of infections (i.e, bacterial, viral, or parasitic) detailing the state of knowledge for each pathogenic agent. The
polymorphism, the interference of viral proteins withHLA-G intracellular trafficking, and various cytokines have been described to
modulate HLA-G expression during infections.We also discuss the cellular source of HLA-G, according to the type of infection and
the potential role of HLA-G. New therapeutic approaches based on synthetic HLA-G-derived proteins or antibodies are emerging
in mouse models of cancer or transplantation, and these new therapeutic tools may eventually prove useful for the treatment of
infectious diseases.

1. Introduction

HLA-G was first described by Geraghty et al. in 1987 [1]
as a member of the nonclassical human leukocyte antigen
(HLA) family, which also includes HLA-E and F [2, 3]. The
HLA-G gene is located within the major histocompatibility
complex on the p21.31 region of chromosome 6. It has
eight exons and seven introns, and its sequence is about
86% identical to the consensus sequence of the HLA-A,
-B, and -C genes. Unlike classical class I molecules, HLA-
G has a short cytoplasmic tail of six amino acids, due to
premature stop codon in exon 6 [1]. Alternative splicing
of the primary transcript generates four membrane-bound
isoforms and three soluble forms. HLA-G1 has a structure
similar to that of classical HLA class I molecules: a heavy
chain consisting of three extracellular globular domains (𝛼1,
𝛼2, 𝛼3) noncovalently associated with the 𝛽-2 microglobulin
and a monomer peptide. The membrane-bound isoforms,

HLA-G2, -G3, and -G4, are truncated isoforms lacking the 𝛼2
and/or 𝛼3 domains of the heavy chain [4, 5] and they should
not, therefore, bind 𝛽-2 microglobulin [6]. Soluble HLA-G
isoforms are generated either by alternative splicing of the
HLA-G primary transcript (HLA-G5, -G6, and -G7) or by
proteolysis of the HLA-G1 isoform (HLA-G1s) [7–9]. Indeed,
the HLA-G5, -G6, and -G7 isoforms are highly unusual, as
they are spliced variants of the HLA-G mRNA retaining
introns 4 and 2 [7, 9, 10].

HLA-G is structurally diverse, with (i) different iso-
forms resulting from alternative splicing, (ii) some 𝛽2M-free
molecules [11], and (iii) all isoforms other thanHLA-G3 being
able to form homomultimers [12]. Indeed, HLA-G isoforms
can also form homotrimers and homodimers, through the
establishment of disulfide bridges between cysteine residues
located in positions 42 and 147 [13]. Truncated isoforms of
HLA-G can also carry out the biological functions of this
molecule. Indeed, multimeric structures of HLA-G isoforms
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function by differential binding to LILRB receptors [12].Thus,
HLA-G has specific features not found in other HLA class
I molecules, such as (i) limited polymorphism [14, 15], (ii)
restricted expression in physiological conditions [16], (iii) a
shorter cytoplasmic tail region due to a stop codon in exon
6, (iv) unusual regulatory mechanisms due to the use of
a promoter unique among HLA class I genes [17–20], and
(v) numerous immunomodulatory properties, as described
below.

HLA-G expression was initially described as restricted to
the maternal-fetal interface, on extravillous cytotrophoblasts
[21]. In healthy, nonfetal subjects, theHLA-Gprotein is found
only on the cornea [22], thymicmedulla [23], nailmatrix [24],
beta cells of the islets of Langerhans [25], mesenchymal stem
cells [26], and endothelial precursors [27].

Levels of this protein are upregulated in many diseases
and this upregulation may modulate the immune response.

The immunosuppressive properties of HLA-G have been
thoroughly described. Indeed, the role of this molecule in
immunotolerance was first described following its detection
at the maternal-fetal interface, in in vitro studies, and has
recently been confirmed by in vivo studies in mice. HLA-G
can inhibit all types of immune competent cells (Figure 1).
This effect is mediated by the direct binding of both com-
pletely soluble and membrane-bound isoforms to inhibitory
receptors via the 𝛼3 domain. Indeed, B and T lymphocytes,
NK cells, and monocytes of the myeloid lineage express the
immunoglobulin-like transcript ILT2 (CD85j, ILIRB1) [28];
monocytes, macrophages, and dendritic cells express ILT-
4 (CD85d, LILRB2) [29]. The killer cell immunoglobulin-
like receptor (KIR2DL4/p49) is specific for HLA-G and is
expressed by decidual NK cells. Unlike other inhibitory
receptors, it may also mediate activation [30, 31]. In addition,
soluble HLA-G triggers the apoptosis of T and NK cells
via CD8-like classical class I soluble molecules [32]. HLA-G
modulates adaptive and innate immunity by interacting with
T or B lymphocytes and NK cells or polymorphonuclear cells
(Figure 1).

HLA-G can inhibit all steps in the immune response:
differentiation, proliferation, cytolysis, cytokine secretion,
and immunoglobulin production. It can also alter antigen
presentation to T lymphocytes, by inhibiting dendritic cell
function and maturation [33–36] and by specific effects on
T and B lymphocytes during effector activities. Indeed, this
molecule inhibits the cytolytic activity of T and NK cells
[37, 38] and the proliferation of B lymphocytes, together with
the differentiation of these cells and their immunoglobulin
secretion [39]. It also affects cooperation between B and T
lymphocytes, by inhibiting T4 alloproliferation [36, 40] and
inducing different types of regulatory T cells [41, 42]. Trogo-
cytosis can generate different types of temporary regulatory
cells in situ, accounting for the immunosuppressive effect of
HLA-G-positive cells, despite their small numbers [43]. In
addition, HLA-G inhibits the function of neutrophils, key
cells in host immune defense against pathogens. Indeed, its
interaction with its receptor, ILT4, on neutrophils impairs
phagocytosis and the respiratory burst of neutrophils respon-
sible for reactive oxygen species production [44].

Pathogen Consequences
of infection

Effects of HLA-G
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Figure 1: Causes and consequences of HLA-Gmodulation in infec-
tious diseases. Positive and negative effects of HLA-G are shown
in blue and red, respectively. Parasites, bacteria, or viruses induce
the secretion of various cytokines, including IL-10 and interferon
(-𝛾 for bacterium and IFN-𝛼 and -𝛽 for virus). These cytokines
upregulate the expression or secretion of HLA-G. In addition, IL-
10 induces IL-10-producing human dendritic cells (DCs), termed
DC-10, expressing HLA-G and ILT4. HLA-G induces tolerogenic
DC in addition to DC-10 and regulatory cells via direct interaction
with ILT2 and/or ILT4. HLA-G, through direct interaction with
ILT2, inhibits the function of T and NK cells and B cells, whereas
it inhibits the function of granulocytes and myeloid DC via direct
interaction with ILT4. Indirect effects of HLA-G are mediated by
the induction of HLA-E cell surface expression, which inhibits
CD94/NKG2a onNKandT cells.The consequence ofHLA-G action
is a downregulation of innate and adaptive immunity.

Many studies have focused on HLA-G in tumoral pro-
cesses, highlighting its role in tumor escape from the immune
response [45]. The expression of this molecule is also begin-
ning to be reported in other diseases, including infectious
diseases. As host immune defense mechanisms efficiently
eliminate most infections, studies on HLA-G in infections
are based on the rationale that this molecule decreases
the efficacy of the immune response through wide-ranging
effects on all cell types involved in the immune response.

2. Features of HLA-G Expression by
Infection Type

The main studies on HLA-G and infectious diseases are
summarized in Table 1.
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(a) Bacterial Infections. Septic shock is characterized by
high mortality (40–50%) despite adequate initial treat-
ment. Indeed, during septic shock, the initial huge systemic
inflammatory response is immediately followed by an anti-
inflammatory process, acting as negative feedback. However,
this compensatory inhibitory response may subsequently
become deleterious, as nearly all immune functions are
compromised [46].

Monneret et al. [47] reported that marked, persistent
HLA-G5 expression in septic shockwas predictive of survival.
The exocytosis-mediated upregulation of ILT4 expression on
neutrophils is inhibited in conditions of sepsis, so the large
amounts of HLA-G5 found in the plasma samples of patients
surviving sepsismay have allowed them to control neutrophil
inflammatory activity [44]. However, soluble HLA-G con-
centration was not found to be predictive of the detection
of bacteremia and sepsis in pediatric oncology patients with
chemotherapy-induced febrile neutropenia [48].

(b) Parasitic Infections. Few clinical data for parasitic infec-
tions are available, and those published relate mostly to
plasma concentrations of sHLA-G, with the exception of
one study of the protective role of HLA-G polymorphism
in malaria [49]. We previously reported an increase in
soluble HLA-G levels in 35% of cases of visceral leishmaniasis
(Leishmania infantum) (VL) in HIV-seronegative patients
and 57% of patients coinfected with HIV and Leishmania
infantum [50]. However, the percentage of HLA-G-positive
patients and themean sHLA-G value were significantly lower
in patients with both HIV infection and VL than in the
patients with HIV infection alone. These results suggest that
the increase in sHLA-G levels in HIV-infected patients with
VL may contribute to a general tolerogenic environment,
favoring the persistence of Leishmania and shortening the
life expectancy of HIV-infected patients. sHLA-G may also
be an immune biomarker of successful treatment. Thus,
levels of sHLA-G with indoleamine 2,3 dioxygenase (IDO)
activity may thus constitute, together with Th1/Th2 cytokine
levels, surrogate markers for the resolution of VL, at least
in immunocompetent patients [51]. High levels of sHLA-
G are found in the amniotic fluid in women acquiring
toxoplasmosis during pregnancy. The levels of this protein
are the highest when the fetus is congenitally infected.
However, all fetuses were born alive in our small series
of patients, consistent with adequate downregulation of
the inflammatory response. HLA-G may, therefore, play an
immunomodulatory role that is necessary to avoid fetal loss
but that may lead to the maternal-fetal transmission of Tox-
oplasma gondii [52]. HLA-G expression increases upon the
in vitro infection of primary human trophoblasts and BeWo
cells with Toxoplasma gondii, probably due to the secretion
of proinflammatory cytokines in response to the parasite
[53].

(c) Viral Infections.Many extensive studies have been carried
out on cancers, but HLA-G expression has also been studied
in many viral infections, with HIV infections being the most
extensively studied (at least 30 published studies).

2.1. HIV Infection. Levels of sHLA-G are significantly higher
in HIV-infected patients before treatment than in healthy
controls [54]. The increase in plasma sHLA-G concentration
in these patients has been attributed to an increase in
HLA-G secretion from intracellular stores in monocytes and
dendritic cells [55]. Indeed, a longitudinal study of plasma
sHLA-G concentration in HIV-infected individuals with
different rates of clinical progression showed that sHLA-G
expression was associated with HIV disease progression [56].
HLA-G levels are high early in infection and remain high
in rapid progressors. However, these concentrations return
to normal levels in the chronic phase of infection, in both
untreated normal progressors and long-termnonprogressors,
when the infection is controlled. Cell surface expression of
HLA-G is also detected on 93% of monocytes and 34% of
T lymphocytes in patients [57]. Serum concentrations of
HLA-G, like those of the other classical class I molecules
(sHLA-A, -B, -C), also increase in HIV-infected patients and
are significantly decreased by antiretroviral therapy (highly
active antiretroviral therapy, or HAART), in cases in which
HIV-1 replication is strongly inhibited.

Moreover, HAART significantly decreases the concentra-
tion of circulating soluble HLA-G molecules, this decrease
being correlated with viral clearance and an increase in
CD4+ T cells, as reported for classical class I molecules.
The decrease in sHLA-G levels after HAART reported by
Cabello et al. is not consistent with the finding of an increase
in HLA-G expression on monocytes following HAART in
another study [56]. The agents responsible for this increase
are nucleoside reverse transcriptase inhibitors rather than
protease inhibitors [58]. Murdaca et al. explain these conflict-
ing findings in terms of the membrane expression of HLA-G
inducing an increase in soluble HLA-G molecule shedding
[59]. However, high levels ofHLA-G in peripheralmonocytes
were also observed in two of the 12 untreated patients,
suggesting other causes unrelated toHAART [56].High levels
of HLA-G molecules are also found in the monocytes of
untreated HIV-positive patients [57], possibly due to the
pathogenesis of infection.

HLA-G expression may allow these cells to evade the
immune system, because the protective function of HLA-
G occurs after the induction of this molecule in HAART-
treated HIV-1 patients, accounting for both the consistently
defective function of monocytes in HIV-1-infected patients
and the role of the viral reservoir present in monocytes
during infection [56]. It inhibits myeloid dendritic antigen-
presenting capacity via ILT4 and enhances the secretion
of inflammatory cytokines [55]. HLA-G+ regulatory T cells
decrease in both absolute numbers and relative propor-
tions during progressive HIV-1 infection. Their levels are
thus inversely correlated to those of phenotypic markers of
immune activation. HLA-G+ T regulatory cells can decrease
harmful bystander activation andmay protect against HIV-1-
associated immune activation and HIV-1 disease progression
[60].

2.2. Human CMV (hCMV). Bothmembrane-bound and sol-
uble plasma HLA-G concentrations increase during hCMV
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infection. The induction of HLA-G protein in macrophages
has been observed after the generation of these cells ex vivo
from latently infectedmonocytes and after the reactivation of
hCMV infection [61]. HLA-G protein has also been detected
ex vivo on bronchoalveolar macrophages from patients
suffering from acute hCMV pneumonitis, on peripheral
monocytes and in plasma [62]. Blood sHLA-G concentration
has been shown to be correlated with blood IL-10 and IFN-𝛾
concentrations.

2.3. Neurotropic Virus. HLA-G protein has been reported to
be expressed in human neurons after infection with rabies
virus or herpes simplex type I, following the activation of gene
transcription [63, 64].

2.4. Influenza A Virus (IAV). HLA-G expression was first
demonstrated in vitro in an alveolar epithelial cell line, at
the mRNA and protein levels, after treatment with various
IAV strains [65]. HLA-G expression has been detected in
vivo in patients infected with the pandemic H1N1 or seasonal
H1N1 [66] viruses. It has been detected on monocytes and T
lymphocytes, including T4 regulatory cells in particular.This
cellular HLA-G expression contrasts with the absence of an
increase in the plasma concentration of this protein.

2.5. Human Papilloma Virus (HPV). Low levels of HLA-G5
expression are observed in all HPV-related cases of invasive
cervical cancer [67]. Indeed, HPV E5 may be involved in the
decrease in HLA-G expression at the cell surface, because
high-risk HPV oncoproteins may inhibit the promoters of
HLA class I heavy chain genes and may modulate the levels
of the transporter associated with antigen processing (TAP1)
protein.

2.6. Hepatitis B andCViruses (HBVandHCV). PlasmaHLA-
G concentration is higher during hepatitis infection than
in healthy subjects without HBV infection. It is higher in
cases of chronic hepatitis B than in acute hepatitis B and
it returns to normal after resolution of the infection. In
addition, an increase in HLA-G cell surface expression is
observed on peripheral monocytes and regulatory T cells
[68]. Similarly, an increase in blood sHLA-G concentration
has been reported in patients with chronic hepatitis infection
[69], associated with an increase in blood IL-10 and IFN-𝛾
concentrations.

HLA-G expression in the liver has been detected by
immunohistochemical methods, in hepatocytes and biliary
epithelial cells from patients with chronic hepatitis B, by
Souto et al. [70]. We [71] found that the number of HLA-
G+ cells was significantly correlated with the area of tissue
affected by fibrosis. This led to the first demonstration
that HLA-G+ cells were mast cells. HLA-G secretion was
significantly induced in humanmast cells stimulated with IL-
10 or class I interferons.

3. Mechanisms of HLA-G Modulation
during Infection

Thesemechanisms (polymorphism, interference of infectious
proteins with HLA-G intracellular trafficking and shedding,
and cytokines) are summarized in Figure 1 and Tables 2 and
3.
(a) Polymorphism, Alleles, and Single-Nucleotide Polymor-
phisms. Firstly, HLA-G polymorphism, although limited with
40 alleles identified [15], is involved in susceptibility to
viral infections, particularly those caused by HIV and HCV
(Table 1). Indeed, the G∗010108 allele has been reported to
be associated with an increase in the risk of HIV-1 infection,
whereas the G∗0105N allele (null allele) has been shown
to be associated with protection from infection in African
women [72, 73] but a greater risk of infection in a population
from north-eastern Italy [74]. Da Silva et al. have shown that
HLA-Gvariants influence the horizontal transmission ofHIV
horizontal in African-derived HIV-infected patients, with a
higher frequency of alleles and genotypes associated with
low levels of HLA-G expression (i.e., a higher frequency of
the 14 bp insertion allele) in African-derived HIV-infected
individuals and a higher frequency of the 14 bp insertion
+3142G (insG) haplotype and the insG/insG diplotype. In
addition, a higher frequency of the ins/ins genotype is found
among African-derived HIV-infected patients also infected
with HCV [75].

Thus, the transmission of HIV-1 from infected mothers
to their infants may be influenced by dissimilarities in
their HLA-G sequences [76]. HLA-G∗01:03+ mothers have
recently been shown to be less likely to transmitHIV-1 to their
children during the perinatal period [77]. The polymorphic
sites may affect miRNA binding to the HLA-G mRNA,
thereby influencing HLA-G translation [19, 78].

HLA-G polymorphism may also affect susceptibility to
HCV infection in patients with sickle cell disease, because
the C allele seems to confer protection against HCV, by a
mechanism associated with an increase in HLA-G expression
[79]. Homozygosity for the 14 bp deletion and the allele
containing this deletion (010401) seems to be a risk factor for
the vertical transmission of HCV, whereas the 0105N allele
confers protection [80]. The HLA-G 14 bp insertion/deletion
polymorphism is also a putative susceptibility factor for active
hCMV infection in children [81]. Two polymorphisms in the
3 untranslated region of the HLA-G gene (3UTR) (14 bp
ins/del, +3142C>G) are involved in susceptibility to HPV
infection; indeed, the 14 bp del allele is associated with a high
risk of HPV infection, and the del/C haplotype is associated
with the development of invasive cervical cancer [82].

An association of HLA-G 3UTR polymorphisms with
the antibody response to Plasmodium falciparum has also
recently been reported [49, 83].
(b) Interference of Viral Proteins with the Intracellular Traffick-
ing of HLA-G. Viral proteins have generally been reported to
decrease HLA class I expression, but their effect on HLA-G
expression at the cell surface is more ambiguous (Table 3).
Indeed, they may have no effect [84–86] or an inhibitory
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Table 2: Influence of HLA-G polymorphism on susceptibility to infectious diseases.

Pathogens Protection Susceptibility Vertical transmission
(mother-to-child) References

HIV

HLA-G∗0105N
(null allele) [72, 73]

G∗010108 allele
G∗010108/010401
G∗010101/010108

[72]

G∗0105N
14 bp (ins) allele

+3142G (insG) haplotype

[74]
[75]
[75]

G∗01:01:01 genotype G∗01:04:04 genotype [122]
Differences in the
HLA-G gene DNA
sequence between
mother and child

[76]

14 bp insertion allele
14 bp + 3142G (insG)

haplotype
[75]

insG/insG diplotype
in HCV coinfected [75]

HCV

insG/insG diplotype
in HIV coinfected [75]

+3142C allele in
sickle cell disease

patients
[79]

−14 bp/−14 bp genotype [81]

HLA-G∗0105N
G∗010401

homozygosity for
HLA-G 14 bp deletion

[80]

HPV 14 bp ins allele
14 bp del allele

del/C haplotype with ICC
development

[82]

Plasmodium falciparum

+3187G allele
and haplotype UTR1 Haplotype UTR3 [83]

+3010G and +3142C
+3010G and +3196G [49]

effect [87–90], and one study, carried out by Onno et al. [61],
even reported HLA-G induction after viral reactivation in
activatedmacrophages, through the cooperative action of the
early HCMV proteins pp72 and pp86. By contrast, another
team showed that HLA-G1 levels at the cell surface were
downregulated and that this downregulation was dependent
on hCMV short viral US glycoproteins [89]. Some US
proteins have differential effects on the expression of classical
HLA class I and HLA-G molecules at the cell surface, due
to the shorter cytoplasmic tail of HLA-G [91] and other
structural characteristics [91].

These conflicting results for hCMV may be accounted
for by differences between the cell types studied (monocytes,
trophoblasts, or the U373-MG astrocytoma cell line). The
effects of viral proteins differ with the infected cell target,
the type (classical or otherwise) of HLA class I molecules,
and the membrane-bound or soluble nature of the HLA-G
protein. These conclusions are illustrated by the following

examples. US10 downregulates the cell surface expression of
HLA-G but not that of classical class I MHC molecules [88],
because the short cytoplasmic tail of HLA-G (RKKSSD) acts
as a US10 substrate. On the other hand, the US2 protein
decreases levels of HLA class I molecules by supporting
proteasome-mediated degradation, unlike HLA-G1, which
lacks the residues essential for interaction with US2 [84].
Moreover, HLA-G1 has also been reported to be targeted for
degradation, independently of the cytoplasmic tail [84].

For HIV infections, the short cytoplasmic tail of HLA-
G confers resistance to Nef-induced downregulation [85],
whereas Nef downregulates MHC class I molecules [92].
(c) Cytokines. Many viruses have also developed other
strategies for escaping host immune surveillance, such as
a deregulation of the host cytokine network through the
secretion of cytokines. Cytokines are also important in
bacterial infections.
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Table 3: Interference of viral proteins with HLA-G intracellular trafficking; comparison with classical HLA class I molecules.

Virus Viral
protein

Classical HLA class I HLA-G References
Mechanism Downregulation Downregulation No change Upregulation

HIV

Nef

Interacts directly with
class I domain
Redirects to

endolysosomal
pathway

↘

→
truncated
cytoplasmic
domain

[85]

Vpu

Redirects to
degradation pathway
Affects early step in

biosynthesis

↘ ↘ [119]

HCMV

US2
US11

Exports for cytosolic
degradation ↘

→
truncated
cytoplasmic
domain

[84, 86]

US3
US6

Retention in
endoplasmic
reticulum

↘ ↘ [87]

US10 ↘
cytoplasmic tail [88]

pp72 and
pp86 ↗ [99]

Herpes Virus ICP47

Inhibits TAP
(transporter

associated with
antigen processing)

↘ ↘ [90]

The interleukin- (IL-) 10 family of cytokines and the
related interferon (IFN) family form the larger class II
cytokine family [93]. The IL-10 family consists of three
subgroups, defined on the basis of biological functions: IL-10,
the IL-20 subfamily cytokines (including IL-19, IL-20, IL-22,
IL-24, and IL-26), and the type III IFN group (IFN𝜆s).

Several viruses have been shown to upregulate the expres-
sion of cellular IL-10, which is produced by monocytes and,
to a letter extent, by lymphocytes and, possibly, mast cells.
Other viruses, such as the Epstein-Barr virus and HCMV,
have functional orthologs of IL-10. Indeed, blood IL-10 and
IFN-𝛾 concentrations are high in hCMV infection [62] and
in chronic hCMV infection [69]. In bacterial infections, IL-
10 is also produced during sepsis [94]. High IL-10 levels are
associated with bacteremia and sepsis in febrile pediatric
cancer patients with neutropenia [95].

IL-10 is a pleiotropic cytokine with both immunostim-
ulatory and immunosuppressive properties [96]. HLA-G
expression is induced following IL-10 stimulation in exper-
iments in vitro and is associated with IL-10 expression in
vivo in a context of cancer. IL-10 selectively induces HLA-
G expression, at both the mRNA and protein levels, in
human trophoblasts and monocytes [97]. By contrast, Zhao
et al. [53] have reported that IL-10 downregulates HLA-G
expression in an in vitro model based on the infection of
human trophoblasts with Toxoplasma gondii.

Interferons trigger important antiviral effects during viral
infections. They can be classified into three classes: (i)
class I (IFN-𝛼, -𝛽), produced by NK cells, lymphocytes,

macrophages and fibroblasts, and other molecules, such as
IFN-𝜔 and -𝜁, produced by leukocytes, (ii) class II, consisting
solely in IFN-𝛾 produced by NK and T cells, and (iii) class
III, recently described and including IFN-𝜆1 (IL-29), -𝜆2
(IL-28A), and -𝜆3 (IL-28B), produced by numerous cell
types, including plasmacytoid dendritic cells. Types I and
III interferons are produced by virus-infected cells. In these
cells, double-stranded RNA activates the signaling cascades
leading to the transcription of the IFN-𝛼 and -𝛽 genes.
Following their secretion, these interferons interact with a
specific IFN𝛼/𝛽 receptor on neighboring uninfected cells and
on the initial infected cells, activating a signaling cascade that
produces antiviral proteins that act on viruses and upregulate
HLA class I expression. IFN-𝛾 is involved in both innate and
adaptive immunity. Type III IFNs signal through a receptor
complex consisting of IL10R2 and IFNL-R1 (IL-28RA). HLA-
G induction by interferons has been reported in numerous
studies. Indeed, different types of IFN (𝛼, 𝛽, and 𝛾) can
induce HLA-G expression in different cell types. Yang et
al. [98] reported the induction of HLA-G on Jeg 3 cells by
different interferons.The induction of HLA-G on monocytes
has also been reported [99]. IFN-𝛽 and -𝛾 have recently been
shown to activate HLA-G expression in a human neuron cell
line infected with rabies virus [63]. HLA-G expression after
IFN treatment has also been demonstrated in several tumor
models, including a melanoma cell line. Thus, treatment
with IFN-𝛽 or -𝛾 increases the dimer/monomer ratio and,
subsequently, affinity for the ILT2 receptor [100]. An increase
in HLA-G expression, in monocytes and serum, is also
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observed in patients treated systemically with IFN-𝛼 [101].
Similar effects have also been reported after treatment with
IFN-𝛽1 [102]. Interferons are known to induce HLA class I
expression by binding to the interferon-stimulated response
element (IRSE) motif in the proximal promoter region of
class I genes. This motif is absent from the HLA-G promoter
[15], so the upregulation of HLA-G expression by interferons
was unexpected. This upregulation was accounted for by the
identification of another specific functional IRSE in the distal
promoter, at a position−744 bpupstream from theATG [103].

The early phase of septic shock is characterized by a
massive release of inflammatory mediators, causing organ
dysfunction and hypoperfusion. These cytokines include
tumor necrosis factor-alpha (TNF-alpha), interleukin-1beta
(IL-1beta), and IFN-𝛾. Like IFN-𝛾, TNF-𝛼 and IL-1 can also
induce HLA-G. Indeed, TNF-𝛼 has been shown to induce
a moderate increase in steady-state levels of HLA-G mRNA
in human trophoblast cell lines [98]. IL-1𝛽 increases the
expression of HLA-G and Toll-like receptor 4 (TLR4) in an
HIF-1𝛼-dependent manner [104].

Protease levels generally increase during bacterial and
viral infections and this may lead to the proteolytic shedding
of membrane-bound HLA-G in a soluble form, resulting in
an increase in blood HLA-G concentration.

4. General Discussion

An upregulation of HLA-G expression has been reported
in most studies of viral infection. Reported discrepancies in
the results concerning HLA-G expression in hCMV or HIV
infections may reflect differences in the models used or in
infection status or stage between studies.This upregulation of
HLA-G expression results principally from an increase in the
secretion of cytokines, such as IL-10 and class I interferons.
HLA-G levels increase, either at the cell surface or in the
blood (sHLA-G). Indeed, concentrations of soluble HLA-G
in the blood increase in some viral infections caused by HIV,
hCMV, HCV, and HBV viruses, similar to classical soluble
class I antigens. The increase in the secretion of cytokines,
including interferons in particular, during the course of viral
infection, and the use of interferons as therapeutic agentsmay
account for the increase in HLA-G levels. Shedding, due to
metalloprotease digestion, is favored by interferons and also
contributes to the increase in soluble HLA-G concentration
in the blood. The peripheral cells expressing HLA-G during
viral infections are monocytes and T lymphocytes (HIV,
influenza). Neurons and bronchoalveolar macrophages have
been shown to express HLA-G in infected tissues. In HCV
hepatitis, Souto et al. [70] found that hepatocytes and biliary
epithelial cells expressedHLA-G,whereaswe identifiedHLA-
G-positive cells as mast cells [71]. This discrepancy can also
be accounted for a difference in the definition of positivity,
because we also observed a weak staining of hepatocytes
but took only strong staining into account. These findings
were confirmed by our findings for a human mast cell line
showing that this cell line expressed HLA-G and secreted
class I interferons. Moreover, mast cells may promote liver
fibrosis [105] by stimulating collagen synthesis and fibroblast

chemotaxis. Cytokines involved in liver fibrosis, such as IL-4
or IL-33 [106], act as chemoattractants, driving the activation
of mast cells [107, 108]. In addition, mast cells secrete tryptase
and many cytokines involved in fibroblast proliferation [109]
and fibrogenesis [110], including IL-10 [111]. However, the
role of HLA-G in viral infections remains unclear, because
two hypotheses are possible. It may promote virus immune
escape, as in cancers. This hypothesis is supported by the
immunosuppressive properties of HLA-G, which act on all
the cells involved in the immune response. In addition,
sHLA-G downregulates CXCR3 levels on peripheral blood
and tonsil CD56 cells [112].This dysregulation of CXCR3 sig-
naling due to CXCL10 deficiency impairs antiviral responses
in vivo, including the antiviral response to herpes simplex
virus 1 infection [113].

Alternatively, HLA-G expression or secretion may reflect
an appropriate and efficient response to the inflammatory
process occurring during viral infection or septic shock.
Indeed, HLA-G may be beneficial during viral infection,
because an increase in HLA-G concentration occurs follow-
ing the secretion or therapeutic administration of interferons,
classes I and III IFNs are secreted as physiologic antiviral
responses, and IFN-𝛼 is an effective treatment for chronic
HCV infection. We can hypothesize that the antiviral effect
of classes I and III IFNs may be mediated by the properties of
HLA-G, which is induced by IFN, as described above.

The immunosuppressive properties of HLA-G have been
clearly demonstrated in vitro, and the role of this protein has
nowbeen elucidated in vivo. Indeed, two studies have demon-
strated the involvement of this protein in tumor progression
in a mouse model in vivo. In a xenograft model, the HLA-G1
isoform promotes tumor progression in immunocompetent
Balb/c mice, affecting both innate and adaptive immunity. By
contrast, no tumor development is observed when HLA-G is
blocked by a specific antibody, demonstrating the specificity
of the effect [114]. HLA-G plays a role in tumor escape,
through expansion of the population of myeloid-derived
suppressor cells and an alteration of the cytokine balance
in favor of a Th2 response rather than a Th1/Th17 response.
HLA-G expression is associated with tumor metastasis and
poor survival in the Balb/c nu/nu mouse model of ovarian
cancer [115]. In another model used to assess the efficacy
of synthetic HLA-G proteins for therapeutic purposes in
a context of transplantation, it was shown that a single
treatment of skin allograft recipient mice with these proteins
was sufficient to prolong graft survival significantly and that
four weekly treatments were sufficient to ensure graft survival
[116].

The feasibility of synthesizing effective HLA-G-derived
molecules opens up new possibilities in the fields of tumor
diseases and infection. For example, HCV infections are a
worldwide public health problem and may be suitable for
treatment with such molecules, because HLA-G expression
is correlated with the area of fibrosis.

In the future, it may be possible to modulate HLA-G
transcription with a miRNA, such as the hsa mir-148a and
mir-152, which bind to the 3 untranslated region of the
HLA-G gene (3UTR) [19], downregulating its mRNA levels.
Indeed a polymorphism of the binding site for this miRNA
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(the 263del/ins SNP) has been associated with poor control
of HIV infection [117].

5. Conclusions

As in cancers, HLA-G expression is upregulated in infectious
diseases, in response to changes in the cytokine microenvi-
ronment, relating principally to increases in the levels of IL-
10 and interferons. HLA-G expression may occur in infected
tissues and/or, more frequently, in peripheral blood, in the
form of sHLA-G or a membrane-bound form on monocytes
or different types of T cells (CD4, T reg). This molecule
may have deleterious effects, promoting pathogen escape
from immune control, as reported in cancers, or it may
be beneficial, as in septic shock [47], reflecting appropriate
and effective feedback control of inflammatory process. The
role of this protein in parasitic and viral infections remains
to be elucidated. Thus, HLA-G may be a single marker
of infectious diseases, related to pathogens and/or to the
immune response, or it may constitute a therapeutic target,
once its function has been clarified in particular types of
infections.
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Human leukocyte antigen-G (HLA-G) is a low polymorphic nonclassical HLA-I molecule restrictively expressed and with
suppressive functions. HLA-G gene products are quite complex, with seven HLA-G isoforms, four membrane bound, and other
three soluble isoforms that can suffer different posttranslational modifications or even complex formations. In addition, HLA-G has
been described included in exosomes. In this reviewwewill focus onHLA-Gbiochemistrywith special emphasis to themechanisms
that regulate its expression and how the protein modifications affect the quantification in biological fluids.

1. Introduction

Human leukocyte antigen-G (HLA-G) is a major histo-
compatibility complex class I antigen encoded by a gene
on chromosome 6p21. It differs from classical HLA class
I molecules by its restricted tissue distribution and lim-
ited polymorphism in the coding region. HLA-G role in
immune tolerance was uncovered studying its expression
in trophoblast cells at fetus-maternal interface [1]. Several
studies have found an aberrant or reduced expression of
both HLA-G mRNA and protein in pathological condi-
tions such as preeclampsia [2] or recurrent spontaneous
abortion [3] in comparison with normal placentas. HLA-
G expression has been documented in few tissues during
physiological conditions, such as cornea, thymus, erythroid,
and endothelial precursors [4–6], and in a variable percentage
of serum/plasma samples from healthy subjects [7] where
the main producers seem to be activated CD14+ monocytes
[8]. An ectopic expression of HLA-G molecules has been
observed during “no-physiological” conditions, such as viral
infection [9–12], cancer [13], transplantation [14–18], and
in inflammatory and autoimmune diseases [19–21]. Thus, a
growing body of evidence has indicated HLA-G as a suitable
key actor in different pathologies. In fact, HLA-Gmay exhibit
two distinct effects in pathological conditions: it could be

protective in inflammatory and autoimmune diseases [22] or
it could be dangerous, for example, in tumors or infectious
diseases.

2. HLA-G Expression and Regulation

The HLA-G production is controlled by several polymor-
phisms both in the promoter and in the 3 untranslated region
(3 UTR) that modify the affinity of gene targeted sequences
for transcriptional or posttranscriptional factors, respectively
[24]. Twenty-nine single nucleotide polymorphisms (SNPs)
have been identified in the HLA-G promoter region, which
may be involved in the regulation of HLA-G expression,
considering that many of these polymorphisms are within
or close to known or putative regulatory elements (Figure 1).
The HLA-G 5 upstream regulatory region (URR) is unique
among theHLA genes [25] and is unresponsive toNF-𝜅B [25]
and IFN-𝛾 [26], due to the presence of amodified enhancer A
(enhA) and a deleted interferon-stimulated response element
(ISRE). A locus control region (LCR) located −1.2 kb from
exon 1 exhibits a binding site for CREB1 factor, which also
binds to two additional cAMP response elements at −934
and −770 positions from the ATG start codon. In addition,
an ISRE for IFN response factor-1 (IRF-1) is located at
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Figure 1: HLA-G unique promoter region. Enhancer A element (ΚB1, ΚB2, Sp1): NF-ΚB; interferon-stimulated regulatory element (ISRE);
interferon regulatory factor (IRF); interferon-gamma activated site (GAS); SXY region; progesterone response element (PRE); hypoxia
response element (HRE).

the−744 bp position [24] and is involved inHLA-G transacti-
vation following IFN-𝛽 treatment [27].TheHLA-G promoter
also contains a heat shock element at the −459/−454 position
that binds heat shock factor-1 (HSF-1) [28] and a progesterone
receptor binding site at −37 bp from ATG start codon [29].
Several promoter region polymorphisms coincide with or
are close to known or putative regulatory elements and thus
may affect the binding of HLA-G regulatory factors [30].
The −725C>G/T SNP is very close to ISRE, and the −725G
allele is associated with a significantly higher expression level
compared with the other alleles [31]. The polymorphic sites
at the 5 URR are frequently in linkage disequilibrium (LD)
with the polymorphic sites identified at the 3 UTR, some
of them influencing alternative splicing and mRNA stability
[25].

A 14 base pair (14 bp) insertion/deletion (INS/DEL) poly-
morphism (rs66554220) in exon 8 involves mRNA stability
and expression [32]. In particular, theDEL allele stabilizes the
mRNAwith a consequent higher HLA-G expression [33, 34].
The presence of an adenine at position +3187, modifying an
AU-rich motif in the HLA-G mRNA, decreases its stability
[35]. One single nucleotide polymorphism (SNP) C>G at
the +3142 bp position (rs1063320) has been explored by Tan
and coauthors [36]. The presence of a guanine at the +3142
position may influence the expression of the HLA-G locus by
increasing the affinity of this region for the microRNAs miR-
148a,miR-148b, andmiR-152, therefore decreasing themRNA
availability for translation bymRNAdegradation and transla-
tion suppression. The influence of the +3142G allele has been
demonstrated by a functional study in which HLA-G high-
expressing JEG-3 choriocarcinoma-derived cells have been
transfected with miR-148a, decreasing soluble HLA-G levels.
The contrasting results obtained by Manaster and coauthors
[37], who have reported the absence of +3142C>G effect on
themiRNA control of membraneHLA-G expression, prompt
further considerations on the relationship between this poly-
morphism and membrane HLA-G expression. Other SNPs
have been identified as implicated in miRNA interaction. In
particular, +3003, +3010, +3027, and +3035 SNPs are influ-
enced by miR-513a-5p, miR-518c∗, miR-1262 and miR-92a-
1∗, miR-92a-2∗, miR-661, miR-1224-5p, and miR-433 miR-
NAs [35]. The miR-2110, miR-93, miR-508-5p, miR-331-5p,
miR-616, miR-513b, and miR-589∗ miRNAs target the 14 bp

INS/DEL fragment region, and miR-148a, miR-19a∗, miR-
152, mir-148b, and miR-218-2 also influence the +3142C/G
polymorphism.

HLA-G is a stress-inducible gene: heat shock, hypoxia,
and arsenite increase different HLA-G alternative transcripts
[28, 38]. The indolamine 2,3-dioxygenase (IDO), an enzyme
which metabolizes tryptophan, induces HLA-G expression
during monocyte differentiation into dendritic cells [39].
Interestingly, HLA-G exerts its immune tolerogenic function
towards T cell alloproliferation following an independent
pathway from IDO [40]. Nitric oxide-dependent nitration
of both cellular and soluble HLA-G protein decreases total
HLA-G cellular protein content and expression on the
cell surface, while it increases HLA-G shedding into the
culture medium. This effect was posttranscriptional and
the result of metalloprotease activity [41–43]. Several evi-
dences indicate that the soluble HLA-G1 (sHLA-G1) form
is generated through the shedding of the membrane bound
HLA-G1 by metalloproteinase (MP) [44–47]. In particular,
matrix metalloproteinase-2 (MMP-2), a zinc-containing and
calcium-requiring endopeptidase known for the ability to
cleave several extracellular matrix constituents, as well as
nonmatrix proteins, is responsible for HLA-G1 membrane-
shedding via three possible highly specific cleavage sites [48].

The anti-inflammatory and immunosuppressive
interleukin- (IL-) 10 has been correlated with concomitant
HLA-G expression [33]. Transactivation of HLA-G trans-
cription has also been demonstrated by leukemia inhibitory
factor (LIF) [49] and methotrexate cell exposure [50].
Furthermore, interferon (IFN)-𝛼, -𝛽, and -𝛾 enhance HLA-G
cell-surface expression by tumors or monocytes [51, 52].
HLA-G expression could be acquired by trogocytosis,
where a “donor” cell that expresses membrane HLA-G
exchanges membrane parts containing HLA-G with a
“recipient” cell that is not expressing HLA-G molecules. In
this particular situation, “recipient” cells will acquire and
make use of membrane HLA-G molecules from a “donor”
HLA-G positive cell without the activation of HLA-G gene
transduction into protein. Trogocytosis of HLA-G from
antigen presenting cell (APC) by T cells in humans makes
these T cells unresponsive [53]. It has been shown that NK
cells can acquire HLA-G1 from tumor cells, which provokes
an arrest of NK cells proliferation and cytotoxic activity,
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behaving like suppressor cells capable of inhibiting other NK
cell functions [54].

3. HLA-G Transcription Products

To date, 50 alleles (IMGTHLAdatabase, December 2013) and
16 proteins are known. Seven HLA-G isoforms exist due to
mRNA alternative splicing and differential association with
𝛽2-microglobulin (𝛽2-m). Four of them are found on the cell
surface (HLA-G1, -G2, -G3, and -G4), while the other three
are soluble forms released from the cell (HLA-G5, -G6, and
-G7), due to the lack of the transmembrane and intracellular
domains of membrane-bound HLA-G (Figure 2). The HLA-
G 14 bp INS/DEL polymorphism is involved in the expression
of both HLA-G1 and HLA-G5 isoforms, with decreased
HLA-G1 and HLA-G5 concentrations in 14 bp INS samples
in comparison with 14 bp DEL samples [32, 34].

The overall structure of HLA-G resembles other class I
MHC molecules, in which a heavy chain comprised of three
extracellular domains is noncovalently associated with 𝛽2-
m (Figure 2). A nine-residue self-peptide is bound within
a cleft formed by two alpha-helices and a beta-sheet floor.
An extensive network of contacts is formed between the
peptide and the binding cleft, leading to a constrained mode
of binding reminiscent of that observed in HLA-E [65].

4. HLA-G Receptors

HLA-G exerts its immunomodulatory functions through
the interaction with multiple receptors such as LILRB1
(ILT2/CD85j), LILRB2 (ILT4/CD85d), and KIR2DL4
(CD158d), which are differentially expressed by immune
cells. The interaction of HLA-G molecules with inhibitory
receptors induces apoptosis of activated CD8+ T cells [66],
modulates the activity of NK cells [67] and dendritic
cells (DC) [68], blocks allocytotoxic T lymphocyte
response, induces expansion of T cell populations such
as CD4+CD25+FoxP3+ regulatory T (Treg) cells [69]
and CD3+CD4lowFoxp3− and CD3+CD8lowFoxp3− [70], and
inhibits V𝛾9V𝛿2 T-cell proliferation and cytotoxicity without
inducing apoptosis [71]. Moreover, HLA-G is expressed at
high levels on DC-10 cells, human DCs with tolerogenic
activity and an outstanding ability to produce IL-10 [72].
Interestingly, the expression of membrane-bound HLA-G1
and its receptors is upregulated by IL-10 on DC-10 and the
expression of high levels of membrane-bound HLA-G1,
ILT4, and IL-10 by DC-10 is critical to the generation of
allergen-specific Tr1 cells by DC-10.

Whereas LILRB1 is expressed by NK cells, T cells, DCs,
and decidual macrophages, LILRB2 expression is restricted
to monocytes, macrophages, and DCs. These receptors can
bind both classical andnonclassicalHLA-Imolecules [73, 74].
However, they present more affinity for HLA-G than for
classicalHLA-Imolecules [75]. Also,HLA-G interactionwith
LILRB1 on NK cells and the resultant inhibitory function do
not require tumor cell lipid raft integrity [76]. This differs
from classical HLA-I, which are recruited in lipid rafts upon
receptor engagement [77].

LILRB1 and LILRB2 possess 4 extracellular domains (D1–
D4) and four and three immunoreceptor tyrosine-based
inhibitory motifs (ITIMs), respectively, in their long cyto-
plasmic tails. These ITIM motifs confer them inhibitory
characteristics, contrary to other LILR family receptors with
activating properties that lack these ITIM motifs and pos-
sess an Arg residue in the transmembrane domain [74].
Interaction of LILRB1 and LILRB2 with their ligands causes
phosphorylation of these ITIMS and recruitment of SHP
phosphatases that initiate the inhibitory cascade. The D1 and
D2 domains mediate the interaction of these receptors with
HLA-I molecules and in the case of LILRB1 that occurs with
the 𝛼3-domain and 𝛽2-m [74]. In fact, 𝛽2-m free HLA-G
molecules are not recognized by LILRB1 [78]. However, in the
case of LILRB2, it seems that interactions of these receptors
with HLA-I molecules implicate the conservative residues of
𝛼3-domain but not of 𝛽2-m [73, 74]. HLA-G can form dimers
that bind to LILR receptors with even a higher affinity than
HLA-G monomers [79], being able to bind two receptors
simultaneously [80].

Another HLA-G receptor is KIR2DL4 or CD158d, the
only receptor of the killer cell immunoglobulin-like receptors
(KIR) family that is expressed in all NK cell types [67].
KIR family includes receptors with activating properties and
receptors with inhibitory properties. KIR2DL4 has unique
structural properties among the rest of KIR receptors: it
possesses a long cytoplasmic tail characteristic of inhibitory
receptors, a charged amino acid in the transmembrane
domain similarly to activating KIR receptors (reviewed [81]),
and a mixed structure in the extracellular part with D0 and
D2 domains. Contrary to other KIR receptors, KIR2DL4
expression is transitory on NK cell surface, with a main
expression in endosomes, reached by an endocytic process.
KIR2DL4 seems to participate toHLA-G endocytosis when it
is transient expressed on NK cell surface, as both HLA-G and
KIR2DL4 can be simultaneously colocalized in endosomes
[82].This could explainwhy solubleHLA-Gor anti-KIR2DL4
antibodies, but not solid-phase bound antibodies, can induce
cytokine secretion by NK resting cells. However, KIR2DL4
expression can be induced by IL-2 and its activation upon
antibodies engagement provokes a weak cytotoxic activity
with a strong IFN-𝛾 production [83].

In vitro studies have shown that KIR2DL4 is able to
interact with 𝛽2-m free HLA-G molecules, inducing IFN-
𝛾 production [84] and increasing NK cell cytotoxicity [19].
Contrary to LILR receptors, KIR does not bind HLA-I
molecules through its 𝛼3 domain but through 𝛼1 and 𝛼2
domains which are muchmore polymorphic than 𝛼3 domain
[85, 86]. This could account for the broader specificity of
LILR receptors in comparison with KIR2DL4 that binds
specifically HLA-G and no other HLA-I molecules. Also,
structural studies suggest that KIR2DL4 cannot bind HLA-
G dimers due to steric reasons [22].

The expression of LILRB1, LILRB2, and KIR2DL4 can be
induced by HLA-G without any costimulatory requirement,
which indicates that it can occur independently from any
immune response [87].

Besides these receptors, HLA-G can also bind to CD8
without TCR interaction, provoking NK cells and activated
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Figure 2: HLA-G isoforms and conformations. Membrane and soluble HLA-G isoforms are reported as monomeric and dimeric
conformation Zilberman, Eur J Immunol 2012 [23].

CD8+ T cells apoptosis, and FasL upregulation and secretion
[88]. Another putative HLA-G receptor is CD160. Interaction
of HLA-G with CD160 expressed by endothelial cells induces
the apoptosis of these cells [89] and inhibits cell proliferation,
migration, and tubule formation [90], inhibiting the angio-
genic process.

5. Posttranslational Modifications
of HLA-G Molecule

Although most studies are related to 𝛽2-m bound HLA-
G molecules that correspond to the originally described
structure, several results have demonstrated the existence of
modified variants of this structure. For example, expression
of 𝛽2-m free HLA-G, which can be originated by dissociation
of HLA-G complete isoforms [45], has been demonstrated in
different tissues such as placenta [78] or pancreatic endocrine
cells [91].

Besides Cys residues in 𝛼2 and 𝛼3 domains that allow
intramolecular disulphide bonds, HLA-G molecule presents
other important Cys residues. Cys42 in 𝛼1 domain and
Cys147 in 𝛼2 domain can form intermolecular disulphide
bonds giving rise to HLA-G dimers that can be observed
by SDS/PAGE under nonreducing conditions [92]. These
structures have been observed for all HLA-G isoforms except
HLA-G3 [93]. It has been estimated that about 40%ofHLA-G
molecules at trophoblastic cells surface are in a dimeric form;
meanwhile, only a small fraction of soluble HLA-G would
be constituted by HLA-G dimers [94]. Even more, villous

cytotrophoblast cells can produce dimers of 𝛽2-m free HLA-
G5 molecules [95].

Immunoblot analysis with 4H84 antibody rends bands of
diverse molecular weights (35–50 kDa) due to a glycosylation
of HLA-G through an Asn residue (Asn86). This modifi-
cation has been observed for both soluble and membrane
bound HLA-G [96]. Another posttranslational modification
observed in HLA-G is nitration in Tyr residues. Presence of
3-nitrotryrosine in HLA-G has been demonstrated in vivo
in biological fluids both in monomeric and multimeric form
[42] and in vitro after treatment with NO donors, which
also increase HLA-G shedding by metalloproteases [43]. The
detection of this modified HLA-G may characterize HLA-
G synthesized at sites of inflammation where there is an
important peroxide production.

Recently, HLA-G of molecular weights (70–76 kDa)
higher than those expected were observed in biological
fluids even when SDS/PAGE prior to western blot was
performed under reducing conditions [64]. These molecules
were associated with 𝛽2-m and could form dimers through
disulphide bonds. The importance of these structures resides
in the fact that they are not equivalently recognized by anti-
HLA-G antibodies and can originate discrepancies in HLA-
G quantification results.Thesemolecules were later identified
as ubiquitinated HLA-G molecules [97] with an intracellular
origin demonstrated by their presence in exosomes,which are
microvesicles of 50–100 nm originated from the endolysoso-
mal pathway and secreted by many different cell types [98].

These particles carries mRNA, miRNA, and proteins,
such as classical HLA-I molecules [98], and can exert distant
immune functions [98]. Exosomes could act as a mechanism
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to spread HLA-G tolerogenic functions because HLA-G
presence has been demonstrated in exosomes produced by
melanoma cells [99] and by early and term placenta [100].
Furthermore, in serum from pregnant womenHLA-G can be
detected incorporated into exosomes [101].

6. Analytical Challenging in
Soluble HLA-G Analysis

Searching in PubMed with the words HLA-G and ELISA
there are 175 papers published until November, 2013, mea-
suring soluble HLA-G in different biological fluids, including
serum, plasma, and exudates. From these papers, it is clear
that the measurement of soluble HLA-G is a potential
biomarker for diagnostic and/or prognostic in some phys-
iopathological situations, such as obstetric complications or
cancer [102]. In addition detectable levels of soluble HLA-
G in medium from embryo culture are associated with
success in vitro fertilization. For this reason, the disposal of
a good and widely accepted method to measure the soluble
HLA-G levels is of crucial importance to achieve a good
translation of results between different laboratories. Most are
in-house ELISA assays (Table 1) using as capture antibody the
mAb MEM-G/9, which has been raised against recombinant
human HLA-G refolded with 𝛽2-m and peptide [56]. Other
ELISAs are designed to measure exclusively HLA-G5 and/or
-G6 using anti-pan HLA-I antibody W6/32 as detection
antibody and the antibody 5A6G7 as capture antibody [103],
that reacts with the intron 4, which is exclusive of these two
isoforms [104]. As detection antibodymost assays use an anti-
𝛽2-m antibody or W6/32. These assays perform very well in
vitro using cell cultures, but the procedure for HLA-G mea-
surement is far from being resolved in vivo, and it has been a
source of conflicting results and interesting discussions [105–
108]. More than 15 years have passed since first reports of
a method for measuring HLA-G [55] and meanwhile some
important efforts have been carried out by several authors to
validate a method and a standard to measure soluble HLA-
G [58]. However, four main problems remain to be solved:
the identification of the main circulating HLA-G molecules
in vivo, the obtaining of a purified standard widely available,
the selection of the antibodies used in the procedure, and the
sensitivity of the methodology.

Probably the most important issue is related to the types
of HLA-Gmolecules present in biological fluids, as we do not
know yet the predominant isoform and whether it circulates
free or included in microvesicles, that is, exosomes [64], or
if they are mainly free molecules or associated with 𝛽2-m, or
even the influence ofmodifications such as dimerization [92],
nitration [42], or ubiquitination [97]. The presence of these
altered structures could be more relevant in cancer where
there is a deeply altered microenvironment. Probably, the
predominant structures in biological fluids are the dimeric
or multimeric forms, considering that the extracellular redox
status is more oxidized than the redox status and that there
is a low proportion of free SH groups from the Cys in
circulation [41]. It is not known if these proteins react equally
with different antibodies employed to measure HLA-G in

ELISA. Assuming the statement that only shed HLA-G1 and
HLA-G5 are released to circulation, we and others have
calculated the amount of sHLA-G1 by the difference between
the concentrations of sHLA-G1/HLA-G5 (usingMEM-G/9 as
capture mAb) and HLA-G5 (using 5A6G7 as capture mAb)
[109]. However, under the new vision of circulating HLA-
G molecules we cannot be sure now that this always occurs
in vivo. Unexpected results probably due to anomalous
structures were already documented in the Wet-Workshop
for Quantification of Soluble HLA-G held in 2004 [58]. In
this workshop it was observed in some samples that there
were HLA-G 5A6G7-immunoreactive molecules that were
not recognized by MEM-G/9.These different structures were
later elucidated to be new high molecular weight HLA-G
complexes [64].

A second important problem is the lack of a widely
available purified HLA-G molecule that could serve as a
standard. The only commercial soluble HLA-G available
kit nowadays for quantitative measurement (EXBIO Praha,
Czech Republic) uses a sHLA-G standard calibrator in terms
of arbitrary units/mL, but its equivalence to a protein con-
centration or biological activity is unknown. A high useful
method to produce a protein is by plasmid transfection
in bacteria, and both HLA-G1 and a fusion protein have
been produced by this methodology [110]. As synthetized
in a prokaryotic model, there are not the posttranslational
modifications produced in eukaryotes, mainly glycosylation
[96], and probably their conformation is not equivalent to
the native protein. For example, the fusion proteins produce
inhibition in NK cells only at levels much higher than the
native protein. HLA-G5 molecules purified from detergent
lysates of SF9 cells transfected with HLA-G5 and human
𝛽2-m have been used as a standard [58], while others have
purified the protein from HLA-G transfected cell culture
supernatants by affinity chromatography [111]. Also, other
studies use dilutions of tested cell supernatants as standard,
but the concentrations obtained cannot be extrapolated to
other studies [109]. A standard widely available that could
serve for data comparison between different laboratories
could be of interest, so data could be transferred between
papers. Until this standard becomes available, HLA-G level
comparisons between different laboratories should be taken
with caution. Same precautions should be taken when trans-
ferring the reference values that depend on not only both the
standard and methodology used, but also on the population
studied.

The third issue is related to the capability of the antibodies
to recognize all forms of HLA-G. Most of the anti-HLA-G
antibodies used in the ELISA recognize the native protein, are
very specific, and do not react with other HLA-I molecules
(Table 1) as it has been discussed elsewhere [112]. We do
not know yet if the reaction is equimolar with all HLA-G
molecules, and probably some proteins could be underrecog-
nized. For example, it was recently shown by flow cytometry
that MEM-G/9 can also react with HLA-G3, but the intensity
of the signal is weaker than with HLA-G1 [113]. Some HLA-
G complexes are underrecognized by MEM-G/9 and react
better with the anti-HLA-G antibodyG-233 [64]. In addition,
although HLA-G polymorphism is quite low with only 16
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Table 1: Examples of methods developed for measuring soluble HLA-G.

Type Standard Capture antibody Detection
antibody Detection Detection limit Reference

ELISA-
sandwich

HLA-G1/LCL
722.221 transfected

cells

W6.32 after
depletion with

TP25.99
anti-𝛽2-m Colorimetric 2.1 ng/mL [55]

ELISA-
sandwich None 87G, BFL.1 or

MEM-G/9 W6/32 Colorimetric O.D. [56]

ELISA-
sandwich

HLA-G transfected
CHO cells G233 56B Colorimetric 1 ng/mL [57]

ELISA-
sandwich

HLA-G5 protein
derived from insect

SF9 cells
MEM-G/9 anti-𝛽2-m Colorimetric 5 ng/mL [58]

ELISA-
sandwich

HLA-G5 protein
derived from insect

SF9 cells
5A6G7 W6/32 Colorimetric 5 ng/mL [58]

Luminex
HLA-G5 and beta2
m transfected SF9

cells
MEM-G9 anti-𝛽2-m Fluorescence 0.3 ng/mL [59]

ELISA-
sandwich

HLA-G transfected
LCL 721.221 cells MEM-G/9 W6/32 Fluorescence 1 ng/mL [60]

Bio-Plex
HLA-G5

transfected HeLa
cells

MEM-G/9 W6/32 Fluorescence 0.3 ng/mL [61]

ELISA-
sandwich

HLA-G transfected
LCL 721.221 cells MEM-G/9 W6/32 Chemiluminescence 2 ng/mL [62]

ELISA-
sandwich Purified HLA-G HGY

(noncommercial)
Polyclonal
anti-HLA-G Colorimetric 1 U/mL [63]

ELISA-
sandwich

HLA-G1
transfected

LCL-721.221 cells
G233 anti-𝛽2-m Colorimetric 4 ng/mL [64]

proteins described to date, we do not know yet how they
affect the binding to the antibodies. Of particular interest
is that although the capture antibody in ELISA is HLA-G
specific, only a few authors have used a specific antibody for
HLA-G as detection antibody [63]. Instead, as we mentioned
before, the detection antibody used in most of the ELISAs is
an anti-𝛽2-m antibody. The fact that HLA-G1 and -G5 from
cell cultures are complexed with 𝛽2-m does not imply that
the same occurs always in vivo in all clinical situations. Some
of HLA-G released by the embryo is not bound to 𝛽2-m
[95], so these molecules would not be detected in this type
of assays. Although some authors have used the anti-HLA-G
mAb 4H84 in ELISA [114], its use is not recommended as it
can produce some nonspecific reactions with classical HLA-I
molecules, under certain methodological conditions [113].

Finally, another problem to be solved is the sensitivity of
the method. An important issue is that neither the functional
sensitivity nor the analytical sensitivity is usually reported.
Mostmethods are sandwich-ELISAs with colorimetric detec-
tion, whose reported detection limit is in the order of 1–
10 ng/mL and soluble HLA-G levels are below this detection
limit in many occasions. Thus, it is not known if there is no
circulatingHLA-G or if the procedure is not sensitive enough
for quantification of low HLA-G levels. Some authors have
improved the methodology, using fluorescence detection or

with procedures based on microspheres technology. The
detection limit decreased one order of magnitude compared
to the colorimetric based ELISA methodology [59, 61]. This
last methodology seems more appropriate for measuring
HLA-G in media from embryo culture during in vitro
fertilization [59].

7. Conclusions

HLA-G is a molecule that has been deeply studied during
the last two decades where the almost exclusive expression
in placenta has been well documented. When the HLA-G
gene is expressed, it can produce seven isoforms that exert
immune-suppressive functions by binding to its receptors.
However, there are some important basic concepts in its bio-
chemistry that remain not well explained yet. Among them,
the knowledge of the regulation of the protein expression
is a corner stone to understand how it can be expressed
ectopically in different pathological situations. This could
help to induce HLA-G in a tissue when a suppressive action
is convenient (e.g., organ transplantation) or to suppress it
when its expression is harmful (e.g., tumor). Also, along
recent yearsmultipleHLA-Gproteinmodifications have been
described, such as HLA-G dimers that bind LILRB receptors
with an affinity even higher than monomers, or nitration.
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Moreover, high molecular weight molecules of HLA-G have
been described as HLA-G complexed with ubiquitin. Fur-
thermore, circulating HLA-G has also been observed as
included in exosomes. The complete identification of these
circulating HLA-G structures would improve not only the
knowledge of this molecule but also the design of better
methods for analysis. These are important questions that
should be elucidated in order to understand the biology of
HLA-G and to clarify some discrepant results.
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Human leukocyte antigen-G (HLA-G) contributes to acceptance of allografts in solid organ/tissue transplantation. Most studies
have determined that soluble HLA-G isoforms are systematically detected in serum/plasma of transplanted patients with
significantly fewer episodes of acute and/or chronic rejection of allogeneic tissue/organ. Currentmodels of the interactions of HLA-
G and its specific receptors explain it as functioning in amonomeric form.However, in recent years, newdata has revealed the ability
of HLA-G to form disulfide-linked dimeric complexes with high preferential binding and functional activities. Limited data are
available on the role of soluble HLA-G dimers in clinical pathological conditions. We describe here the presence of soluble HLA-G
dimers in kidney transplant patients. Our study showed that a high level ofHLA-Gdimers in plasma and increased expression of the
membrane-bound form of HLA-G onmonocytes are associated with prolongation of kidney allograft survival. We also determined
that the presence of soluble HLA-G dimers links to the lower levels of proinflammatory cytokines, suggesting a potential role of
HLA-G dimers in controlling the accompanying inflammatory state.

1. Introduction

Human leukocyte antigen-G (HLA-G) is a natural molecule
involved in the establishment and maintenance of maternal
tolerance to semiallogeneic fetal tissues [1–6]. Decreased
expression of HLA-G during pregnancy has been noted
as a contributing factor to preeclampsia and multiple mis-
carriages [7–11]. In addition, HLA-G expression has been
identified in pancreas, adult thymic cells, and stem cells, as
well as in pathological conditions including cancer, trans-
plantation, HIV infection, and inflammatory diseases [12–
27]. HLA-G binds to several receptors, including ILT2, ILT4,
and KIR2DL4 receptors, to inhibit immune responses of
myelomonocytic cells, dendritic cells, T cells, B cells, and
NK cells [5, 28–35]. In addition to membrane-bound forms
(HLA-G1, -G2, -G3, and -G4), HLA-G is also presented
by several soluble isoforms (sHLA-G1, -G5, -G6, and -G7)
generated through two mechanisms: alternative splicing and
proteolytic release, which is known to be mediated by

metalloproteases [36, 37]. Significantly high levels of sHLA-
G were determined in several physiological and pathological
conditions, including an association with higher pregnancy
and implantation rates [8]. It has been determined that a
high level of sHLA-G is correlated with clinical manifestation
of several diseases, rheumatoid arthritis, systemic lupus ery-
thematosus, asthma, and HIV infection. Increased levels of
sHLA-G were correlated with disease progression in patients
with hematological malignancies and solid tumors, including
patients with acute leukemia, lymphoma, chronic lymphatic
leukemia, melanoma, breast cancer, glioma, and renal and
lung carcinomas [25, 38]. Recent studies showed that sHLA-
Gmolecules are involved in prolongation of allograft survival
in patients with organ/tissue transplantation [39–41]. Inmost
studies plasma/serum levels of HLA-G was determined by
ELISA. However, HLA-G-specific ELISA has limitations and
does not discriminate the presence of monomer or dimer
isoforms of HLA-G. New data has revealed that disulfide-
linked dimeric complexes of HLA-G have high preferential
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binding to immune inhibitory receptors, induce efficient
immune inhibitory receptor signaling, and have strong func-
tional activities [32, 42–45]. Limited data are available on the
role of HLA-G dimers in clinical pathological conditions.The
outstanding questions are whether these HLA-G dimers are
formed in patients with organ transplantation and what their
function might be in the prolongation of allograft survival.
Here we report the analysis of sHLA-G dimers in kidney
transplant patients. First, we determined that the levels of
sHLA-G dimers were significantly higher in patients with no
rejection episode compared with patients that have a chronic
rejection of a kidney transplant. The high levels of sHLA-
G dimers were associated also with increased expression of
the membrane-bound form of HLA-G on monocytes from
patients that have no rejection episode of kidney transplant.

HLA-G also has the ability to reduce inflammatory
responses through the inhibition of immune cells to produce
proinflammatory molecules. One of the potential candidates
of suchmolecules includesmatrixmetalloproteinase (MMP).
Increased expression of MMPs was observed in several
human diseases, including cancer and autoimmune diseases,
suggesting an involvement of these enzymes in immunity,
inflammatory responses, and repair mechanisms. MMP-9
and MMP-2 are especially able to modulate inflammatory
responses via cytokine/chemokine actions. Here we demon-
strated that the high levels of sHLA-G dimers in kidney
transplant patients that have no episodes of rejection were
associated with decreased plasma levels of MMP-9. We also
determined that the increased levels of sHLA-G dimers
linked to the lower levels of proinflammatory cytokines,
suggesting the potential role of sHLA-Gdimers in controlling
the accompanying inflammatory state. From these findings,
sHLA-G dimers might be useful as a potential marker to
control rejection and the inflammatory status of human
kidney allotransplants.

2. Materials and Methods

2.1. Patients. We enrolled kidney transplant recipients in the
study, of which 50 had no evidence of rejection (NR) and 17
had chronic rejection (CR). Kidney function and rejection
was evaluated by creatinine level and verified by biopsy.
Table 1 describes the clinical and demographic character-
istics of the patient population. Kidney recipients in both
categories had similar distribution with respect to gender,
age, and race. The distribution of donor source (living or
deceased), cold ischemia time, primary cause of renal failure,
and immunosuppressive treatment between each group of
recipients was not statistically different. Average creatinine
levels of CR patients were significantly higher than NR
patients (𝑃 < 0.05).Theprotocol was approved by theHuman
Assurance Committee of Georgia Regents University, and
written informed consent was obtained from all subjects in
the study.

2.2. Separation of Human Plasma, PBMCs, and Red Blood
Cells from Whole Blood. Blood samples were obtained from
patients and collected in EDTA tubes. Aliquots of plasma

were stored at −80∘C. PBMCs and red blood cells were iso-
lated frombuffy coats usingHistopaque 1077 (Sigma-Aldrich,
St. Louis, MO, USA) gradient centrifugation. Aliquots of
PBMCs were stored in liquid nitrogen. Aliquots of red blood
cells were stored at −80∘C.

2.3. Zymography. Total protein of plasma samples was mea-
sured using the Bradford method (Bio-Rad, Richmond, CA,
USA). Diluted (1 : 50) plasma samples were loaded onto
10% gelatin gels, and electrophoresis was performed at 100
constant voltages. Gels were washed twice with 2.5% Triton-
X for 20min and then incubated at 37∘C overnight in
zymography Development Buffer (Bio-Rad). The following
day, to visualize the bands, gels were stained with Coomassie
Brilliant Blue Dye (Bio-Rad) for 3 hrs and destained with
Destaining Solution for 45min. The gels were rehydrated in
water overnight, then scanned and analyzed using ImageJ
program developed at the National Institutes of Health
(USA).

2.4. Depletion of Albumin and IgG from Plasma before
Immunoprecipitation. Depletion of unwanted proteins that
could interfere with the immunoprecipitation of HLA-G
from plasma was achieved using ProteoPrep Immunoaffinity
Albumin and IgG Depletion kit (Sigma-Aldrich) following
the manufacturer’s protocol.

2.5. Immunoprecipitation of Depleted Plasma andWestern Blot
Analysis for Detection ofHLA-GMonomer andDimer. 100 𝜇L
of depleted plasma were mixed with 100𝜇L of cold RIPA
buffer and incubated on ice for 15min. 20𝜇L of protein G
bead slurry was added to the plasma lysate, then incubated
at 4∘C for 60min and centrifuged at 10,000 g for 10min. 2 𝜇L
of MEM-G/9 mAb (Santa Cruz Biotechnology, Dallas, TX,
USA) was added to the supernatant and the mixture was
incubated at 4∘Covernight. After incubation, 50𝜇L of Protein
G bead slurry was added to the plasma lysate, incubated at
4∘C for 1 hr, and centrifuged at 10,000 g for 30 sec. 50𝜇L of
Laemmli sample buffer was added to the bead pellet. Samples
were run under both reduced and nonreduced conditions.
Themixture was denatured at 95∘C for 5min and centrifuged
at 10,000 g for 5min. The supernatant was loaded onto gels
for electrophoresis. 30 𝜇L of immunoprecipitated plasma was
separated on 10% running gel and 5% stacking gel and
transferred to PVDFmembrane.Themembrane was blocked
with 5% BSA and incubated with MEM-G/9 primary mAb,
followed by goat anti-mouse IgG-HRP secondary Ab (Santa
Cruz Biotechnology). Chemiluminescent HRP-conjugated
detection reagent was used for detection. Quantification of
blotted proteins was determined by densitometry analysis of
scanned films using ImageJ software.

2.6. Cytokine and Chemokine Analysis. Cytokine and
chemokine plasma levels were measured using the Multi-
Analyte ELISArray Kits (Qiagen, Valencia, CA, USA)
according to the manufacturer’s recommendations. The
Array Kits are designed for the simultaneous detection of up
to 12 pro- and anti-inflammatory cytokines and chemokines
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Table 1: Demographic, clinical, therapeutic, and transplant-related parameters of the patients.

NR CR
Total, n 50 17
Gender, n

Male 14 4
Female 36 13

Recipient age, yr, mean (range) 51.28 (24–75) 47.94 (27–75)
Race, % (n)

Caucasian 26% (13) 29.4% (5)
African American 70% (35) 64.7% (11)
Hispanic 4% (2) 5.9% (1)

Primary cause of renal failure, n
Diabetic nephropathy 15 3
Lupus nephritis — 3
Renal cystic disease 6 1
Glomerulosclerosis 5 1
Hypertension 11 3
Hypertensive kidney disease 3 2
Other 14 4

Donor type, % (n)
Deceased 80% (40) 70.6% (12)
Living 20% (10) 29.4% (5)

Cold ischemia time, hr, mean ± SD 16.00 ± 10.01 (n = 45) 14.57 ± 0.39 (n = 13)
Creatinine level, mg/dL, mean (range) 1.48 (0.79–2.56) 2.71 (1.04–6.46)
(HLA-A, B, DRB1) matches, mean ± SD 1.83 ± 0.71 (n = 36) 2.08 ± 0.66 (n = 13)
(HLA-A, B, DRB1) mismatches, mean ± SD 1.42 ± 0.71 (n = 36) 3.62 ± 0.70 (n = 13)
Immunosuppressive treatment, n

Azathioprine 2 —
Cyclosporine 5 4
Mycophenolate 30 14
Prednisone 34 13
Rapamycin (Sirolimus) 5 3
Tacrolimus 36 9

NR: no rejection; CR: chronic rejection.

(IL1𝛼, IL1𝛽, IL2, IL4, IL6, IL8, IL10, IL12, IL17A, IFN𝛾, TNF𝛼,
and GM-CSF).

2.7. Flow Cytometry. PBMCs from both groups of patients
(NR and CR) were treated with human TruStain FcX (Fc
receptor blocking solution; BioLegend, San Diego, CA, USA)
and stained using fluorochrome-conjugated human-specific
mAbs against CD3, CD4, CD8, CD14, CD19, and HLA-G.
All mAbs were purchased from BD Biosciences (San Jose,
CA, USA) or from BioLegend. Cytometry was performed
on a cytometer FACSCanto (BD, Franklin Lakes, NJ, USA)
and data were analyzed using FlowJo software (Tree Star Inc,
Ashland, OR, USA) or Cell Quest software (BD Biosciences).
Some results are expressed as percentage of positive cells
obtained with specific Ab compared to irrelevant isotype-
matched Ab.

2.8. Statistical Analysis. Statistical analysis was performed
using NCSS (NCSS LLC, Kaysville, Utah, USA) and

GraphPad (GraphPad Inc., La Jolla, CA, USA) packages.
Normality and continuous numeric data was checked using
the Kolmogorov-Smirnoff one-sample test, and comparisons
were performed by Student’s 𝑡 test or by Mann-Whitney 𝑈
test when appropriate. The 𝑃 value of ≤0.05 was considered
to be statistically significant.

3. Results

3.1. The Levels of sHLA-G1/HLA-G5 Monomer and Dimer
Forms Are Increased in Plasma of Nonrejected Kidney Trans-
plant Patients. In this study we evaluated the levels of
monomer and dimer forms of sHLA-G1 and HLA-G5 iso-
forms in patients with nonrejected (NR) and chronic rejected
(CR) kidney allografts. Immunoprecipitation and Western
blot analysis of plasma patients resulted in the discovery of
two bands; one corresponding to the expected molecular
mass of 39 kDa, which represents the sHLA-Gmonomer, and
one approximately twice that (sHLA-G dimer) (Figure 1(a)).
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The supernatant from HLA-G5-transfected 721.221 human
lymphoblastoid cells was used as a positive control. Both
forms of sHLA-G had been determined in the plasma of
NR and CR patients, and there was considerable variation
in sHLA-G levels within each group. However, the level of
total sHLA-G was significantly higher (𝑃 = 0.03) in NR
compared with CR kidney transplant patients (Figure 1(b)).
In addition, the level of the monomer form of sHLA-G
was slightly higher in the NR group compared with the CR
group (Figure 1(c)). We determined that the dimer form of
sHLA-G was dominant in the plasma of both groups of
patients. Moreover, the level of the dimer form of sHLA-G
was significantly elevated (𝑃 = 0.03) in the NR group of
patients (Figure 1(d)).These data indicate that the dimer form
of sHLA-G is present and dominates in the plasma of kidney
transplant patients.

3.2. Increased Expression of the Membrane-Bound Form of
HLA-G1 in Monocytes from Nonrejected Kidney Transplant
Patients. It is known that sHLA-G proteins can be generated
by two mechanisms: alternative splicing and proteolytic
release, which is mediated by metalloproteases. To determine
the potential contribution of the membrane-bound form of
HLA-G1 shedding into the pool of sHLA-G molecules in
plasma patients, the expression of HLA-G1 on the cell surface
of peripheral monocytes and T and B cells has been analyzed
in both groups of patients.There was no significant difference
in the number of HLA-G1-positive T cells and B cells between
NR and CR patients (Figures 2(a) and 2(d) and data not
shown). Overall, in both groups of patients, HLA-G1-positive
cells represent a small fraction (2–6% of the total) of T and
B cells. As expected, the majority of HLA-G1-positive cells in
the peripheral blood of both NR and CR patients were deter-
mined in the population ofmonocytes (Figures 2(a), 2(b), and
2(c)). However, the number of HLA-G1-positive monocytes
was significantly elevated (𝑃 = 0.002) in the NR patients, but
not in the CR patients (Figure 2(e)). These data revealed that
the increased expression of HLA-G1 on monocytes from NR
patients might have a substantial contribution to the elevated
plasma levels of sHLA-Gmonomer and dimer forms in those
patients.

3.3. Analysis of MMP-2 and MMP-9 in Plasma of NR and
CR Kidney Transplant Patients. Since one of the mecha-
nisms of the production of sHLA-G involves shedding of
the membrane-bound form of HLA-G1 by metalloproteases
and since MMPs play a crucial role this class of enzymes,
we investigated the levels of MMP-2 and MMP-9 in the
plasma of kidney transplant patients. Zymography analysis
of transplant patients showed the presence of two bands at
68 kDa and 90 kDa, which correspond to MMP-2 andMMP-
9, respectively (Figure 3(a)). As shown in Figure 3(a), plasma
from both groups of patients contains substantial amounts
of MMP-2 and MMP-9, with no significant difference in the
plasma levels of MMP-2 and MMP-9 between NR and CR
patients (Figures 3(c) and 3(d)). However, a tendency toward
elevation of MMP-9 levels was observed in the CR kidney
transplant patients (Figure 3(d)). Since plasma from both the

NR and CR groups of patients contains sHLA-G, this data
additionally support the possibility that MMPs might play a
role in contributing to the pool of total sHLA-G by shedding
the membrane-bound HLA-G1 molecules.

Since HLA-G, MMP-2, and MMP-9 are all involved in
regulation of the inflammatory response by modulation of
cytokines and chemokines and the inflammatory response
represents a critical stage in rejection or survival of allogeneic
transplants, we next determined the levels of proinflamma-
tory cytokines in kidney transplant patients.

3.4. Increased Levels of Proinflammatory Cytokines IL-1𝛽, IL-
2, and IL-6 in Plasma from Patients with Chronic Rejection of
Kidney Transplant. We thus investigated whether the plasma
level of proinflammatory cytokines differs between NR and
CR kidney transplant patients. For this purpose, we have
used a Multi-Analyte ELISArray Kits designed to simulta-
neously assess the levels of 12 pro- and anti-inflammatory
cytokines and chemokines (IL1𝛼, IL1𝛽, IL2, IL4, IL6, IL8,
IL10, IL12, IL17A, IFN𝛾, TNF𝛼, and GM-CSF). There was
considerable variation in cytokines levels within both the NR
and CR patients, especially for IL-1𝛼, IL-4, IL-12, and IFN-
𝛾 (Figure 4). However, the CR kidney transplant patients had
significantly elevated levels of proinflammatory cytokines IL-
2 (𝑃 = 0.005), IL-1𝛽 (𝑃 = 0.05), and IL-6 (𝑃 = 0.05)
(Figure 4). In addition, the level of IL-17A was elevated in CR
patients. These data support our observation that the dimer
form of sHLA-G associates with control of inflammatory
responses in kidney transplants patients.

4. Discussion

HLA-G is natural molecule involved in the establishment and
maintenance of maternal tolerance to fetal semiallogeneic
tissues. HLA-G binds to several immune cell inhibitory
receptors, for example, ILT2, ILT3, and ILT4, to downmod-
ulate immune responses of myelomonocytic cells, T cells, B
cells, and NK cells. Limited polymorphisms, restricted tissue
expression, and a relatively restricted peptide presentation
make HLA-G a unique molecule, unlike the classical HLA
class I molecules. Recently, another unusual characteristic of
HLA-G has been discovered: its ability to form a disulfide-
linked dimer form both in solution and at the cell surface.
HLA-G, unlike most other MHC class I molecules, has
two free cysteine residues located in positions 42 and 147
in extracellular domains 𝛼1 and 𝛼2, respectively. HLA-G
molecules refolded in vitro formadisulfide-linked dimerwith
an intermolecular Cys42-Cys42 disulfide bond [46]. Soluble
HLA-G5molecules expressed by human 293 T cells also form
disulfide-linked dimeric and additional oligomeric forms,
which can reduce the level of CD8 expression on cytotoxic T
lymphocytes (CTLs) [47]. The efficiency of inhibitory signal-
ing is dependent upon several factors, including the stability
and avidity of the ligand and its proper structural orienta-
tion, which significantly affects the affinity and signaling to
targeted inhibitory receptors. Mutagenesis studies of the free
cysteines suggested that the HLA-G dimer more efficiently
inhibits NK killing than the monomer and increases the
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Figure 1: Increased levels of monomer and dimer isoforms of sHLA-G1/G5 in plasma of nonrejecting kidney transplant patients.
(a) Plasma from kidney transplant patients was immunoprecipitated with MEM-G/9 mAb. Immunoprecipitates were electrophoresed under
nonreducing conditions andWestern blot analysis was performed to determine the levels of monomer and dimer of sHLA-G. Representative
data from patients with no rejection (NR) and patients with chronic rejection (CR) are demonstrated. Mean relative band density of total
sHLA-G (b), sHLA-G monomer (c), and sHLA-G dimer (d) in NR (𝑛 = 42) and CR (𝑛 = 17) patients was determined by densitometry. Data
are shown as mean ± SEM and analyzed by Student’s 𝑡-test. NS: not significant.

efficiency of ILT2 signaling [32, 42, 43, 48]. Experimental data
from several groups, including our laboratory, suggest that
HLA-G dimer has increased avidity and proper structural
orientation to induce efficient inhibitory signaling during
ligation with human ILT2 and ILT4, and murine PIR-B-
inhibitory receptors [32, 44, 45]. This makes HLA-G dimer
as the most powerful ligand form for modulation of inflam-
matory and alloimmune responses in several pathological
conditions, including the prolongation of kidney allograft
survival or graft acceptance.Many studies have been designed

to determine sHLA-G in the plasma or serum of patients
suffering from various diseases. sHLA-G levels were deter-
mined in spontaneousmiscarriages, in autoimmune diseases,
in solid organ transplantation, and in various malignancies.
In almost all the studies, the quantification of sHLA-G was
analyzed using ELISA. Unfortunately, the available sHLA-
G ELISA determines the total amount of sHLA-G protein
only, which includes both monomer and dimer forms. Since
the dimer represents the most powerful form of sHLA-G, it is
very critical to analyze the levels of sHLA-G dimer in healthy
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Figure 2: Increased percentages ofHLA-G-positivemonocytes in nonrejecting kidney transplant patients. (a, b, c) PBMCs from renal allograft
patients in both the nonrejected group (NR) and chronic rejected (CR) groupswere stainedwith anti-CD3, anti-CD14, and anti-HLA-GmAbs,
and FACS analysis was performed. Representative flow cytometric analysis of PBMCs from indicated groups of renal allograft recipients is
shown. (b and c) Histograms shown here were gated on a CD14-positive population. Filled histograms represent the isotype control. Numbers
indicate the percentage of HLA-G-positive monocytes. (d) Numbers indicate the percentage of HLA-G-positive T cells in both groups of
patients (gated on CD3-positive population). Filled boxes represent data from NR (𝑛 = 17) and open boxes represent data from CR (𝑛 = 17)
patients. (e) Numbers indicate the percentage of HLA-G-positive monocytes in both groups of patients (gated on CD14-positive population).
Data are shown as mean ± SD and analyzed by Student’s 𝑡-test. NS: not significant.
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Figure 3: Gelatin zymography of human plasma from kidney transplant patients. Bradford protein assay was used to quantify the amount of
plasma needed for zymography that was then loaded onto gelatin gels. The gels were scanned and analyzed using imageJ. (a) Representative
gels are of MMP-2 andMMP-9 from patients with no rejection (NR) and patients with chronic rejection (CR). (b) Mean relative band density
of MMP-2 and MMP-9 in NR (𝑛 = 50) and CR (𝑛 = 17) patients was measured by densitometry. Statistics are shown as mean ± SEM. (c, d)
Graphical representation of Figure 3(b). The 𝑃 value was calculated using Student’s 𝑡-test. NS: not significant.
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Figure 4: Elevated level of proinflammatory cytokines in plasma of
rejected kidney transplant patients. Cytokine and chemokine levels
were analyzed using Multi-Analyte ELISArray kits. Cytokine levels
fromkidney transplant patientswith no evidence of rejection (𝑛 = 9)
and with chronic rejection (𝑛 = 15) are presented as the mean of
absorbance values ± SEM. The 𝑃 value was calculated using Mann-
Whitney 𝑈 test.

and disease conditions. To date, no study has investigated
whether HLA-G disulfide-linked homodimers are present in
plasma from kidney transplant patients. Here we show that
sHLA-G dimers are present in plasma from kidney transplant
patients. The levels of sHLA-G dimer were significantly
elevated in patients with no rejection episodes comparedwith
patients with chronic rejection, indicating the association of
sHLA-G dimers with the prolongation of kidney allograft
survival. In support of that, similar levels of expression and
percent of immune inhibitory receptor ILT2- and ILT4-
positive cells has been determined on monocytes and T and
B cells in both groups of patients (data not shown). This
clinical finding is in agreement with our previous study using
animal models demonstrating that HLA-G dimers prolong
the survival of allogeneic skin transplants in ILT transgenic
mice ([32, 49, 50] and unpublished data). In the future, it will
be important to determine the percentages of sHLA-G1 and
sHLA-G5 dimers in total sHLA-G. However, to date, there is
no data available demonstrating that sHLA-G1 and sHLA-G5
dimers have different binding and/or different efficiency to
induce inhibitory receptor signaling. Our results show that
the number of HLA-G1-positive monocytes is significantly
increased inNRpatients, indicating that the percent of sHLA-
G1 dimer might have been elevated within the total level of
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sHLA-G dimers in plasma of the patients with no episodes of
rejection. Recently, Rizzo et al. [37] demonstrated an effective
link between MMP-2 and HLA-G1 shedding in 721.221-G
transfected cell line, JEG3 cell line, and IL-10-treated PBMCs
from five healthy donors using an in vitro experiments.
However, the process of shedding and especially dimerization
of sHLA-G1 in vivo and in pathological conditions, including
kidney transplant patients, could be affected by several factors
and requires additional investigation.

The anti-inflammatory effects of sHLA-G dimers rep-
resent a new finding for this form of HLA-G. Recently
published data by Kuroki et al. [45] demonstrating that
in an animal model of collagen-induced arthritis, HLA-G
dimer interacting through amurine ILT homologue, the PIR-
B receptor exhibited significantly more anti-inflammatory
effects compared tomonomer. To date, no data is available on
studies of the anti-inflammatory effect of sHLA-G dimers in
clinical applications. We demonstrate here that an increased
level of sHLA-G dimers in kidney transplant patients with
no rejection episodes is linked to significantly lower levels
of proinflammatory cytokines IL-2, IL-1𝛽, and IL-6. It will
be important to dissect the mechanisms of sHLA-G dimers
controlling inflammatory responses. The anti-inflammatory
effect of sHLA-G dimers opens a new strategy to generate
useful agents to control inflammatory responses with mini-
mal side effects.

In conclusion, our study shows that sHLA-G dimers are
associated with better survival of kidney allografts and con-
trol of the accompanying inflammatory response in kidney
transplant patients. Thus sHLA-G dimers can be a potential
biomarker to control human alloimmune and inflammatory
responses.
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Human Leukocyte Antigen-G (HLA-G) contributes to cancer cell immune escape from host antitumor responses. The clinical
relevance of HLA-G in several malignancies has been reported. However, the role of HLA-G expression and functions in Acute
Myeloid Leukemia (AML) is still controversial. Our group identified a subset of tolerogenic dendritic cells, DC-10 that expressHLA-
G and secrete IL-10. DC-10 are present in the peripheral blood and are essential in promoting and maintaining tolerance via the
induction of adaptive T regulatory (Treg) cells.We investigated HLA-G expression on blasts and the presence of HLA-G-expressing
DC-10 andCD4+ T cells in the peripheral blood of AML patients at diagnosis.Moreover, we explored the possible influence of the 3
untranslated region (3UTR) ofHLA-G, which has been associated with HLA-G expression, on AML susceptibility. Results showed
that HLA-G-expressing DC-10 and CD4+ T cells are highly represented in AML patients with HLA-G positive blasts. None of
the HLA-G variation sites evaluated was associated with AML susceptibility. This is the first report describing HLA-G-expressing
DC-10 and CD4+ T cells in AML patients, suggesting that they may represent a strategy by which leukemic cells escape the host’s
immune system. Further studies on larger populations are required to verify our findings.

1. Introduction

Human Leukocyte Antigen (HLA)-G is a nonclassical HLA
class I molecule, originally described essential for promoting
fetus-maternal tolerance [1, 2]. It is now clear that HLA-
G is involved in promoting beneficial tolerance in several
settings, such as autoimmunity and organ transplantation,
and in contributing to detrimental tolerance in viral infec-
tions and cancer [3]. HLA-G is expressed in seven different
isoforms, four of which are membrane-bound (HLA-G1, G2,
G3, and G4) and three are soluble (HLA-G5, G6, and G7)
[4, 5]. Among these isoforms, the best characterized are
HLA-G1, the most stable membrane-bound isoform, soluble

HLA-G5, and shed HLA-G1. HLA-G modulates immune
responses through several nonexclusive mechanisms: it
inhibits cytolytic activities of NK and CD8+ cytotoxic T cells
[6] and proliferation of T cells [7, 8], and it modulates antigen
presenting cell (APC) differentiation and function [9]. APCs
overexpressing HLA-G are poor stimulators and are able to
induce anergic/suppressor CD4+ T cells [9–12]. Our group
described a subset of tolerogenic IL-10-producing DC (DC-
10) that is present in the peripheral blood [13, 14]. DC-10 are
characterized by the expression of membrane-bound HLA-
G and by their ability to induce adaptive IL-10-producing T
regulatory (Treg) cells [13, 14]. We demonstrated that DC-10
accumulate in human decidua during pregnancy where they
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Table 1: Clinical patients’ characteristics.

Variable All patients Blasts in PB
Mean % (range)

HLA-G+ blasts 𝑛
(mean %)

HLA-G− blasts 𝑛
(mean %) 𝑃 value$

Number of patients (%) 22 65.6 (13.3–96.4) 15 (68.2) 7 (31.8)
Age at diagnosis (year) 59 (22–83)
Male (%) 8 (36) 73.9 (13.3–94.5) 8 (100) 0 (0) 0.022
Female (%) 14 (64) 60.8 (23.9–96.4) 7 (50) 7 (50)
AML 3 58.1 (42.2–85.2) 2 (66.7) 1 (33.3)
AML-M0 2 35.6 (25.4–45.7) 1 (50) 1 (50)
AML-M1 1 68 / 1 (100)
AML-M2 7 62.4 (23.9–94.5) 5 (71.5) 2 (28.5)
AML-M3 1 94.4 1 (100) /
AML-M4 6 81.5 (40–95.3) 4 (66.6) 2 (33.4)
AML-M5a 1 96.4 1 (100) /
AML-M6 1 13.3 1 (100) /
$Comparison between HLA-G+ and HLA-G− blasts using Fisher’s exact test.

contribute in generating a tolerogenic microenvironment
limiting immune responses in vivo [15].

Studies on solid tumors revealed that HLA-G could be
potentially expressed by all tumors, either as membrane-
bound or as soluble isoform [16, 17]. In these contexts,HLA-G
acts as a negative regulator of the immune response through
different mechanisms, including inhibition of angiogenesis,
prevention of antigen recognition and T cell migration, and
suppression of T and NK cytotoxicity [16, 18, 19]. HLA-G
expression by leukemic cells is still controversial. Analysis
performed on blasts from patients with different leukemia,
including Acute Myeloid Leukemia (AML), Acute Lymphoid
Leukemia (ALL), and Chronic Myeloid Leukemia (CML),
demonstrated that neither mRNA for any HLA-G isoforms
nor HLA-G antigen was detected [20, 21]. However, more
recently it has been shown that the expression of HLA-G
by circulating blasts from AML, CML, but not B-ALL, and
by B-CLL cells was strongly associated with an unfavorable
outcome of the disease [22–24]. In addition, a correlation
between soluble HLA-G plasma levels and AML, ALL, and
B-CLL was proposed [25, 26].

Despite low degree of genetic variability in the coding
region of HLA-G, several polymorphisms are present in the
noncoding region of the gene both at 5 upstream regulatory
region (URR) and 3 untranslated region (UTR), which may
influence the HLA-G expression [27]. The most studied
polymorphism at the 3 UTR is the presence (Ins) or absence
(Del) of a fragment of 14 base pairs (14 bp Ins/Del) that
has been associated with HLA-G mRNA stability [28–30].
In addition, the +3142C/G single nucleotide polymorphism
(SNP) controls the magnitude of mRNA production, since
the presence of the G may increase the affinity of this region
for miR-148a, miR-148b, and miR-152 [31, 32].The +3187A/G
SNP has been reported to affect mRNA stability due to its
proximity to an AU-rich motif, which mediates the HLA-
G mRNA degradation [33]. Beside these polymorphic sites,
other less studied SNPs of the 3UTR are located at positions

+3001 T/C, +3003 T/C, +3010C/G, +3027C/A, +3035C/T,
and +3196C/G [34, 35].

The 14 bp Ins/Del has been associated with tolerance in
different clinical conditions including autoimmunity [36–
38], pathological pregnancy [39–42], recurrent spontaneous
abortions [39, 40, 42, 43], and preeclampsia [29, 41, 43–
45], although the results on the two latter conditions are
contradictory.Thepresence of the 14 bpDel has been found to
be predictive of the incidence of graft versus host disease after
unrelated [46] and HLA-identical sibling [47] hematopoietic
stem cell transplantation (HSCT) for beta-Thalassemia, sug-
gesting a role for this polymorphism in the establishment of
immunological tolerance also in the context of HSCT. The
association of HLA-G polymorphisms with malignancies has
been studied in a wide range of solid tumors, including breast
and cervical cancers [48–52], but, thus far, it has not been
evaluated in leukemia.

We investigated the expression of HLA-G on leukemic
blasts and tolerogenic immune cells, DC-10 andCD4+ T cells,
in the peripheral blood of AML patients at diagnosis. We also
determined whether polymorphisms at 3 UTR of HLA-G
locus correlate with AML susceptibility.

2. Materials and Methods

2.1. Patients. All protocols were approved by the institutional
review board and samples were collected under written
informed consent according to theDeclaration ofHelsinki. 22
patients affected by AML were included in this retrospective
study and analyzed for biological and clinical characteristics.
AML diagnosis was based on standard cytological criteria
according to the French-American-British (FAB) classifica-
tion. Patients’ diagnosis was subclassified by morphological
and immune phenotyping. None of the patients received
medical interventions before the study. Patients’ characteris-
tics are listed in Tables 1 and 2.
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Table 2: HLA-G expression and cytogenetic karyotype.

Patient number FAB classification Sex Age HLA-G expression Karyotype
1 AML-M2 F 83 Positive 46XX +8[4];[16]
3 sAML F 69 Negative 46XX
5 AML-M4 F 54 Positive 46XX
9 AML-M4 F 44 Negative 46XX
10 AML-M2 M 60 Positive 46XY t(8; 21)(q22;q22), del(9)(q?22)
11 AML-M4 M 70 Positive 46XY[19]; +21[2]; iso p21[1]
18 AML-M2 F 68 Negative 46XX iso 8p
19 AML-M4 F 76 Positive 46XX
20 AML-M0 F 83 Positive 46XX −7/t(1;7;4;12)[12]
21 AML-M2 F 66 Positive 46XX +8[4];[16]
23 AML-M2 M 74 Positive 46XY
34 AML-M0 F 72 Negative 46XX
36 AML-M6 M 53 Positive 46XY complex(del5q,-10 14; 19, 7p-)[20]
37 AML-M2 F 59 Negative 46XX
38 AML M 59 Positive 46XY
39 AML-M1 F 47 Negative 46XX
41 AML-M4 F 41 Negative 46XY
44 AML M 36 Positive 46XY
45 AML-M4 F 44 Positive 46XX
49 AML-M2 M 77 Positive 46XY
54 AML-M3 M 22 Positive 46XY[6], t(15;17)[5]
55 AML-M5a F 58 Positive 46XX

2.2. Cells Isolation and Serum Collection. Peripheral blood
mononuclear cells (PBMCs) fromAMLpatientswere isolated
by Ficoll density gradient centrifugation and cryopreserved
in gas phase of liquid nitrogen to the time of analysis.
Serumwas obtained from the blood samples of AML patients
by centrifugation and cryopreserved in gas phase of liquid
nitrogen for ELISA test.

2.3. Cytogenetic Analysis. Cytological analysis was performed
using standard G-band karyotyping technique. Results were
described according to the International System for Human
Cytogenetic Nomenclature [53].

2.4. Flow Cytometry Analysis. Frozen PBMCs were thawed
in X-VIVO 15 medium (Lonza, Italy), supplemented with
5% pooled AB human serum (Lonza, Italy) and 100U/mL
penicillin/streptomycin (Lonza, Italy), and washed twice in
Phosphate Buffered Saline (PBS) (Sigma, CA, USA) with
2% Fetal Bovine Serum (FBS) (Lonza, Italy). PBMCs were
initially incubated for 10min at room temperature with
FcR blocking reagent (Miltenyi Biotech, Germany) and
stained for additional 20min at room temperature in the
dark with monoclonal antibodies (mAbs) specific for the
following human antigens: CD45 (BioLegend, USA), CD16
(BD Pharmigen, CA, USA), CD4 (Becton Dickinson, CA,
USA), CD14 (Becton Dickinson, CA, USA), and HLA-G
(MEM-G9, Exbio, Czech Republic). Cells were identified
using a multiparametric approach based on the combination
of mAbs. Samples were acquired using a FACS Canto II

flow cytometer (Becton Dickinson, CA, USA), and data were
analyzed with FCS express (De Novo Software, CA, USA).
Quadrantmarkerswere set accordingly to unstained controls.
Leukemic blasts were identified as CD45dim according to
Lacombe et al. [54].

2.5. Detection of Soluble HLA-Gs. Levels of shed HLA-G1
and soluble HLA-G5 were determined by enzyme-linked
immunosorbent assay (ELISA), as previously described [55,
56]. To detect sHLA-G (shed HLA-G1 and HLA-G5) plates
(Nunc-Immuno Plate PolySorp,Thermoscientific, Denmark)
were coated with the mAb G233 (Exbio, Czech Republic),
whereas to detect HLA-G5 plates were coated with the
mAb 5A6G7 (Exbio, Czech Republic). sHLA-G or HLA-G5
was detected with biotinylated 𝛽

2
-microglobulin or W6/32

mAbs (Exbio, Czech Republic), respectively. Supernatants
fromHLA-G transfected LCL721.221 [57] and HeLa HLA-G5
transfected cells (kindly provided by Dr. R. Rizzo, Università
di Ferrara) purified by affinity chromatography by using
the W6/32 mAb were used for the generation of standard
calibration curves for sHLA-GandHLA-G5, respectively.The
limit of sensitivity was 0.5 ng/mL.

2.6. Amplification and Sequencing of 3UTR of the HLA-G
Gene. Genomic DNA was extracted from PBMCs using a
commercial kit (QIAamp, QIAGEN, Italy) according to the
manufacturer’s instructions. Briefly, 100 ng of genomic DNA
was amplified in a 25𝜇L reaction containing 1X polymerase
chain reaction (PCR) buffer (Roche, USA), 0.2mM dNTP
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Figure 1: HLA-G expression on leukemic blasts. PBMCs of AML patients were analyzed by flow cytometry to determine the expression of
HLA-G on blasts. An anti-human CD45 mAb was used to discriminate leukemic cells from normal mononuclear cells, being blasts CD45dim.
Representative plots from a patient with HLA-G+ blast ((a) and (b)) or with HLA-G− blast ((c) and (d)) are shown.

mix (Roche, USA), 1.5mM MgCl
2
(Roche, USA), 0.8U Taq

Polymerase (Roche, USA), and 1 𝜇M of each primer (For.:
5 TCACCCCTCACTGTGACTGA 3; Rev.: 5 TTCTCAT-
GTCTTCCATTTATTTTGTC 3). The initial denaturation
step was carried out at 95∘C for 3min, followed by 30 cycles
at 93∘C for 60 s, 58∘C for 60 s, and 72∘C for 60 s and by
a final extension step at 72∘C for 10min. The amplification
product was evaluated using a 2.5% agarose gel, purified
using a commercial kit (Wizard SV Gel and PCR Clean-Up
System, Promega, WI, USA) according to the manufacturer’s
instructions, and subjected to direct sequencing on both
strands. All polymorphic sites observed at the 3UTR were
individually annotated and named according to previous
reports [35].

2.7. Statistical Analysis. All results are presented as mean
values ± SD. Comparison of parameters between subgroups
of patients was performed using the nonparametric Mann-
WhitneyU test for continuous variable and Fisher’s exact test
for categorical data. Differences were regarded as significant
at 𝑃 < 0.05. The results were analyzed using GraphPad Prism
3.0 (GraphPad Software, USA).

3. Results and Discussion

We investigated the expression of HLA-G on leukemic blasts
from 22 patients affected byAcuteMyeloid Leukemia (AML),
referring to the San Raffaele Hematology and Bone Marrow
Transplantation Program (Table 1). The cohort of patients

analyzed was characteristic of AML, with a median age of
59 years, both male and female (36% and 64%, resp.), with
AML-M2 and AML-M4 subtype predominance. The mean
percentage of blasts in the peripheral blood of patients was
65.6 ± 27.97% (mean ± SD, 𝑛 = 22; range 13.3–96.4%).
Patients’ PBMCs were analyzed by flow cytometry and the
expression of HLA-G was determined on blasts identified as
CD45dim cells with MEM-G/9 mAb, which detects the full-
length HLA-G1 isoform. HLA-G expression on AML blasts
less than 1% was considered negative. Results showed that
HLA-G was expressed in 15 out of 22 (68.2%) AML patients,
and percentage of HLA-G+ blasts varied from 1.5% to 59%
(Figure 1). Although our study has been performed in a small
cohort of Caucasian AML patients, it confirmed previous
analyses in Chinese AML patients [58, 59], and indicate that
membrane-bound HLA-G can be expressed on AML blasts.
The analysis of the association between the expression of
HLA-G on blasts and clinical parameters, including patient
age, gender, subtype of AML, and percentage of blasts at
diagnosis, revealed that HLA-G expression is independent
of all the abovementioned variables except for gender. In
our cohort of AML patients, all males showed HLA-G+
blasts (Table 1). Nevertheless, these results are partially in
accordance with previous analyses demonstrating that the
HLA-G expression on leukemic blasts is not associated with
specific patients’ characteristics [58].

We next investigated whether HLA-G expression on
blasts can be associated with cytogenetic karyotype abnor-
malities. Results indicated that abnormalities were present
in 7 out of 15 AML patients with HLA-G+ blasts and only
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Figure 2: Flow cytometric analysis of cells containing DC-10 in the peripheral blood of AML patients. (a) Percentages of DC-10, identified
among the CD45bright cells according to the co-expression of CD14 and CD16, in the peripheral blood of AML patients (AML pts) and healthy
donors (HDs) are shown. Each dot represents single AML patient or HD. Lines indicate median and interquartile range of positive cells
detected in all patients and donors analyzed. ∗𝑃 < 0.05. (b) Representative dot plots of HLA-G+ DC-10 are depicted. (c) Percentages of HLA-
G+ DC-10 in patients with HLA-G+ or HLA-G− blasts are shown. Each dot represents single AML patient. Lines indicate the median and
interquartile range of HLA-G+ DC-10. ∗𝑃 < 0.05.

in 1 patient with HLA-G− blasts (Table 2). These results are
in contrast to previous data in which a marked difference
in the frequency of cytogenetic abnormalities between HLA-
G+ and HLA-G− AML blasts was observed [24]. It cannot
be excluded that this discrepancy can be due to the different
ethnic population analyzed.Nevertheless, it remains to define
whether a correlation between cytogenetic abnormalities and
HLA-G expression exists by enlarging the cohort of patients.

One of the strategies by which tumors escape the
host’s immune surveillance is the upregulation of HLA-
G expression on both cancer and non-tumor cells, such
as mononuclear cells [17]. Our group described DC-10,
which constitutively expressed HLA-G and are involved in
promoting tolerance [13–15].We postulated thatDC-10might
play a role in favoring tumor escape in AML patients. The
population of cells containing DC-10 was identified by the
concomitant expression of CD14 and CD16 on CD45bright
cells. Results showed a significantly higher frequency of DC-
10 in the peripheral blood of AML patients compared to that
observed in healthy donors (1.5 ± 2.13%, 𝑛 = 18, mean ± SD

versus 0.19 ± 0.13%, 𝑛 = 14, mean ± SD; 𝑃 = 0.027;
Figure 2(a)). The percentage of human DC-10 in AML pa-
tients withHLA-G+ andHLA-G− blasts was similar (1.4±2.5,
𝑛 = 12, mean ± SD versus 1.6 ± 1.26%, 𝑛 = 6, mean ± SD,
resp.; data not shown). Previous reports indicated that HLA-
G itself promotes the expression of HLA-G on T andmyeloid
cells [10]; thus, we compared the frequency of HLA-G-
expressing DC-10 in patients with HLA-G+ or HLA-G−
blasts. Results showed a significantly higher frequency of
HLA-G+ DC-10 in patients with HLA-G+ blasts as compared
to those with HLA-G− blasts (41.3 ± 29.25%, mean ± SD,
𝑛 = 12 versus 10.05 ± 12.08%, mean ± SD, 𝑛 = 6; 𝑃 = 0.013,
Figures 2(b) and 2(c)). In parallel, the presence of naturally
occurring CD4+ Treg cells constitutively expressing HLA-
G (HLA-G+ CD4+ Treg cells), which have been identified
in the peripheral blood of healthy donors and patients [15,
60, 61], was analyzed. The proportion of CD4+ T cells in
the peripheral blood of leukemic patients and of healthy
donors was similar (29.6 ± 18.59%, mean ± SD, 𝑛 = 21
versus 31.43 ± 8.57%, mean ± SD, 𝑛 = 16; Figure 3(a)).
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Figure 3: Flow cytometric analysis of CD4+ T cells in the peripheral blood of AML patients. (a) Percentages of CD4+ T cells among
the CD45bright cells in the peripheral blood of AML patients (AML pts) and healthy donors (HDs) are shown. Each dot represents single
AML patient or HD. Lines indicate the median and interquartile range of positive cells detected in all patients and donors analyzed. (b)
Representative dot plots of HLA-G+ CD4+ T cells are depicted. (c) Percentages of HLA-G+ CD4+ T cells in patients with HLA-G+ or HLA-
G− blasts are shown. Each dot represents single AML patient. Lines indicate the median and interquartile range of HLA-G+ CD4+ T cells.
∗∗𝑃 < 0.01.

Interestingly, as for DC-10, the percentage of HLA-G+ CD4+
Treg cells was significantly higher in patients with HLA-G+
blasts than in those with HLA-G− blasts (4.2 ± 5.79%, mean
± SD, 𝑛 = 14 versus 0.44 ± 1.01%, mean ± SD, 𝑛 = 6;
𝑃 = 0.0072 Figures 3(b) and 3(c)). This is the first report
demonstrating the presence ofHLA-G-expressingDC-10 and
CD4+ T cells in the peripheral blood of leukemic patients.
Our findings indicate that the frequency of regulatory cells,
DC-10 and HLA-G+ CD4+ T cells, is increased in patients
with HLA-G-expressing blasts, supporting the hypothesis
that the expression of HLA-G on blasts may be a strategy by
which leukemia promotes a tolerogenic microenvironment
limiting anti-tumor responses. This mechanism of immune
escape has been previously proposed for solid tumor where
both infiltrating cells and tumor cells can express HLA-G
[16]. It remains to be defined whether HLA-G-expressing
tolerogenic cells are present in the bone marrow of AML
patients where leukemic blasts reside and proliferate before
emerging in the periphery. Moreover, correlation studies
between HLA-G expression on blasts and the frequency of

DC-10 and HLA-G+ CD4+ T cells will elucidate whether the
microenvironment enriched in immunomodulatory factors
allows the recruitment or the induction of tolerogenic cells
inhibiting the antileukemic effects.

Thus far, the presence of increased levels of soluble HLA-
G has been associatedwithmalignancies, includingAML [25,
26]. We therefore sought to evaluate the amounts of soluble
HLA-G in the serum of AML patients that were previously
analyzed for HLA-G expression. sHLA-G (shed HLA-G1 and
HLA-G5) was detected in 15 out of 18 patients with a mean
value of positive samples of 1.78 ± 1.28 ng/mL (mean ± SD)
and no differences were obtained between sera from patients
with HLA-G+ and HLA-G− blasts (1.79 ± 1.29 ng/mL, 𝑛 = 10
versus 1.75±1.42 ng/mL, 𝑛 = 5, mean ± SD, Figure 4). In line
with previous findings demonstrating that sHLA-G plasma
levels were significantly higher in AML-M4 and AML-M5
acute leukemia subtypes [25], we detected higher amounts of
sHLA-G in sera of AML-M4 patients as compared to those
of other AML subtypes (2.8 ± 1.28 ng/mL 𝑛 = 5 versus 1.2 ±
0.93 ng/mL, 𝑛 = 10mean ± SD; data not shown). In parallel,
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Figure 4: Soluble HLA-G levels in the sera of AML patients.The concentration of (a) sHLA-G (shed HLA-G1 and HLA-G5) and (b) HLA-G5
in the sera of AML patients was evaluated using specific sandwich ELISA. Each dot represents single AML patient. Lines indicate the median
of serum levels (ng/mL) of positive samples in patients with HLA-G+ or HLA-G− blasts.

Table 3: Frequency of 3UTR haplotypes and genotypes.

3UTR polymorphic sites AML patients
(𝑛 = 19)

HDs
(𝑛 = 141)

Ins/Ins 0.26 0.22
Del/Del 0.37 0.30
Ins/Del 0.37 0.47
InsG/InsG 0.26 0.23
DelC/DelC 0.15 0.22
InsG/DelC 0.26 0.32
DelG/X 0.32 0.23
UTR-1 0.21 0.32
UTR-2 0.29 0.3
UTR-3 0.16 0.09
UTR-4 0.13 0.11
UTR-5 0.03 0.05
UTR-6 0.05 0.02
UTR-7 0.08 0.08
UTR-8 0.05 0.032

we detected HLA-G5 in 10 out of 18 patients with a mean
value of positive samples of 2.33 ± 1.84 ng/mL (mean ± SD),
and similar to sHLA-G, no differences were found between
sera from patients with HLA-G+ and HLA-G− blasts (2.33 ±
1.84 ng/mL, 𝑛 = 7 versus 2.35 ± 2.5 ng/mL, 𝑛 = 3; mean ±
SD; Figure 4). Overall the levels of sHLA-G observed in our
cohort of AML patients were lower compared to a previous

work [25]. This discrepancy can be due to the fact that in
our study we measured sHLA-G serum levels whereas Gros
et al. [25] reported results from plasma samples. It has been
indeed demonstrated that the levels of sHLA-G (shed HLA-
G1 and HLA-G5) are significantly higher in plasma treated
with EDTA as compared to those in plasma treated with
heparin or in serum [62].

To define whether variations in the 3UTR of HLA-
G are associated with HLA-G expression, we analyzed
8 polymorphic sites at the HLA-G 3UTR segment,
including the 14 bp Ins/Del (rs1704), +3003C/T (rs1707),
+3010 C/G (rs1710), +3027A/C (rs17179101), +3035 C/T
(rs17179108), +3142C/G (rs1063320), +3187A/G (rs9380142),
and +3196C/G (rs1610696), previously described [34, 35].
The frequency of the 14 bp genotypes was similar in AML
patients and healthy donors (Table 3). Since the 14 bp Ins is in
strong linkage disequilibrium with the G in position +3142,
we classified patients and controls according to the presence
of the 14 bp Ins/Del and the +3142C/G polymorphisms as
InsG/InsG, DelC/DelC, DelC/InsG, andDelG/X.The relative
frequencies of these genotypes in healthy donors were for
InsG/InsG 23%, for DelC/DelC 22%, for DelC/InsG 32%, and
for DelG/X 23% (Table 3). Interestingly, in AML patients we
found a higher frequency of DelG/X genotype as compared
to that observed in healthy donors (32% and 23%, resp.;
Table 3). In line with these results, the frequency of UTR-3
haplotype (14 bp Del, +3003T, +3010C, +3027C, +3035C,
+3142G, +3187A, and +3196C) was highly represented in
AML patients than in healthy donors (16% and 9%, resp.;
Table 3). Polymorphisms at the 3UTR of HLA-G locus, and
particularly the 14 bp Ins/Del, have been associated with



8 Journal of Immunology Research

different clinical conditions including autoimmunity and
pathological pregnancy. So far, limited information has been
published on the association of HLA-G polymorphisms in
tumor cells with the levels of HLA-G expression and/or
clinical outcome of patients [17]. Recently, studies in small
cohort of patients investigated the association of 14 bp
Ins/Del with the susceptibility to cervicovaginal and breast
cancer, with controversial results [52, 63, 64]. Although
in the present study the variation in the 3UTR of HLA-G
was evaluated in a limited number of AML patients, results
showed no specific association, with the exception of UTR-3
haplotype. A more extensive study is warranted in a large
cohort of patients in order to define whether specific UTRs
of HLA-G might be associated with AML or can be used as
genetic risk factor for the disease susceptibility.

4. Conclusions

Results from this study further improve the knowledge on
the role of HLA-G in promoting tolerance. Moreover, they
opem new clinical perspectives: HLA-G expression can be
used as prognostic tumor biomarker to monitor disease state
or as therapeutic target for improving immune responses
against leukemia. The expression of HLA-G on blasts and
the analysis of DC-10 and HLA-G+ CD4+ Tregs can be
used to evaluate the effectiveness of anti-tumor therapies.
Moreover, the analysis of HLA-G polymorphisms will allow
the identification of specific HLA-G genotypes that could be
associated with AML susceptibility.
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HLA-G has a relevant role in immune response regulation. The overall structure of theHLA-G coding region has been maintained
during the evolution process, in which most of its variable sites are synonymous mutations or coincide with introns, preserving
major functional HLA-G properties. The HLA-G promoter region is different from the classical class I promoters, mainly because
(i) it lacks regulatory responsive elements for IFN-𝛾 and NF-𝜅B, (ii) the proximal promoter region (within 200 bases from the first
translated ATG) does notmediate transactivation by the principal HLA class I transactivationmechanisms, and (iii) the presence of
identified alternative regulatory elements (heat shock, progesterone and hypoxia-responsive elements) and unidentified responsive
elements for IL-10, glucocorticoids, and other transcription factors is evident. At least three variable sites in the 3 untranslated
region have been studied thatmay influenceHLA-G expression bymodifyingmRNA stability ormicroRNAbinding sites, including
the 14-base pair insertion/deletion, +3142C/G and +3187A/G polymorphisms. Other polymorphic sites have been described, but
there are no functional studies on them.TheHLA-G coding region polymorphismsmight influence isoform production and at least
two null alleles with premature stop codons have been described. We reviewed the structure of theHLA-G promoter region and its
implication in transcriptional gene control, the structure of theHLA-G 3UTR and the major actors of the posttranscriptional gene
control, and, finally, the presence of regulatory elements in the coding region.

1. Introduction

Thenonclassical HLA-Gmolecule presents several properties
that differ from other classical class I HLA (-A, -B, and -C)
molecules, including restricted tissue distribution; limited
protein variability; presence of several membrane-bound
and soluble isoforms; unique molecular structure, presenting
a particular peptide-binding groove that impairs peptide
presentation to T cells; ability to form dimers and poly-
mers and a reduced cytoplasmic tail that impairs molecule
turnover; and,most importantly, themolecule thatmodulates
several functions of immune system cells (reviewed by [1]).

The interaction of HLA-G with leukocyte receptors, partic-
ularly ILT-2 and ILT-4, downregulates the cytotoxic activity
of T CD8 and Natural Killer cells and inhibits antigen pre-
sentation and lymphocyte proliferation [1, 2]. Dendritic cells
expressing IL-10 andHLA-Gcan induce regulatoryT cells [3].
Due to all of these properties, HLA-G has been recognized as
a tolerogenic molecule, and the tissue expression of HLA-G
may protect or harm; that is, it may protect allografts against
attack by the recipient immune system and may impair the
cytotoxic immune response against tumor cells.

The HLA-G gene also presents unique features. The
coding region exhibits few polymorphic sites randomly
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distributed along exons and introns, contrasting with the
high rate of exonic polymorphic sites observed in classical
HLA class I genes. The exonic nucleotide sequences encod-
ing residues that are important for molecule dimerization
and molecule interaction with leucocyte receptors are usu-
ally conserved, indicating that the overall structure of the
molecule was maintained throughout human evolution [1, 2,
4, 5]. Considering that HLA-G is expressed on the surface
of placenta trophoblast cells, allowing the fetus to properly
develop despite the maternal immune response, some sort
of functional conservation was expected. On the other hand,
gene regulatory regions present several polymorphic sites
close to nucleotide sequences that serve as gene regulatory
elements [6–9]. Nucleotide variability in the promoter region
may influence HLA-G levels by modifying binding affin-
ity for transcription factors. In contrast to classical HLA
class I genes, the promoter region of HLA-G does not
have responsive elements for IFN-𝛾 or NF-𝜅B. Similarly,
nucleotide variability at the 3 untranslated region (3UTR)
may influence HLA-GmRNA stability, microRNA targeting,
or both, affecting the posttranscriptional gene regulation.

Considering that the structure of HLA-G molecules
has been maintained throughout evolution, the quantity of
produced molecules may primarily depend on factors that
modulate gene expression by transcriptional and posttran-
scriptional mechanisms. Firstly, we will review the structure
of the HLA-G promoter region and its implication in tran-
scriptional gene control; secondly, the structure of the HLA-
G 3UTR and themajor actors of the posttranscriptional gene
control; and, finally, the presence of elements in the coding
region that may regulate gene expression and differential
mRNA splicing.

There is no consensus regarding the positions of the
nucleotide variation in the HLA-G promoter and 3UTR,
mainly because (i) the IMGT/HLA database only presents
sequences within 300 bases upstream to the first trans-
lated ATG, (ii) the complete 3UTR gene segment is not
considered in the IMGT database, and (iii) several HLA
alleles were described presenting only some exon sequences.
Therefore, the nucleotide positions used in the present
study follow the one presented in the NG 029039 se-
quence (http://www.ncbi.nlm.nih.gov/nuccore/NG 029039).
The nucleotide named as +1 is the Adenine of the first
translated ATG (position 5867 at NG 029039). Variations
within regulatory elements in the upstream 5 untranslated
region and 5 promoter were denoted as negative values,
considering position 5866 at NG 029039 as nucleotide −1.

2. HLA-G Transcriptional Regulation

The HLA class I genes are usually very similar in nucleotide
sequence and structure becausemost of these genes have been
generated in a series of imperfect duplications [10].Therefore,
in general, the same regulatory elements are acting in HLA
class I genes, with some differences for each HLA class I
locus. The HLA class I promoters are usually conserved,
presenting cis-acting regulatory elements mainly within 220
bases upstream to the first translated ATG. However, the
HLA-G promoter is atypical compared to other HLA class

I genes since most of these regulatory elements are not
functional.

The HLA-G locus presents a tissue-restricted expression
pattern, being expressed in physiological conditions only
in certain tissues such as trophoblast at the maternal-fetal
interface, thymus, cornea, pancreas, proximal nail matrix,
erythroblast, andmesenchymal stem cells [1, 11–18]. In viewof
the immunomodulatory properties of the HLA-G molecule,
its expressionmust be under a tight tissue-specific regulation.

Overall, HLA class I genes present two main regula-
tory modules in the proximal promoter region (200 bases
upstream to the translation start point), including (i) the
Enhancer A (EnhA) combined with an interferon-stimulated
response element (ISRE) and (ii) the SXY module, in
which the transcription apparatus is mounted (Figure 1)
[19–24]. However, these regulatory elements present locus-
specific differences leading to different levels of HLA class I
constitutive- and induced-expression (reviewed at [24, 25]).

The EnhA element includes two adjacent palindromic
NF-𝜅B binding sites (𝜅B1 and 𝜅B2) that interact with the
NF-𝜅B family of transcription factors, both important to
the constitutive and/or induced expression of HLA class I
genes. This family includes several members, such as p50,
p65 (also known as RelA), p52, c-Rel, and RelB, all usually
acting by forming homo- or heterodimers [19]. Theoretically,
the interaction of these factors with the EnhA element
may transactivate (acting on any 𝜅B binding site) any HLA
class I gene [20]. Thus, the HLA locus-specific transcription
rate would be determined by (i) the levels of NF-𝜅B/Rel
family proteins in different tissues, (ii) modifications in
the regulatory sequences, and (iii) potential activation of
different NF-𝜅B/Rel dimers [20]. In addition, EnhA may
be a target sequence for other DNA-binding proteins, such
as proteins of the leucine zipper transcription factor family
[20]. For instance, p65 has a potent transactivation domain
and might operate as a p65/p50 heterodimer or p65/p65
homodimer, while p50 lacks this transactivation domain and
may not transactivate as a p50/p50 homodimer [20]. EnhA
also mediates the TNF-induced transcription of HLA class I
molecules [20, 29].

Due to variations in the EnhA nucleotide sequences
among different HLA class I genes, NF-𝜅B/Rel factors may
interact as homo- or heterodimers resulting in different tran-
scription levels [20]. The HLA-G EnhA element (including
𝜅B1 and 𝜅B2 sites) encompasses nucleotides −198 and −172
(regarding NG 029039) and, compared to other HLA class
I genes, it is the most divergent one [19, 20]. In fact, the
𝜅B-sites in the HLA-G promoter (EnhA) are reported to
bind only p50/p50 homodimers [25] (Figure 1). As presented
earlier, p50 homodimers are not potent HLA class I gene
transactivators [20].Thus, althoughHLA-G possesses an NF-
𝜅B responsive element, it is not as efficient as the HLA class I
classical genes [25].

ISRE is a target site for the interferon regulatory factor
family, including the interferon regulatory factor-1 (IRF-1,
activator), IRF-2, and IRF-8 (inhibitors) [19]. Interferon-𝛾
(IFN-𝛾) is the most potent cytokine inducing HLA class
I gene expression. IFN-𝛾 induces the expression of IRF-
1 by the activation of the Janus kinases (jak) 1 and 2 and
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followed by the global frequency (%) for the minor allele

Figure 1: The HLA-G 5 regulatory region with its known regulatory elements and variable sites according to the 1000 Genomes data.

phosphorylation of Stat1 (JAK/STAT pathway) [19, 21]. ISRE
is adjacent to the EnhA element (constituting the module
EnhA/ISRE presented earlier) and, thus, ISRE and EnhA
regulateHLA class I expression cooperatively (Figure 1). ISRE
also participates in the transactivation of 𝛽2-microglobulin,
which is associated with the heavy 𝛼 chain of the HLA class I
molecule [21], and this information is important because an
unbalanced production of these chains may impair correct
HLA molecule assembly.

The nucleotide sequence of ISRE also varies among HLA
class I loci. In this respect, locus-specific differences were
observed in the IFN-induced expression levels of HLA class
I genes [21, 29–31]. The HLA-A locus, for instance, does
not respond to IFN at the same level as HLA-B and HLA-
C, probably because of differences in the ISRE structure
[19, 21, 29–31]. However, when comparing ISRE of the HLA-
G locus with other class I genes, encompassing nucleotides
−171 to −161, the HLA-G gene presents the most divergent
ISRE compared to the ISRE consensus sequence, followed
by HLA-E [19, 21], raising the issue of whether or not this
element is fully functional for HLA-G and HLA-E. In fact,
neither HLA-G nor HLA-E ISREs mediate IFN-𝛾-induced
transactivation, and the binding of IRF-1 is not detected for
HLA-G [21]. However, in the same way, probably because of
the defective nature of the HLA-G ISRE, the binding of IRF-
2 (transcription repression) was also not detected forHLA-G
[21].

ISRE is also a target for other protein complexes that
may mediate HLA class I transactivation. However, HLA-G

𝜅B2 (EnhA) and ISRE seem to bind only the constitutively
expressed factor Sp1 (also known as Specificity Protein 1)
[21, 25]. Nevertheless, the binding of Sp1 does not modulate
the constitutive or IFN-induced transactivation of HLA
class I genes, including HLA-G [21]. On the other hand,
a candidate interferon-gamma activated site (GAS) was
described between the −741 and −733 positions, presenting
a sequence that would be compatible with a GAS consensus
sequence (Figure 1). However, besides this new candidate,
IFN-𝛼, IFN-𝛽, and IFN-𝛾 treatments failed to increase HLA-
G expression, a fact that was accredited to the defective nature
of both the new candidate and the EnhA/ISRE region [32–
34]. Nonetheless, another study showed that IFN-𝛽 enhances
HLA-G expression by another ISRE present next to the
nonfunctional GAS element at positions −754 to −743 [34].

The SXYmodule comprises the S, X1, and X2 (also known
as site 𝛼) boxes and the Y box (also known as the Enhancer
B or CCAAT box).The X1 box is a target for the multiprotein
complex regulatory factor X (RFX), including the RFX5,
the regulatory factor X-associated protein (RFXAP), and
RFXANK [20, 25, 35, 36]. These RFX members have been
shown to interact with the class II transactivator (CIITA)
[37, 38], which is also an important element for HLA class
I gene transactivation [25]. The X2 box is a binding target
for the ATF/CREB (Activating Transcription Factor/cAMP
Response Element Binding protein) transcription factor fam-
ily [39]. Box Y is a binding target for Nuclear Factor Y
(NFY), including subunits alpha (NFYA), beta (NFYB), and
gamma (NFYC) [25, 40]. The function of box S has not yet
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been elucidated. The binding of these factors to the SXY
module allows the further binding of the coactivator CIITA
and the NOD-like receptor family CARD domain containing
5 (NLRC5) factors [25, 41, 42]. The CIITA is constitutively
expressed by antigen presenting cells and is induced by IFN-
𝛾, and it transactivates HLA class I genes [41, 43]. NLRC5
transactivates HLA class I genes (but not HLA class II) and is
constitutively expressed in a series of different tissues, mainly
hematopoietic cells, or is induced by INF-𝛾 [44–46].

For HLA-G, the SXY module presents sequences com-
patible only with the S and X1 elements, but divergent
from X2 and Y elements (Figure 1) [25]. Therefore, CIITA,
which is dependent on a functional SXY module, does not
transactivate HLA-G, mainly because of the missing X2 and
Y elements [25, 41, 42, 47, 48].

The HLA-G promoter region is unique among the HLA
genes. Considering all the elements discussed above, it
became clear that the HLA-G proximal promoter (within
200 bases) did not mediate transactivation by the principal
HLA class I transactivation mechanisms [25]. In addition,
studies evaluating theHLA-G promoter regionwithin 1438 bp
from ATG did not detect differences in the basal level of
transactivation for different HLA-G promoters in different
cell types [49, 50].

Some alternative regulatory elements within the HLA-G
gene promoter have been described. A heat shock element
(HSE) which would respond to the presence of heat shock
proteins (HSP), especially the heat shock factor 1 (HSF1),
was described in the HLA-G promoter region [51] (Figure 1).
Stress-induced HSP are potent components that modu-
late immune responses. In general, HLA-G transcription is
induced by heat shock (physical stress) or arsenate treatment
(chemical stress) in human melanoma and glioblastoma cell
lines, in which stress-induced HSF1 binds to an HSE lying
between the−464 and−453 positions.ThisHSE response was
detected for HLA-G but not for other HLA class I genes [51].

HLA-G expression may also be induced by progesterone
[52], which is an immunomodulatory steroid hormone
secreted both by the corpus luteum and placenta, allowing
endometrium maintenance and embryo implantation. The
mechanism underlying this induction is primarily mediated
by the activation of the progesterone receptor (PR) and its
subsequent binding to an alternative progesterone response
element (PRE) found in the HLA-G promoter between
positions −52 and −38, overlapping the HLA-G TATA box
[53] (Figure 1).

Experiments with transgenic mice allowed the identifi-
cation of a Locus Control Region (LCR) candidate located
at least 1.2 kb upstream to the first translated ATG. This
region is critical for the HLA-G expression regarding when
and where it should be expressed. It is possible that this
region acts by maintaining the chromatin in an open state
or active configuration, enhancing gene expression [54, 55].
In addition, it may bind protein complexes associated with
activation and inhibition of HLA-G transcription [56, 57].

At least three CRE/TRE candidate sites (cAMP Response
Element/TPA Response Element) have been already consid-
ered, the first one being situated between the −1387 and
−1371 positions (inside the putative LCR region discussed

earlier), the second between the −941 and −935 positions,
and the third between the −777 and −771 positions (Figure 1).
The first CRE site (at LCR) was described to be an in
vitro target site for c-jun by using electrophoretic mobility
shift assay (EMSA). C-Jun, together with c-Fos, forms the
AP-1 early response transcription factor. In addition, this
same site was reported to bind ATF1/CREB1 in vitro and in
situ by using chromatin immunoprecipitation (ChIP) [39].
The second CRE/TRE site binds in vitro to CREB1 and the
third site binds in vitro to ATF1/CREB1 [39]. Mutations in
all three CRE/TRE sites have been reported to reduce the
HLA-G CREB1 transactivation, but a stronger inhibition was
observed when the first CRE/TRE site (at the LCR) was
mutated [39].

The repressor factor RREB1 (Ras Responsive Element
Binding 1) may also be implicated in HLA-G expression reg-
ulation. At least three binding sites for RREB1, known as Ras
Response Elements (RRE), in the HLA-G promoter region
have been described. The consensus sequence GGTCCT,
corresponding to one of the binding sites for RREB1, was
found in the proximal promoter between the −59 and −54
positions (one direct site) and between the −148 and −143
positions and the −139 and −134 positions (a direct site and
an inverted site). A target site related to the other consensus-
binding site for RREB1, CCCCACCATCCCC, was found
within the LCR between the −1363 and −1358 positions
(Figure 1). The mechanism underlying RREB1 repression is
probably associated with the recruitment of the corepressor
C-terminal binding protein 1 or 2 (CtBP-1 or CtBP-2), or
both, and the deacetylase 1 (HDAC1), which is involved in
chromatin remodeling probably increasing chromatin con-
densation and hampering transcription factor accessibility
[58, 59].

The GLI-3 repressor, a signal transducer of the Hedgehog
pathway (HH), has also been reported to regulate HLA-
G during the maturation of osteoblasts [60], especially in
the production of the HLA-G5 isoform. It acts by a direct
interaction of the HH signaling transducer factor GLI-3
with the HLA-G promoter. However, it is not clear whether
the HH signaling pathway, a highly conserved molecular
pathway involved in the development of several tissues,
directly regulates HLA-G5 expression in other cell types.

A negative regulator of gene expression is observed in a
sequence about −4Kb upstream to the HLA-G translation
starting point, overlapping with a LINE-1 sequence [61]
(Figure 1). LINEs (Long Interspersed Elements) are a group of
retrotransposons, which are highly repetitive elements from
the eukaryotic genome that contribute to genome variability.
The LINE-1 element described for HLA-G (named gL) is
an AT-rich sequence (about 60%) that presents more sites
with a high probability of forming hairpin loops than the
general LINE sequence. These hairpin loops might directly
or indirectly interact with theHLA-G promoter and interfere
with the binding of transcriptional factors and enhancers [61].
LINE elements are frequently found lying in the 5 upstream
regulatory region of other HLA class I genes, including
HLA-A. However, the LINE sequence found in the HLA-
A promoter (named aL) is not transcriptionally active and
is shorter than the one found in HLA-G (gL). Therefore,
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the presence of this gL element in the HLA-G promoter
would explain its limited expression compared with other
class I genes. However, it should be noticed that this gL
element is also present inHLA-G-expressing cells; thus, other
regulatory elements might inhibit or overcome this negative
regulation [61].

Hypoxia is an important physiological microenviron-
ment for placentation and for the formation of the maternal-
fetal interface [62]. The microenvironment is also crucial for
the function of T and B cells. In this scenario, hypoxia is also
associated with increased HLA-G expression. The Hypoxia-
Inducible Factor (HIF) is involved in the control of cellular
responses to oxygen depletion [62]. The HLA-G expression
(membrane and soluble) is 2 times increased when extrav-
illous cytotrophoblasts are cultivated under only 2% oxygen
[63]. Likewise, hypoxia is associated with increased HLA-G
transcription in a series of HLA-G-negative tumor lineages,
such as 1074mel [64, 65] and M8 [66]. A consensus Hypoxia
Response Element (HRE) [67] is located between the −242
and −238 positions (Figure 1). However, the functionality of
this element has not been explored [64].

Some inducers of HLA-G expression have been des-
cribed; but the underlying induction mechanisms are
unknown. Interleukin 10 (IL-10), which is produced by
lymphocytes, monocytes, macrophages, placenta, and some
tumors, may induce HLA-G expression and the down-
regulation of otherHLA class I and II genes [68–70]. Cortisol,
a glucocorticoid produced by the adrenal gland, is a potent
immunomodulatory hormone at high doses. HLA-G expres-
sion in trophoblastic cells was increased following treatment
with dexamethasone or hydrocortisone [71], but no complete
Glucocorticoid Response Element (GRE) has been identified
in the HLA-G promoter.

Granulocyte-macrophage colony-stimulating factor (GM-
CSF) is a protein secreted by macrophages, T cells, mast
cells, NK cells, endothelial cells, fibroblasts, and uterine epi-
thelium. GM-CSF increases HLA-G expression when com-
binedwith INF-𝛾 treatment, but no effect is observed forGM-
CSF alone [72, 73].

The Leukemia Inhibitory Factor (LIF) is a cytokine
expressed at the maternal-fetal interface in the cytotro-
phoblast that plays an important role in implantation. LIF
is mainly expressed in the implantation window. By using
the choriocarcinoma cell line JEG3, HLA-G transcription
was increased by about 3.6 times after LIF treatment. It was
demonstrated that LIF induces full-length membrane HLA-
G (HLA-G1) expression on the JEG3 cell surface [74]. In
addition, LIF may induce HLA-G1 expression in the pres-
ence of ERAP1 (Endoplasmic Reticulum Aminopeptidase-
1) expressed in the endoplasmic reticulum. Repression of
ERAP1 in JEG3 cells treated with LIF diminishes HLA-G
expression, suggesting a role for ERAP in HLA-G regulation
[75].

Some drugs may also induce HLA-G production, such
as methotrexate (MTX), one of the most used antirheumatic
drugs for the treatment of rheumatoid arthritis (RA). MTX
can induce apoptosis of mitogen-stimulated peripheral blood
mononuclear cells (PBMCs) resembling the mechanisms
underlying the inhibition of cytotoxic T CD8+ cell activity by

soluble HLA-G molecules. MTX can induce the production
of sHLA-G in unstimulated RA or healthy individual PBMCs
and may have a role in the clinical outcome of RA patients.
The mechanisms underlying sHLA-G production after MTX
treatment are unknown, but it was reported that MTX
therapy mediates an increase of interleukin-10-producing
cells, which in turn may stimulate HLA-G production [76].

The HLA-G promoter exhibits numerous polymorphic
sites (Figure 1). Data from the 1000 Genomes project, includ-
ing 1092 individuals from 14 different populations, showed
32 variable sites within 1500 nucleotides upstream to the first
translatedATG.Most of these variable sites have been already
described in other populations or samples different from
those evaluated by the 1000 Genomes consortium [6–9, 77–
81]. Of those, 24 variable sites present frequencies higher than
1% and 14 present frequencies higher than 10% in the global
1000 Genomes data (all 1092 individuals).These variable sites
may be important for the regulation of HLA-G expression
andmay act in differentways. Polymorphisms in the proximal
promoter of Paan-AG, the functional homologue of HLA-
G in the Olive Baboon, have been shown to influence NF-
𝜅B binding and transcription activity [82, 83]. However, the
human variable sites may act by mechanisms differing from
those described above because, generally, these variable sites
do not coincide with known regulatory elements (Figure 1).

Variation in regulatory elements may affect the binding
of the corresponding regulatory factors. In this respect, only
four variable sites coincide with known regulatory elements:
(i) position −1377 in the first CRE site of the LCR, (ii)
positions−1310 and−1305 of the LCR, and (iii) position−56 of
the Ras Response Element (RRE) in the proximal promoter.
Of these, only the ones at positions −1305 and −56 are
frequently found worldwide (Figure 1). Other variable sites
are close to known regulatory elements and may somehow
influence the binding of transcription factors. In this group
we may observe variable sites at positions −762 (between a
CRE and ISRE),−725 (next to a nonfunctional GAS element),
−477 and−433 (around theHSE), and−201 (next to Enhancer
A) (Figure 1).

Few studies have associated promoter polymorphisms
and differential HLA-G expression. The variable site at
position −725, in which the minor allele (G) is present in
9.8% of the chromosomes evaluated in the 1000 Genomes
project, was associated with differential HLA-G expression.
HLA-Gpromoter haplotypes (between−1389 and−55 andnot
considering primer sequences) were cloned into luciferase
expression vectors and transfected to the HLA-G expressing
cell JEG-3, resulting in a significantly higher expression level
of the promoters presenting Guanine at position −725 [84].
In addition, another study described the same influence of
position −725 on HLA-G expression levels [85]. This same
polymorphism (−725 G) has been reported to be associated
with sporadic miscarriage [7] and end-stage renal disease
[86], while the most frequent allele (−725 C) has been
reported to protect against multiple sclerosis [87]. Neverthe-
less, despite the lack of studies regarding HLA-G promoter
polymorphisms and HLA-G expression, some polymorphic
sites have already been associated with several conditions.
The polymorphism at position −964, which is very frequent
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Figure 2: The most frequent haplotypes of the HLA-G 5 regulatory region according to the 1000 Genomes data. aHaplotype frequencies
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among the populations evaluated by the 1000 Genomes
consortium, was associated with asthma. The −964 G/G
genotype was associated with asthmatic children of affected
mothers, whereas the A/A genotype was associated with
asthmatic children of unaffected mothers [88]. The −964 A
and −486 C alleles, together with the −725 G allele, were also
associated with protection against end-stage renal disease
[86].The polymorphism at position −1305, also very frequent
among the 1000 Genomes populations, was associated with
nonsegmental vitiligo [89].

The methylation status of the HLA-G promoter is also
very important to the HLA-G transcriptional activity [90].
It has been reported that the CpG islands in the HLA-
G promoter region of JAR (choriocarcinoma) cells, which
does not express HLA-G, were fully methylated, whereas for
an HLA-G expressing cell such as JEG-3, the CpG islands
were only partially methylated [91, 92]. In addition, HLA-G
expression was induced in several tumor cell lines by using
demethylation agents, such as 5-aza-2deoxycytidine [93–
97]. Moreover, the levels of histone acetylation in the HLA-
G promoter chromatin have been reported to be significantly
enhanced in FON+ (melanoma) and JEG-3 (Human placen-
tal choriocarcinoma cell line) cell lines, both expressingHLA-
G, while in non-HLA-G expressing cell lines, such as M8
(melanoma) and JAR, histones seem to be hypomethylated
[94, 96, 98]. Histone acetylation is usually associated with a
relaxed chromatin structure, therefore, with greater levels of
gene expression [99, 100]. In this respect, polymorphisms in
the HLA-G promoter, especially in the CpG islands, might
also be associated with different methylation profiles [84].

Although most of the HLA-G promoter variable sites
do not occur inside known regulatory elements (Figure 1),
balancing selection has been reported to maintain divergent
haplotypes in the 5 promoter [6, 8, 9, 78, 79] and 3UTR
regulatory regions [6, 27, 28, 78, 101, 102]. In fact, at least 14
variable sites in the promoter region do present frequencies
higher than 10%, and 11 variable sites present frequencies

higher than 44% (Figure 1). However, considering the hap-
lotypes described for the HLA-G promoter, which seem to
be the same worldwide [6, 8, 9, 77–79], most of these fre-
quent variable sites are in complete Linkage Disequilibrium
(LD), and just four main HLA-G promoter lineages are
associated with these variable sites. These promoter lineages
were first proposed by Ober’s group [8] and subsequently
confirmed and named in a Brazilian study as PROMO-
G010101, PROMO-G010102, PROMO-G0103, and PROMO-
G0104 [6]. In addition, considering data from the 1000
Genomes Project, only nine promoter haplotypes present fre-
quencies higher than 1% inworldwide populations (Figure 2),
but two of them, PROMO-G010101a and PROMO-G010102a,
which are the most divergent ones, account for more than
60% of all haplotypes. Nevertheless, despite the fact that
most of these frequent HLA-G variable sites are not within
known regulatory elements, several lines of evidence indicate
balancing selection acting on the HLA-G promoter found in
several populations [6, 8, 9, 78, 79], suggesting that divergent
promoters have been maintained with high heterozygosis.
This observation is probably related to a possible better
fitness of individuals carrying both high- and low-expressing
promoters. Therefore, these divergentHLA-G promoter hap-
lotypes are probably associated with differential HLA-G
expression, but the mechanisms are unknown. However, as
discussed later, the pattern of LD observed for the promoter
region extends up to HLA-G 3UTR [6, 8, 9, 27, 77–79] and
at least 20 kb beyond theHLA-G 3UTR [102].Thus, selective
pressures acting on other HLA-G regions as well as adjacent
sequences might also influence HLA-G promoter variability
and heterozygosis. Figure 2 illustrates major HLA-G pro-
moter region haplotypes observed in worldwide populations.

3. Posttranscriptional Regulation of HLA-G

As previously stated, there is no consensus regarding the
positions of the nucleotide variation in the HLA-G 3UTR,
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considered to be located mostly in exon 8. Since there
is no official information regarding the HLA-G 3UTR
sequences, the nucleotide positions used in the present
study follow those previously reported by our group [1, 6,
27], that is, inferring polymorphic sites in 3UTR using
the original HLA-G sequence described by Geraghty and
colleagues [103] and considering nucleotide +1 as theAdenine
of the first translated ATG (similar to the IMGT/HLA
description). In the HLA-G 3UTR, there is a well-studied
polymorphism that consists of a 14-nucleotide deletion
(rs371194629 or rs66554220), also known as the 14-bp indel
(insertion/deletion) polymorphism. The sequence used as
a model for the HLA-G promoter structure (NG 029039)
does not present this 14-nucleotide sequence (that would be
inserted between nucleotides +2960 and +2961). Given that
the presence of these 14 nucleotides is also found in gorillas
and chimpanzees, it should represent the ancestor allele, and
the 14 bp sequence should be included in the 3UTR reference
sequence. Therefore, any position after nucleotide +2960 is
taken considering the original NG 029039 sequence plus 14
bases. For instance, the polymorphism at the +3142 position
discussed later in this review refers to the +3128 nucleotide in
the NG 029039 reference sequence.

Due to a premature stop codon (positions +2536 to
+2538 in NG 029039), the HLA-G gene presents a relatively
large 3UTR genomic sequence that extends up to the +3292
nucleotide, encompassing approximately 754 nucleotides.
Inside the 3UTR genomic region, there is an intron that is
spliced out, giving rise to the mature HLA-G mRNA with a
3UTR sequence of approximately 397 nucleotides (consider-
ing the presence of the 14 bases discussed earlier).This 3UTR
is a key feature for transcriptional HLA-G regulation, which
is important for (i) HLA-G mRNA stability, (ii) targeting
specific microRNAs [104], and (iii) polyadenylation signal
in the AU-rich regulatory mRNA element [105]. The mRNA
availability for translation, as well as consequent protein

production and maturation, is constantly balanced by the
opposing forces of transcription levels and mRNA decay.The
transcription level ismainly driven by the 5 regulatory region
and the presence of specific transcription factors, while
mRNA decay is mainly driven by its intrinsic stability (which
is dependent on the nucleotide sequence) and the action
of microRNAs. MicroRNAs may negatively regulate gene
expression by translation suppression, RNA degradation, or
both [104, 106–108]. The first miRNA was reported in 1993
[109], and more than 2000 human microRNAs have been
reported to date [110, 111].

The HLA-G 3UTR presents several polymorphic sites,
some of which have been associated with differential HLA-
G expression profiles. Although the HLA-G 3UTR seg-
ment is quite short compared to the same region in other
genes, it presents at least eight polymorphic sites that are
frequently found in worldwide populations (Figure 3). The
HLA-G 3UTR variability and haplotypes were systematically
explored in a Southeastern Brazilian population, in which
seven frequent haplotypes were described, encompassing
these eight polymorphic sites, designated UTR-1 to UTR-7,
and a rare one named UTR-8 [27]. The relationship between
HLA-G 3UTR polymorphisms (especially for the 14 bp
polymorphism) and other variable sites in theHLA-G coding
and promoter region was also previously explored [77, 78,
105, 112, 113]. Furthermore, several populations were evalu-
ated regarding these polymorphic sites, including additional
samples from other Brazilian regions and other worldwide
populations, and the same pattern of 3UTR variability has
been observed [6, 27, 28, 85, 102, 114–121]. Recently, the
variability at the HLA-G locus was explored by using the
1000 Genomes data [28, 102] and, taking together all of these
studies in the last decade, it became clear that the same 3UTR
pattern observed in Brazilians [27] is found worldwide, with
just some new low frequency haplotypes.
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Most of the polymorphisms present in theHLA-G 3UTR
may influence the HLA-G expression profile by different
mechanisms. Since they are present in a short mRNA
sequence with just some nucleotides apart, and since the
pattern of haplotypes is quite conserved [28, 102], the
influence of each polymorphic site on the HLA-G expres-
sion profile may not be independent of other polymorphic
sites; that is, extended haplotypes should be considered due
to the cumulative effects of different polymorphisms. For
example, the +3003, +3010, +3027, and +3035 polymorphic
sites encompass only 32 nucleotides that are also in linkage
disequilibriumwith each other and in linkage disequilibrium
with variable sites in the coding and promoter segments [6]
(Figure 3).

The firstHLA-G 3UTR polymorphic site associated with
HLA-G expression levels was an indel (insertion/deletion)
variant known as the 14 bp polymorphism. This polymor-
phism is characterized by the removal of a 14-nucleotide
segment [122] between positions +2961 and +2974, and
it presents high frequency in all populations studied so
far. The ancestor allele (the 14 bp presence or insertion)
is also found in gorillas and chimpanzees [1]. The 14 bp
polymorphism has been associated with the magnitude of
HLA-Gproduction [77, 123–125],modulatingHLA-GmRNA
stability [113, 126–128] and also as a target for microRNAs
[106]. In general, the presence of the 14-nucleotide sequence
(5-ATTTGTTCATGCCT-3) has been associated with lower
HLA-G production for most membrane-bound and soluble
isoforms in trophoblast samples [77, 78, 123, 125, 128].
However, Svendsen and colleagues observed the opposite
when K562 cells were transduced with ins-14 bp HLA-G1 or
with del-14 bp HLA-G1, in which the expression of HLA-
G1 was found to be higher for ins-14 bp cells compared to
del-14 bp cells [124]. Moreover, this 14-base sequence was
also associated with an alternative splicing of the HLA-G
transcript, in which 92 bases from the mature 3UTRHLA-G
mRNA were removed (including the 14-base sequence itself)
[113, 128], and these smaller transcripts were reported to
be more stable than the complete transcript [126]. Though
influencing mRNA stability, only a fraction of the mRNA
bearing these 14 nucleotides is further processed with the
removal of 92 bases, and the greater stability apparently does
not compensate for the lower HLA-G levels associated with
the 14-base sequence. Nevertheless, there are controversial
results regarding the influence of this polymorphism inHLA-
G expression and alternative splicing.

The following four polymorphic sites, frequently found in
the HLA-G 3UTR in worldwide populations, are present at
positions +3003, +3010, +3027, and +3035 [6, 27]. Although
no specific regulationmechanism has been described regard-
ing these polymorphic sites, they might influence microRNA
binding [106]. Additional polymorphic sites around this
small HLA-G 3UTR segment are infrequently observed in
worldwide populations, including the +3001 C/T polymor-
phism observed in Senegalese and Northeastern Brazilian
populations [115, 116] and the +3033 C/G polymorphism
observed among Northeastern Brazilians [115]. Although
there are no studies evaluating the functional properties

of these polymorphic sites, an in silico study reported that
several microRNAs might target this small segment [106].

The nucleotide variation at position +3142 has been
associated with the magnitude of HLA-G expression by
posttranscription mechanisms, such as the interaction with
microRNAs. It was functionally and computationally demon-
strated that this variation site would influence the binding
of specific microRNAs, including miR-148a, miR-148b, and
miR-152 [129]. The presence of a Guanine at the +3142 posi-
tion increases the affinity of this region for these microRNAs,
hence decreasing HLA-G expression by mRNA degradation
and translation suppression [106, 129, 130]. This polymor-
phism, together with the 14-bp polymorphism, has been
considered to be the most important one regarding HLA-G
posttranscription regulation, and methodologies have been
proposed to quickly type these polymorphic sites [131, 132]. At
least two studies have demonstrated that the +3142 C/G poly-
morphic sitemay influenceHLA-Gexpression bymodulating
themRNA interactionwithmiR-152, particularly in bronchial
asthma [129, 133]. However, there is no consensus regarding
the influence of this polymorphic site on the binding of
such microRNAs, since another functional study did not
detect this influence [134]. Instead, it was reported that
both miR-148a and miR-152 downregulate HLA-G expres-
sion, irrespective of the +3142 C or G alleles [134]. These
microRNAs have already been reported to modulate the
expression of another classicalHLA class I gene,HLA-C [135].
Interestingly, only HLA-C and HLA-G are usually found at
the maternal-fetal interface, indicating the presence of some
sort of coordinated regulation. Similarly to miR-148a, miR-
148b, and miR-152, other microRNAs have the potential to
bind to the HLA-G mRNA 3UTR and to influence HLA-
G expression. The binding ability of these microRNAs may
be potentially influenced by polymorphisms observed in the
HLA-G 3UTR [106].

Another polymorphic site that has been associated with
the magnitude of HLA-G expression is located at posi-
tion +3187 A/G. This polymorphism was associated with
preeclampsia in a Canadian population [136]. The mech-
anism underlying such association has been attributed to
the proximity of this polymorphic site to an AU-rich motif
that mediates mRNA degradation. Then, the presence of an
Adenine instead of a Guanine at position +3187 would lead to
a decreased HLA-G expression due to the increased number
of Adenines in this AU-rich motif [136].

In addition to the microRNAs that might target poly-
morphic sequences in the HLA-G 3UTR, some microRNAs
would bind to nonpolymorphic sequences and modulate
HLA-G expression irrespectively of the individual genetic
background. However, such approach has not yet been used
and only microRNAs targeting polymorphic sequences have
been evaluated. Nevertheless, the microRNA miR-133a was
found to target a nonpolymorphic sequence upstream to
the 14-b sequence fragment, between nucleotides +2945
and +2952, downregulating HLA-G expression (Figure 3).
This phenomenon was associated with the pathogenesis of
recurrent spontaneous abortion [137].

Taken together, the conserved patterns of HLA-G 3UTR
haplotypes and the few frequent haplotypes found worldwide
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[102, 116] show that only one haplotype does carry all
alleles that have been associated with high HLA-G expres-
sion. This haplotype, known as HLA-G UTR-1 [27] (14 bp
Deletion/+3003 T/+3010 G/+3027 C/+3035 C/+3142 C/+3187
G/+3186 C), does not present the 14 bp sequence; that is,
it presents a 14 bp deletion, which was associated with
highly soluble HLA-G expression; it presents a Cytosine at
position +3142 (less sensitive to specificmicroRNAs targeting
this region), and it exhibits a Guanine at position +3187
(increased mRNA stability). Besides possessing these three
polymorphic alleles associated with highHLA-G production,
UTR-1 presents some other interesting features: (i) it is one
of the most frequent 3UTR haplotypes found worldwide
[116], (ii) it has been described as one of the most recent
HLA-G 3UTR haplotypes among the frequent ones due to
its exclusive association with the presence of an Alu element
that is close to HLA-G (20Kb downstream the 3UTR) [102],
and (iii) UTR-1 was recently associated with higher HLA-G
expression [138].

Several studies have reported that the HLA-G 3UTR
segment is also under selective pressures, whereby balancing
selection is maintaining high levels of heterozygosis in this
region [6, 27, 28, 101, 139, 140]. As observedworldwide [27, 28,
102], the twomost frequentHLA-G 3UTR haplotypes (UTR-
1 and UTR-2) are also the most divergent ones (Figure 3).
They differ in all known variable sites that might influ-
ence HLA-G expression. Therefore, the same phenomenon
observed for the promoter region is also seen in the 3UTR, in
which high heterozygosis is observed between high- and low-
expression haplotypes. Moreover, the rate of recombination
in the HLA-G locus is quite low, and the pattern of linkage
disequilibrium found in the HLA-G locus encompasses the
promoter region, the coding region, the 3UTR, and at least
20 kB downstream of the 3UTR [102]. Thus, in general, only
few frequent extended haplotypes do exist and a specific
promoter haplotype is usually accompanied by the same
HLA-G coding sequence and the same 3UTR haplotype [6–
8, 28, 77, 78, 102]. The UTR-1 haplotype, for example, is
usually associated with the coding sequence for the HLA-
G∗01:01:01:01 allele and the PROMO-G010101a promoter
haplotype [6–8, 28, 102]. Therefore, the influence of each
variable site at the HLA-G transcriptional level must be
considered.

4. HLA-G Coding Region Polymorphisms
Influencing HLA-G Expression

The HLA-G genetic structure resembles the class I structure,
in which the first translated exon encodes the peptide signal,
the second, third, and fourth ones encode the extracellular
𝛼1, 𝛼2, and 𝛼3 domains, respectively, and the fifth and
sixth ones encode the transmembrane and the cytoplasmic
domain of the heavy chain. Considering the HLA-G coding
region (from the first translated ATG to the stop codon), at
least 75 single nucleotide polymorphisms (SNP) have been
observed, defining the 50 currently described HLA-G alleles,
encoding only 16 distinct proteins (IMGT, database 3.14.0,
November 2013). Similarly to what has been described for

other genes such as IRF4, MYC, IFNG, and others [141–146],
it is possible that intronic or exonic nucleotide sequencesmay
exhibit affinity for transcription factors, thereby regulating
the expression of the gene; however, this subject has not yet
been studied in the context of the HLA-G gene.

The presence of certain polymorphic sites in the coding
regionmay also regulate the expression of the seven described
HLA-G isoforms generated by alternative splicing of the pri-
mary transcript. Four of the HLA-G isoforms are membrane-
bound (HLA-G1, G2, G3, and G4) and 3 are soluble (G5, G6,
and G7) ones. HLA-G1 is the complete isoform exhibiting
a structure similar to that of the membrane-bound classical
HLA molecule, associated with 𝛽2-microglobulin, HLA-G2
has no 𝛼2 domain, HLA-G3 presents no 𝛼2 and 𝛼3 domains,
and HLA-G4 has no 𝛼3 domain. The soluble HLA-G5 and
HLA-G6 isoforms present the same extracellular domains of
HLA-G1 andHLA-G2, respectively, and the HLA-G7 isoform
has only the 𝛼1 domain [147–149]. In contrast to most of
the currently described HLA-G alleles that may produce all
membrane-bound and soluble isoforms, the presence of stop
codons in the coding region may yield truncated or missing
HLA-G isoforms. The HLA-G∗01:05N null allele presents a
Cytosine deletion in the last nucleotide of codon 129 or in
the first nucleotide of codon 130 (exon 3), leading to a TGA
stop signal in codon 189, yielding incomplete formation of
the HLA-G1, -G4, and -G5 isoforms and normal expression
of HLA-G2, -G3, and -G7 [1, 150, 151]. Similarly, the HLA-
G∗01:13N allele presents aC → T transition in the first base of
codon 54 (𝛼1 domain), yielding the formation of a premature
TAG stop codon, preventing the production of allmembrane-
bound and soluble isoforms, and therefore it is probably not
expressed [1, 152, 153].

Humans bearing allele G∗01:05N in homozygosis have
been reported [154–157], a fact that may indicate that soluble
HLA-G molecules or molecules lacking the 𝛼3 domain
are sufficient for HLA-G function. The frequency of the
G∗01:05N allele varies among different populations [1], rang-
ing from complete absence in Amerindian populations from
the Amazon, Mayans from Guatemala, and Uros from Peru
[139, 151, 158], to intermediate frequencies in Africa [155] and
higher than 15% in some populations of India [159], while
allele G∗01:13N is quite rare [152, 153]. It has been proposed
that high G∗01:05N frequencies are associated with high
pathogen load regions, and intrauterine pathogens would
act as selective agents, with increased survival of G∗01:05N
heterozygous fetuses. In this case, the reduced HLA-G1
expression may result in an improved intrauterine defense
against infections [139, 151, 154, 160]. To the best of our
knowledge, no homozygous G∗01:13N has been described.

5. Concluding Remarks

Due to the important role of HLA-G in the regulation of
the immune response and its relevant function during the
course of pregnancy, the overall structure of the molecule
has beenmaintained during the evolution process, preserving
major HLA-G binding sites to leukocyte receptors and HLA-
G dimer formation. On the other hand, several variable sites



10 Journal of Immunology Research

have been observed along the HLA-G regulatory regions.
Although a perfunctory analysis of the many variable sites
observed in the promoter region of several worldwide popu-
lations indicates that some known transcription factor target
regions have also been conserved, one cannot rule out the
influence of the differential action of distinct transcription
factors according to promoter region variability. In contrast,
most of the variable sites found in the HLA-G 3UTR might
influence HLA-G expression by facilitating or hindering
microRNA binding and/or influencing mRNA stability.
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G evolutionary history provided by a Nearby Alu insertion,”

Molecular Biology and Evolution, vol. 30, no. 11, pp. 2423–2434,
2013.

[103] D. E. Geraghty, B. H. Koller, and H. T. Orr, “A human major
histocompatibility complex class I gene that encodes a protein
with a shortened cytoplasmic segment,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 84, no. 24, pp. 9145–9149, 1987.

[104] S. Kuersten and E. B. Goodwin, “The power of the 3 UTR:
translational control and development,” Nature Reviews Genet-
ics, vol. 4, no. 8, pp. 626–637, 2003.

[105] M. Alvarez, J. Piedade, S. Balseiro, G. Ribas, and F. Regateiro,
“HLA-G 3-UTR SNP and 14-bp deletion polymorphisms in
Portuguese andGuinea-Bissau populations,” International Jour-
nal of Immunogenetics, vol. 36, no. 6, pp. 361–366, 2009.

[106] E. C. Castelli, P. Moreau, A. O. E. Chiromatzo et al., “In silico
analysis of microRNAS targeting the HLA-G 3 untranslated
region alleles and haplotypes,”Human Immunology, vol. 70, no.
12, pp. 1020–1025, 2009.

[107] P. N. Benfey, “MicroRNA is here to stay,” Nature, vol. 425, no.
6955, pp. 244–245, 2003.

[108] M. Yang and J. Mattes, “Discovery, biology and therapeutic
potential of RNA interference, microRNA and antagomirs,”
Pharmacology andTherapeutics, vol. 117, no. 1, pp. 94–104, 2008.

[109] R. C. Lee, R. L. Feinbaum, and V. Ambros, “The C. elegans
heterochronic gene lin-4 encodes small RNAs with antisense
complementarity to lin-14,”Cell, vol. 75, no. 5, pp. 843–854, 1993.

[110] S. Griffiths-Jones, “miRBase: the microRNA sequence
database,” Methods in Molecular Biology, vol. 342, pp. 129–138,
2006.

[111] S. Griffiths-Jones, R. J. Grocock, S. van Dongen, A. Bateman,
and A. J. Enright, “miRBase: microRNA sequences, targets and
gene nomenclature,” Nucleic Acids Research, vol. 34, pp. D140–
D144, 2006.

[112] T. V. F. Hviid, S. Hylenius, A. Lindhard, and O. B. Christiansen,
“Association between human leukocyte antigen-G genotype
and success of in vitro fertilization and pregnancy outcome,”
Tissue Antigens, vol. 64, no. 1, pp. 66–69, 2004.

[113] S. E. Hiby, A. King, A. Sharkey, andY.W. Loke, “Molecular stud-
ies of trophoblastHLA-G: polymorphism, isoforms, imprinting
and expression in preimplantation embryo,” Tissue Antigens,
vol. 53, no. 1, pp. 1–13, 1999.

[114] N. Lucena-Silva, V. S. de Souza, R. G. Gomes et al., “HLA-
G 3 untranslated region polymorphisms are associated with
systemic lupus erythematosus in 2 Brazilian populations,” The
Journal of Rheumatology, vol. 40, no. 7, pp. 1104–1113, 2013.

[115] N. Lucena-Silva, A. R. Monteiro, R. S. de Albuquerque et al.,
“Haplotype frequencies based on eight polymorphic sites at the
3’ untranslated region of the HLA-G gene in individuals from
two different geographical regions of Brazil,” Tissue Antigens,
vol. 79, no. 4, pp. 272–278, 2012.

[116] A. Sabbagh, D. Courtin, J. Milet et al., “Association of HLA-G
3 untranslated region polymorphisms with antibody response
against Plasmodium falciparum antigens: preliminary results,”
Tissue Antigens, vol. 82, no. 1, pp. 53–58, 2013.

[117] A. Garcia, J. Milet, D. Courtin et al., “Association of HLA-G 3
UTR polymorphisms with response to malaria infection: a first
insight,” Infection, Genetics and Evolution, vol. 16, pp. 263–269,
2013.

[118] D. Courtin, J. Milet, A. Sabbagh et al., “HLA-G 3 UTR-2
haplotype is associated with Human African trypanosomiasis
susceptibility,” Infection, Genetics and Evolution, vol. 17, pp. 1–7,
2013.



14 Journal of Immunology Research

[119] F. Sizzano, M. Testi, L. Zito et al., “Genotypes and haplotypes
in the 3 untranslated region of the HLA-G gene and their
association with clinical outcome of hematopoietic stem cell
transplantation for beta-thalassemia,” Tissue Antigens, vol. 79,
no. 5, pp. 326–332, 2012.

[120] J. Di Cristofaro, D. El Moujallya, A. Agnela et al., “HLA-G
haplotype structure shows good conservation between different
populations and good correlation with high, normal and low
soluble HLA-G expression,” Human Immunology, vol. 74, no. 2,
pp. 203–206, 2013.

[121] M.H. Larsen, S.Hylenius,A.-M.N.Andersen, andT.V. F.Hviid,
“The 3-untranslated region of the HLA-G gene in relation to
pre-eclampsia: revisited,”Tissue Antigens, vol. 75, no. 3, pp. 253–
261, 2010.

[122] G. A. Harrison, K. E. Humphrey, I. B. Jakobsen, and D. W.
Cooper, “A 14 bp deletion polymorphism in the HLA-G gene,”
Human Molecular Genetics, vol. 2, no. 12, p. 2200, 1993.

[123] V. Rebmann, K. Van Der Ven, M. Päßler, K. Pfeiffer, D. Krebs,
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HLA-G and HLA-E are HLA-Ib molecules with several immunoregulatory properties. Their cell surface expression can be
modulated by different cytokines. Since IL-27 and IL-30 may either stimulate or regulate immune responses, we have here tested
whether these cytokines may modulate HLA-G and -E expression and function on humanmonocytes. Monocytes expressed gp130
and WSX-1, the two chains of IL27 receptor (R), and IL6R𝛼 (that serves as IL-30R, in combination with gp130). However, only
IL27R appeared to be functional, as witnessed by IL-27 driven STAT1/ STAT3 phosphorylation. IL-27, but not IL-30, significantly
upregulated HLA-E (but not HLA-G) expression on monocytes. IFN-𝛾 secretion by activated NK cells was dampened when the
latter cells were cocultured with IL-27 pretreated autologous monocytes. Such effect was not achieved using untreated or IL-30
pretreated monocytes, thus indicating that IL-27 driven HLA-E upregulation might be involved, possibly through the interaction
of this molecule with CD94/NKG2A inhibitory receptor on NK cells. In contrast, cytotoxic granules release by NK cell in response
to K562 cells was unaffected in the presence of IL-27 pretreatedmonocytes. In conclusion, we delineated a novel immunoregulatory
function of IL-27 involving HLA-E upregulation on monocytes that might in turn indirectly impair some NK cell functions.

1. Introduction

HLA-class Ib family represents a small group of HLA-
class I molecules that include HLA-G, HLA-E, HLA-F, and
HLA-H [1]. In contrast with highly polymorphic classical
HLA-class Ia molecules that are mainly involved in the
presentation of peptides recognized by the T cell receptor on
T lymphocytes, as well as in the interaction with killer Ig-like
receptors on NK cells, HLA-Ib molecules are characterized
by a very low degree of polymorphism and display several
immunoregulatory properties [2].

HLA-G and -E are the best characterized among HLA-
Ib molecules. HLA-G can interact with four inhibitory
receptors, namely, immunoglobulin-like transcript (ILT)2,
ILT4, KIR2DL4, and CD160, and this interaction leads to
the inhibition of immune effector cell functions. The physi-
ological role of HLA-G is to abrogate the maternal NK cell
response against fetal tissue at maternal/fetal interface [3].

HLA-E presents peptides derived from the leader
sequence of other HLA-class I molecules to NK cells, by
interacting with the CD94/NKG2A receptor. When target
cells express normal levels of HLA and consequently HLA-
derived peptides are generated, this interaction takes place,
leading to the inhibition of NK cell lysis. In contrast, cells
with low to absent HLA-class I expression (i.e., tumor cells
and virus-infected cells) generate low amounts of HLA-
derived peptides, and consequently their surface expression
of HLA-E is low. The loss of interaction between surface
HLA-E and CD94/NKG2A provide a “kill” signal to NK cells
[4].

HLA-G expression can be modulated by different
cytokines, such as IL-10 [5, 6], IFN-𝛾 [7], IFN-𝛼 [8], IFN-
𝛽 [9], and TGF-𝛽 [10]. Similarly, modulation of HLA-E
expression has been reported by different authors, in
response to IFN-𝛾 [11–16], TNF-𝛼, and IL-1𝛽 [12]. In this
context, a possible modulation of HLA-G and -E expression
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by IL-27 may be interesting, since both immunostimulatory
and immunoregulatory properties have been ascribed to this
cytokine [17].

IL-27 belongs to the IL-12 family and is formed by
EBI3 (also shared by IL35) and p28 (homologous to p35
and p40 subunits of IL-12) [18]. The IL-27 receptor (R) is
composed by WSX-1 (also known as IL-27R𝛼/TCCR) and
gp130 chains [19]. Signal transduction initiated by IL-27
involves the phosphorylation of STAT molecules, especially
STAT-1 and -3, in different immune effector cells [18, 20–
22]. Very recently, the IL-27 p28 subunit has been described
as an independent cytokine, also known as IL-30, that may
function in the absence of the EBI3 subunit [23, 24]. p28
exerts anti-inflammatory effects by acting as antagonist of
gp-130 mediated signaling initiated by IL-6 or IL-27 [24]. In
addition, IL-30may signal independently through IL-6R𝛼, by
recruiting gp130 homodimers [25].

In this paper, we report for the first time the modulation
of a member of the HLA-class Ib molecule family by IL-27
in human monocytes, and we provide the first evidence of
a differential effect of IL-27 and IL-30 on a specific human
immune cell population.

2. Materials and Methods

2.1. Cell Isolation and Flow Cytometry. Peripheral blood
samples were obtained from six different normal donors
afferent to the blood bank of Istituto Giannina Gaslini,
after written informed consent. Monocytes and NK cells
were isolated using RosetteSep Human Monocyte Enrich-
ment Cocktail and RosetteSep Human NK cells Enrichment
Cocktail, respectively (StemCell Technologies), following
manufacturer’s protocol.

The expression of gp130, WSX-1, and IL-6R𝛼 was eval-
uated on freshly isolated monocytes using the following
monoclonal antibodies (mAbs): FITC-conjugated anti-gp130,
PE-conjugated anti-WSX-1, and PE-conjugated anti-IL-6R𝛼
(R&D Systems). Fluorochrome and isotype-matched irrel-
evant antibodies (Beckman Coulter) were used as negative
control. Cells were stained for 20min in the dark at 4∘C
and then washed in PBS (Sigma) supplemented with 1% FBS
(Euroclone).

IL-27 and IL-30 driven signal transduction was analyzed
on monocytes cultured for 30 at 37∘C and 5% CO

2
in the

presence or absence of human recombinant (hr)IL-27 (R&D
System, 100 ng/mL) or hrIL-30 (Abnova, 100 ng/mL), using
FITC-conjugated anti-phospho (p)STAT1, anti-pSTAT3, and
anti-pERK1/2 mAbs (Cell Signaling) following manufac-
turer’s protocol.

HLA-G and -E expression was evaluated on monocytes
cultured for 24 hours at 37∘C and 5% CO

2
in the presence

or absence of hrIL-27 (R&D System, 100 ng/mL) or hrIL-
30 (Abnova, 100 ng/mL), using purified MEM-G9 (Exbio)
and 3D12 (Biolegend) mAbs, respectively. Isotype-matched
irrelevant antibody (Beckman Coulter) was used as negative
control. Cells were stained for 20min in the dark at 4∘C
and washed in PBS (Sigma) supplemented with 1% FBS
(Euroclone). Cells were then incubated with PE-conjugated

goat anti-mouse IgG1 (Beckman Coulter) as secondary
reagent.

Cells were run on Gallios cytometer (Beckman Coulter).
104 events were collected. FACS analysis was performed using
Kaluza software (Beckman Coulter). Data were expressed as
mean relative of fluorescence intensity (MRFI = mean of
fluorescence intensity obtained with specific antibody/mean
of fluorescence intensity obtained with irrelevant isotype-
matched antibody).

2.2. Degranulation Assay. Freshly isolated NK cells (105
cells) were cultured in RPMI-1640 medium (Euroclone) sup-
plemented with 10% FBS (Euroclone) using round-bottom
96-well plates (Corning), in the presence or absence of
target cells (K562 cell line) at 1 : 4 effector/target ratio. In
some experiments, autologous monocytes (2.5 × 104 cells,
pretreated or not with IL-27 or IL-30, as described above)
were added as third-party cells. PE-conjugated anti-CD107a
mAb (Miltenyi Biotec) was added to each well. Cells were
incubated for 5 hours at 37∘C and 5% CO

2
. Cells were then

washed and run on Gallios cytometer (Beckman Coulter).
104 events were collected. FACS analysis was performed using
Kaluza software (Beckman Coulter). Data were expressed as
percentage of CD107a+ cells, gating on NK cells.

2.3. IFN-𝛾 Release by NK Cells. Flat-bottom 96-well plates
(Corning) were coated overnight at 4∘C with 100 𝜇L of anti-
NKp46 activating receptor mAb (2.5 𝜇g/mL, Miltenyi Biotec)
or PBS. Plates were thenwashed 3 times in PBS. NK cells were
plated at 105 cells/well in RPMI-1640 10% FBS supplemented
with IL12p70 (R&D System, 0.1 ng/mL), in the presence or
absence of autologous monocytes (2.5 × 104 cells, pretreated
or not with IL-27 or IL-30, as described above). Cells were
incubated at 37∘C and 5% CO

2
for 24 hours. Supernatants

were then collected and centrifuged at 3000 g for 10 minutes.
IFN-𝛾 was measured using IFN-𝛾 ELISA set (Immunotools),
following themanufacturer’s protocol. Absorbance at 450 nm
was measured using Infinite 200 PRO spectrometer (Tecan
Group Ltd.). Results are expressed as ng/mL IFN-𝛾.

2.4. Statistical Analysis. Statistical analysis was performed
using Prism Software (GraphPad Software Inc.).The normal-
ity of each variable was checked by using the Kolmogorov-
Smirnov test. When normality of data distribution was
found in all variables, statistical analysis was performed by
a parametric approach. Conversely, when normality of data
distribution was rejected in several variables, a nonparamet-
ric analysis was applied. Accordingly, 𝑡-test orMann-Whitney
test was used.

3. Results

3.1. HumanMonocytes Expressed Complete and Functional IL-
27R. The expression of gp130 and WSX-1 (the two subunits
of IL-27R) and IL-6R𝛼 (that serves as receptor for IL-30
in combination with gp130) was tested on freshly isolated
human monocytes. As shown in Figure 1(a), monocytes
expressed very high levels of gp130 (MRFI± SD: 44.35± 8.69)
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Figure 1: Expression and function of IL27R and IL30R in human monocytes. (a) Expression of gp130 (white bar), WSX-1 (grey bar), and
IL6R𝛼 (light grey bar) was evaluated by flow cytometry in freshly isolated monocytes. Results are represented as MRFI. Histograms represent
mean of six different experiments ± SD. One representative FACS analysis is reported in (b). Grey profiles show staining with irrelevant
fluorochrome and isotype matched mAb. Black profiles show staining with specific mAb. (c) STAT1, STAT3, and ERK1/2 phosphorylation
was investigated in monocytes cultured with medium alone (white bars), 100 ng/mL IL-27 (light grey bars), or 100 ng/mL IL-30 (grey bars).
Results are represented asMRFI. Histograms represent mean of six different experiments ± SD. Asterisks indicate statistical significance. One
representative FACS analysis is reported in (d). Grey profiles show staining with irrelevant fluorochrome and isotype matched mAb. Black
profiles show staining with specific mAb.

and IL6R𝛼 (MRFI ± SD: 33.11 ± 5.37), whereasWSX-1 expres-
sion (MRFI ± SD: 6.56 ± 1.33) was lower. A representative
FACS analysis is shown in Figure 1(b).

Next, we asked whether IL-27R and IL-30R expressed by
human monocytes were functional. As shown in Figure 1(c),
IL-27 treatment increased the phosphorylation of STAT1
(MRFI ± SD: medium 21.44 ± 8.32; IL-27 42.45 ± 5.26; 𝑃 =
0.05) and STAT3 (MRFI ± SD: medium 12.85 ± 2.1; IL-27
22.2 ± 2.86; 𝑃 = 0.05), but not of ERK1/2. Conversely,
no significant upregulation of pSTAT1, pSTAT3, or pERK1/2
was observed after treatment of monocytes with IL-30. A
representative FACS analysis is shown in Figure 1(d).

Thus, taken together, these data suggested that IL27R, but
not IL30R, was functional in human monocytes. Another
possible explanation is that IL-30 driven signaling may be

mediated by the activation of additional pathways that do not
include STAT or ERKmolecules, as reported in other human
immune cells.

3.2. IL-27 Treatment Induced Surface HLA-E Upregulation on
Monocytes. We have next investigated whether IL-27 or IL-
30 may modulate the surface expression of two HLA-class Ib
molecules on humanmonocytes. As shown in Figure 2(a), IL-
27 treatment significantly upregulated HLA-E (MRFI ± SD:
medium 4.33 ± 1.95; IL-27 9.75 ± 3.31; 𝑃 = 0.01) but not
HLA-G expression onmonocytes. In contrast, nomodulation
of HLA-G and -E expression was observed after treatment
of monocytes with IL-30. A representative FACS analysis is
shown in Figure 2(b).
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Figure 2:Modulation ofHLA-G andHLA-E expression in humanmonocytes and functional assays onNK cells. (a)HLA-G and -E expression
was investigated in monocytes cultured with medium alone (white bars), 100 ng/mL IL-27 (light grey bars), or 100 ng/mL IL-30 (grey bars).
Results are represented asMRFI. Histograms represent mean of six different experiments ± SD. Asterisks indicate statistical significance. One
representative FACS analysis is reported in (b). Grey profiles show staining with irrelevant fluorochrome and isotype matched mAb. Black
profiles show staining with specific mAb. (c) IFN-𝛾 was analyzed in supernatants from NK cells cultured with (i) medium alone (stripped
bar), (ii) in the presence of coated anti-NKp46 mAb (black bar) or in the presence of coated anti-NKp46 mAb and autologous monocytes,
(iii) untreated (white bar), (iv) pretreated with IL-27 (light grey bar), or (v) pretreated with IL-30 (grey bar). Results are represented as ng/mL
IFN-𝛾. Histograms represent mean of six different experiments ± SD. Asterisks indicate statistical significance. (d) Expression of CD107a
was evaluated on NK cells cultured with (i) medium alone, (ii) target cells (K562) at 4 : 1 effector : target ratio, and target cells (K562) in the
presence of autologous monocytes, (iii) untreated, (iv) pretreated with IL-27, or (v) pretreated with IL-30. One representative experiment out
of three performed is shown. The percentage of CD107a+ cells (gating on NK cells using physical parameters) is indicated.

3.3. IL-27 Treated Monocytes Inhibited IFN-𝛾 Release by
NK Cells but Not Cytotoxicity. Finally, we have investigated
whether the IL-27 driven upregulation of HLA-E on mono-
cytes may functionally impair autologous NK cell function.
To this end, we have investigated IFN-𝛾 secretion and
cytotoxic activity of NK cells cultured in the presence or
absence of autologous monocytes, previously treated with
medium alone, IL-27, or IL-30.

IFN-𝛾 secretion was investigated on supernatants from
NK cells cultured in different experimental conditions.

As shown in Figure 2(c), IFN-𝛾 secretion was low to absent
in NK cells cultured with medium alone (mean ng/mL ± SD:
0.22 ± 0.18), whereas NK cells cultured in the presence of
coated anti-NKp46 agonist mAb secreted high amounts of
IFN-𝛾 (mean ng/mL ± SD: 3.12 ± 0.08). Such secretion was
significantly reduced when NK cells were cocoltured with
autologous monocytes pretreated with IL-27 (mean ng/mL ±
SD: 1.61 ± 0.04, 𝑃 = 0.01), but not with untreated (mean
ng/mL ± SD: 2.73 ± 0.19) or IL-30 pretreated (mean ng/mL
± SD: 2.67 ± 0.1) monocytes.
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Cytotoxic activity of NK cells was next assessed by
investigating the secretion of lytic granules in response to
target cells, witnessed by CD107a expression on the cell
surface. NK cells culturedwithmedium alone displayed a low
to absent degranulation (% CD107a+ cells ± SD: 0.81 ± 0.29)
that was dramatically increased in the presence of K562 cell
line (% CD107a+ cells ± SD: 29.21 ± 4.95). NK cells preserved
the ability to secrete lytic granules in response to K562 cell
line when cultured in the presence of autologous monocytes
pretreated with IL-27 (% CD107a+ cells ± SD: 34.06 ± 7.43),
IL-30 (% CD107a+ cells ± SD: 30.35 ± 2.77), or medium alone
(% CD107a+ cells ± SD: 31.47 ± 1.73). A representative FACS
analysis is shown in Figure 2(d).

Our results indicated that IL-27 treated monocytes that
upregulated surface HLA-E expression were able to dampen
IFN-𝛾 secretion by activated autologous NK cells, proba-
bly through the interaction of HLA-E with the inhibitory
receptor CD94/NKG2A expressed on NK cells. Conversely,
such interaction was not sufficient to inhibit the release of
cytotoxic granules by NK cells in the presence of HLA-class I
deficient target cells.

4. Discussion

The role of HLA-class Ib molecules in the control of the
immune system has been clearly described in the last years
[26, 27]. Surface and soluble HLA-G molecules abrogate the
function of different immune effector cells, such as NK cells,
T cells, and B cells, through different mechanisms [3]. A high
expression ofHLA-E on the surface of target cellsmay protect
them from NK cell mediated lysis [28], and this feature is
commonly used as immune escape mechanism by virus-
infected cells [15] or tumor cells [29]. In addition, several
authors have demonstrated that cells with high surface HLA-
E expression may modulate other NK cell functions through
the interaction with CD94/NKG2A on NK cells, for example
during trophoblast recognition by decidual NK cells [30].

No information is available regarding a possible modula-
tion of HLA-G and -E expression by IL-27. It has been previ-
ously reported that IL-27 exerts a proinflammatory activity
on human monocytes, inducing an augmented response
to TLR signals [31, 32] and the release of proinflamma-
tory cytokines and chemokines [33] mainly through STAT1,
STAT3, and NF-𝜅B activation.

In line with these data, we have here demonstrated that
in monocytes IL-27 signals through STAT1 and STAT3 phos-
phorylation, whereas ERK pathway was unaffected by IL-27
treatment. In addition, we have demonstrated for the first
time that IL-30 displays a different behavior, since molecules
involved in IL-27 driven signaling pathway were unaffected
by IL-30. It is conceivable that additional pathway(s) other
than that of STAT and ERK might be involved in IL-30
signaling inmonocytes. Another possible explanationmay be
related to a defective function of IL-30R on monocytes.

We have here provided the first demonstration that IL-27
treatment upregulated HLA-E (but not HLA-G) expression
on the cell surface of human monocytes. The upregulation
of this immunoregulatory molecule on the latter cells is

apparently in contrast with the literature, since different
studies have demonstrated a proinflammatory activity of IL-
27 on human monocytes [31–33]. However, in the last years,
several evidences support the concept that this cytokine may
function either as proinflammatory or immunoregulatory
factor [34]. In addition, we have very recently demonstrated
that IL-27 may act as homeostatic cytokine, limiting the
duration and the intensity of adaptive immune response by
inhibiting the function of immature dendritic cells [35]. In
this view, we may hypothesize that the upregulation of HLA-
E on monocytes may function as a negative feedback signal
to NK cells, leading to decreased IFN-𝛾 secretion by the
latter cells that may in turn limit their helper function and
consequently the activation of other immune effector cells. In
support of this hypothesis, we have previously demonstrated
that HLA-E is upregulated in peripheral blood and synovial
monocytes from patients affected by juvenile idiopathic
arthritis [36], thus suggesting that HLA-E upregulation takes
place during autoimmune and inflammatory conditions.

5. Conclusions

In conclusion, we delineated a novel potential mechanism of
action for IL-27 that may regulate some NK cell functions
indirectly through the upregulation of surface HLA-E on
human monocytes. Future studies on patients affected by
different autoimmune and inflammatory diseases will help to
clarify whether this feature may be relevant in physiological
and pathological settings.
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Pregnancy is an immunological paradox, where fetal antigens encoded by polymorphic genes inherited from the father do
not provoke a maternal immune response. The fetus is not rejected as it would be theorized according to principles of tissue
transplantation. A major contribution to fetal tolerance is the human leukocyte antigen (HLA)-G, a nonclassical HLA protein
displaying limited polymorphism, restricted tissue distribution, and a unique alternative splice pattern. HLA-G is primarily
expressed in placenta and plays multifaceted roles during pregnancy, both as a soluble and a membrane-bound molecule. Its
immunomodulatory functions involve interactions with different immune cells and possibly regulation of cell migration during
placental development. Recent findings include HLA-G contributions from the father and the fetus itself. Much effort has been put
into clarifying the role of HLA-G during pregnancy and pregnancy complications, such as preeclampsia, recurrent spontaneous
abortions, and subfertility or infertility.This review aims to clarify themultifunctional role ofHLA-G in pregnancy-related disorders
by focusing on genetic variation, differences in mRNA stability between HLA-G alleles, differences in HLA-G isoform expression,
and possible differences in functional activity. Furthermore, we highlight important observations regarding HLA-G genetics and
expression in preeclampsia that future research should address.

1. Introduction

The human leukocyte antigen (HLA)-G is a HLA class Ib
protein, which in contrast to the highly polymorphic classical
HLA molecules shows limited polymorphism and restricted
tissue distribution and has a unique alternative splice pattern
[1–3].

HLA-G is expressed as several different splice variants
including four membrane-bound (HLA-G1 to -G4) and
three soluble isoforms (HLA-G5 to -G7). In addition, both
membrane-bound 𝛽2-microglobulin (𝛽2m)-linked and free
dimers, membrane bound 𝛽2m-free heavy chains, and pos-
sibly soluble 𝛽2m-free dimers have been reported [1, 4–6].
Approximately 50HLA-G alleles corresponding to 16 HLA-G
proteins have been reported (The IMGTdatabase; Nov. 2013).
Investigations ofHLA-G genetics in relation to risk of certain
pregnancy complications have increased during recent years
[7–9].

The expression of HLA-G was first described in pla-
centa during pregnancy as the conventional 𝛽2m-linked

membrane-bound form, and subsequently several other iso-
forms have been reported in this compartment [1, 10]. To
date, there is a good amount of evidence to support that
the extra-villous trophoblast (EVT) cells express membrane-
bound HLA-G1, soluble HLAG-5/-G6, and possibly other
isoforms, whereas the HLA-G5 and HLA-G2/-G6 expression
in villous trophoblast (VT) and syncytiotrophoblast (ST) cells
have been proposed but are still a matter of controversy [6,
11, 12]. Furthermore, membrane-bound HLA-G1 can be shed
from the membrane and released as soluble HLA-G1 [13]. In
addition to placental expression, soluble HLA-G (sHLA-G)
has been detected in peripheral blood from men, pregnant
and nonpregnant women, follicular fluid, fertilized oocytes,
and inmale reproductive tissues including semen [14–18]. It is
still not clear, however, exactly which of the isoforms of HLA-
G that are responsible for the immunomodulatory functions
during pregnancy.

HLA-G has been shown to be a ligand for the immune
receptors immunoglobulin-like transcript 2 (ILT-2), ILT-4,
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and the killer immunoglobulin-like receptor 2 (KIR2DL4)
[19–22]. The immunomodulatory effects that result from
these interactions include inhibition of T cells, inhibition of
NK cell proliferation and cytotoxic functions, enhancement
of the generation of regulatory T cells, inhibition of the differ-
entiation of antigen-presenting cells (APC), and alterations in
cytokine secretion [23, 24].

During pregnancy, immunoregulatory functions must be
initiated to secure acceptance of the semiallogenic fetus.
The fetus displays antigens inherited from the father on
the cell surfaces. Originally, the maternal acceptance of the
fetus was explained partly by the fact that trophoblast cells
lack expression of the highly polymorphic classical HLA-A
and -B molecules and partly because the immune system
shifted from a T helper 1 (Th1) cytokine profile towards a
Th2 cytokine profile [33, 34]. However, this would generate
a problem in relation to natural killer (NK) cell-mediated
lysis of cells lacking HLA expression; uterine NK cells
constitute a large part of the immune cells in the uterine
compartment [35]. This dilemma was overcome, when the
expression of nonpolymorphicHLAclass Ibmolecules,HLA-
E, -F, and -G, on EVT cells, was discovered and explored.
EVT cells also express HLA-C, apparently in low amount
[36]. The restricted tissue distribution of HLA-G and its
immunomodulatory functions have generated much effort
into clarifying the function of HLA-G during pregnancy, and
which role HLA-G might have in pregnancy complications,
such as preeclampsia, recurrent spontaneous abortions, and
subfertility or infertility.

Preeclampsia is a pregnancy disorder that can be roughly
divided into two stages [37]. The first is characterized by
the trophoblast migration into decidua creating the first
materno-fetal interface, and the second is when the syncy-
tiotrophoblast comes into direct contact withmaternal blood.
The disorder affects 2–7% of all pregnancies in varying degree
from mild hypertension, proteinuria, and oedema to kidney
and liver dysfunction, impairs the blood coagulation system,
and in worst cases cerebral haemorrhage [8]. The pathology
of this disorder is still unknown, but it has been proposed that
preeclampsia evolves from dysfunctional immunoregulation.
As a first step, during first trimester, it has been hypothesised
that lack of an adequate immunological response may lead
to failure of trophoblast invasion and failure of spiral arteries
remodelling, resulting in poor blood supply and possibly
hypoxia in the placenta. At the second step during second
trimester, where signs of preeclampsia are recognizable in
the maternal organ systems, it has been difficult to identify
the triggering factors. Several studies have linked HLA-
G genotypes and aberrant HLA-G protein expression to
preeclampsia; however, other studies have not obsered any
significant associations [38–41]. In addition, several studies
have linked certain HLA-G genotypes and aberrant HLA-
G protein expression to the risk of recurrent spontaneous
abortions (RSA) [9].

This review aims to clarify the role of HLA-G in
pregnancy-related disorders such as preeclampsia by focus-
ing on genetic variation, differences in mRNA stability
between different HLA-G alleles, differences in HLA-G iso-
form protein expression, and possible differences in receptor

Table 1: A comparison of differences in HLA-G gene and protein
expression and functional characteristics between the 14 bp dele-
tion and 14 bp insertion alleles. The observed differences may be
influenced by other DNA and mRNA polymorphisms in the 3-
untranslated region (3UTR), especially the +3142 and +3187 SNPs,
and/or the 5-upstream regulatory region of HLA-G that are in
linkage disequilibrium with the 14 bp ins/del polymorphism (see the
text and Figure 1 for details). (Based on a large number of references
listed in the text).

14 bp
deletion

HLA-G allele

14 bp
insertion

HLA-G allele
Alternative splicing ofHLA-GmRNA
that includes a deletion of 92 bp of
the 3UTR

No Yes

Levels of HLA-GmRNA (not
including the 92 bp splice variants) +++ ++

Levels of soluble HLA-G1 ? ?
Levels of HLA-G5 during pregnancy∗ + ++
Levels of soluble HLA-G in blood
plasma from healthy nonpregnant
donors∗∗

+++ ++

Membrane-bound expression of
HLA-G1∗ ++ +++

HLA-GmRNA stability + +++
Inhibition of NK cytotoxicity∗ + ++
∗Only one or very few studies; needs further verification.
∗∗
𝛽2-microglobulin-associated soluble HLA-G1 and HLA-G5.

interactions and functional activity.The reviewwill also high-
light important and partly conflicting observations regarding
HLA-G genetics and HLA-G expression in preeclampsia that
further research needs to address.

2. HLA-G Polymorphisms in relation to
Alternative Splicing and Protein Expression

Given the immunoregulatory functions of HLA-G, studies
have focused on possible gene variations influencing HLA-G
expression. Harrison et al. reported a 14 bp insertion/deletion
(14 ins/14 del) polymorphism in the 3-untranslated region
(3UTR) of the HLA-G gene at position +2961 (Figure 1)
[42]. A summary of the most important known differences
in posttranscriptional processing, protein expression, and
functional activity of the 14 del HLA-G allele and 14 ins HLA-
G allele is depicted in Table 1 and Figure 2.

In the current review, the positions of polymorphisms
in the 3UTR of the HLA-G gene are listed as in Castelli
et al. [27]. These positions differ by 15 nucleotides after the
14 bp ins/del polymorphism when compared to the original
published HLA-G gene sequence by Geraghty et al. [26].
Nucleotide +1 is the adenine (A) of the first translated
ATG. Furthermore, HLA-G allele nomenclature is in the
current review listed according to the WHO nomenclature
versions (The IMGT database) used in the specific original
publications reviewed, because conversions to the current
nomenclature can be difficult and inaccurate.
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Exon 8

1541
2961
rs1704

SNP2995:G/C SNP3127:C/G SNP3181:C/G
SNP1577 SNP1709 SNP1763
+3010 +3142 +3196
rs1710 rs1063320 rs1610696

SNP3172:G/A
SNP1754
+3187
rs9380142

Exon 8
AUUUA

C G A G
Strong linkage disequilibrium

SNP2995 SNP3127      SNP3172     SNP3181
+3010 +3142           +3187 +3196

+3003:T/C +3027:C/A     
+3035:C/T

Polymorphism in the 3-untranslated region of the HLA-G gene

2959: 5 3


14 bp

AUUUA14 bp

3


3


5


5


-ATTTGTTCATGCCT-

Figure 1: Polymorphisms in the 3-untranslated region (3UTR) of theHLA-G gene.The 3UTR haplotype shown below has been associated
with the risk of developing severe preeclampsia [25]. (Nomenclature used by different authors is shown for clarification. “SNPxxxx,” for
example, SNP3127, is based on the original publication of the HLA-G gene sequence by Geraghty et al. [26] and the study of HLA-G 3UTR
haplotypes in cases of severe preeclampsia by Larsen et al. [25]; “+xxxx,” for example, +3142, by the publication by Castelli et al. [27]. (Based
on [25, 27, 28])).

The 14 ins allele has been associated with significantly
lower HLA-G mRNA levels in first trimester trophoblast
cells compared to the 14 del allele [30, 41]. Furthermore,
studies have shown unique alternative splice patterns in
relation to the 14 ins allele, where 92 bp are spliced out due
to an introduction of a cryptic branchpoint not found in
the 14 del allele [1, 30]. This alternative splicing was more
prominent in the G∗010103 (G∗01:01:03:0x) allele compared
to the G∗010102 (G∗01:01:02:0x) allele, and interestingly,
homozygous individuals carrying theG∗010103 allele showed
the same HLA-G1 expression as the high secretor G∗010101
(G∗01:01:01:0x) allele, and even higher expression of HLA-
G2/-G4. Another study found that, when the 92 bp is deleted,
a more stable HLA-G transcript is obtained [31]. This has
led to a hypothesis that the deletion of 92 bp might be a
compensatory mechanism in individuals carrying the 14 ins
allele in an attempt to increase sHLA-G protein expression.

In placental tissue, a reduced expression of HLA-G
has been linked to preeclampsia, but these studies did not
differentiate between membrane-bound HLA-G and sHLA-
G; and most of these studies did not examine a possible
association with the 14 bp polymorphism [40, 41, 43, 44].
A number of studies have reported an association between
fetuses carrying the 14 ins allele and/or the 14 ins/14 ins HLA-
G genotype and risk of preeclampsia [25, 38, 41, 45, 46].
On the other hand, some studies have not observed any
association [39].

Several studies have found that the 14 ins allele is
associated with decreased levels of soluble HLA-G in blood
plasma [47–50], while a few studies found no association
[51, 52]. In most of the studies, sHLA-G has been deter-
minedwith a commercially available sHLA-G enzyme-linked
immunosorbent assay (ELISA) kit (Exbio, Praha), based on
the capture antibody MEMG/9, capturing sHLA-G1/-G5 in
association with 𝛽2m and a detecting antibody against 𝛽2m.

Interestingly, the study by Wu et al., who failed to report
an association, used a different ELISA assay with a higher
limit of detection, compared to the Exbio kit. This could
account for the differences in results, whereas there is no
obvious explanation to the reported lack of association in
the study by Zhang et al. examining children with atopic
asthma and positive controls. In a study by Rizzo et al.,
sHLA-G1 and HLA-G5 were determined by performing two
different ELISA assays: one capturing both sHLA-G1 and
HLA-G5 and one capturing only HLA-G5 by the use of the
monoclonal antibody (mAb) 5A6G7, which is specific for
HLA-G5/-G6 [53]. Surprisingly, this showed that women
with severe preeclampsia had significantly higher levels of
soluble HLA-G5 than women with uncomplicated pregnan-
cies. In addition, there was a trend towards lower sHLA-G1
expression in women with severe preeclampsia [53]. This is
in accordance with a study of HLA-G mRNA expression in
preeclampsia, in which a high expression of HLA-G5mRNA
was detected in preeclampsia compared to controls [54]. Also,
it is partly in accordance with another studymeasuringHLA-
G5 levels in blood plasma of pregnant women in relation
to the 14 bp polymorphism. This study showed no difference
in HLA-G5 levels between pregnant women and control
women, and levels of HLA-G5 did not seem to change during
pregnancy. However, HLA-G5 levels were higher among
women carrying the 14 ins polymorphism either displaying
heterozygosity or homozygosity than women without the
14 ins allele [55].

In addition to the HLA-G 14 bp polymorphism, other
regions of the HLA-G gene have been studied for possible
association with HLA-G protein expression. The null allele
G∗01:05N is defined by a single nucleotide deletion polymor-
phism in codon 130 (also known as 1597C) in exon 3 leading
to a frameshift mutation resulting in abnormal full-length
HLA-G1 and -G5 isoforms. However, other alternatively
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Figure 2: A simplified illustration of current status regarding the dynamic differences in transcription, mRNA stability, and translation in
(extravillous) trophoblast cells between the 14 bp del and 14 bp ins HLA-G alleles. Only the full-length mRNA isoforms are shown for clarity.
The relative thicknesses of the specific arrows are putative and should be interpreted with caution. The effect of the HLA-G 14 bp ins/del
polymorphism in the 3-untranslated region (3UTR) on HLA-G expression may be influenced by linkage disequilibrium with single
nucleotide polymorphisms (SNPs) in the 3UTR, especially the +3142 and +3187 SNPs according to one study [29], and in the 5-upstream
regulatory region. (Based primarily on [1, 30–32]).

spliced HLA-G isoforms lacking exon 3 are generated, and
some studies support that these isoforms might also possess
functional capacity resembling the function of the full length
proteins [56].This is further supported by recent experiments
with synthetic HLA-G protein variants [57]. One study
found that sHLA-G levels in healthy pregnant women were
significantly lower in women carrying this 1597C deletion
mutation [58]. In addition, it was shown that the deletion
mutation was more frequent in a group of preeclamptic
women compared to normal controls.

Recently, increasing interest has been drawn towards
examining single nucleotide polymorphisms (SNPs) in the
3UTR region of the HLA-G gene. One study examined
a C/G SNP at position +3142 in relation to microRNAs
(miRNAs) [59]. MicroRNAs are noncoding single-stranded
RNAs modulating gene expression by targeting mRNA.
Based on thermodynamic calculations, the authors hypoth-
esized that the binding of miRNA would be more stable
in genotypes carrying a G at position +3142 compared to
genotypes carrying a C. The sHLA-G level in JEG-3 cells
expressing the +3142G SNP was markedly decreased after
transfection with miRNA-148a. Although no comparison
with the 3142C genotype was made, this study indicates that
+3142G might be associated with decreased expression of

HLA-G [59]. Yie et al. found that a C/A SNP at position
+3187 of exon 8 resulted in reduced half-life of mRNA-
transcripts [60]. Interestingly, the 14 ins allele is in linkage
disequilibrium with both the +3142G and the +3187A SNPs.
This illustrates that linkage disequilibrium in theHLA-G gene
region plays a pivotal role. Other studies have identifiedmore
SNPs in the 3UTR as well [27, 28, 61]. Larsen et al. studied
HLA-G 3UTR polymorphism in severe preeclamptic cases
and controls in a North European population [25]. Castelli
et al. showed that SNPs in the 3UTR are target sites for
different miRNAs [61]. In the Brazilian population, Castelli
et al. tried to characterize polymorphisms and examine
the linkage disequilibrium between them. Interestingly, they
were able to group the gene variations into eight different
UTR haplotypes [62]. UTR-1 and UTR-2 were the most
frequently distributed, accounting for 52% of the haplotypes.
On this basis, Di Cristofaro et al. examined the correla-
tion of the UTR haplotypes with sHLA-G expression and
found that UTR-1 homozygous individuals displayed high
secretion, whereas individuals homozygotic for the UTR-2
haplotype were low secretors [63]. Furthermore, this study
found that the highest secretors were the UTR-5, regardless
of whether individuals were homozygous or heterozygous.
In a recent study, however, UTR-5 was found to be a low
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secretor [29]. A possible explanation to these contradictory
results is that 5URR polymorphisms affecting expression
that are associatedwith theUTR-5haplotypemay vary among
populations. Furthermore, although the ELISA in the two
studies was both based upon capture of sHLA-G1/HLA-G5
with the MEM-G/9 mAb, the study by Martelli-Palomino
et al. used an in-house ELISA with a HLA-G5 protein as
standard and tested blood plasma samples, while the study
by Di Cristofaro et al. used the commercial Exbio sHLA-G
kit with no well-defined standard and tested blood serum
samples [29, 63]. Serum samples have been shown to be
less reproducible in relation to sHLA-G measurements [64];
however, differences in sHLA-G concentrations may turn
out more pronounced when analysing serum samples. These
technical discrepancies may also partly explain differences
in results between the two studies. Future clarifying studies
should investigate blood plasma and a large number of sam-
ples.The study byMartelli-Palomino et al. showed thatUTR-
1 (14 del/+3142C /+3187G) is a high secretor, whereas UTR-5
and UTR-7 (14 ins/+3142G/+3187A) are low secretors, while
the rest of the haplotypes show intermediate sHLA-G levels
[29]. UTR-1 includes the 14 del allele. This is in accordance
with previous studies showing that the 14 ins sequence and
+3142G are associated with lower HLA-G expression [50, 65,
66]. The 14 del allele is also found in UTR-3, UTR-4, and
UTR-6, but all of these have the +3187A allele, whereas UTR-
1 displays the +3187G allele, which might also contribute to
UTR-1 showing higher sHLA-G expression than the other
haplotypes. Of interest is also the fact that the G∗01:05N
allele and the G∗01:06 are derived from the UTR-2 lineage,
which was shown to be a low or intermediate secretor. This
is in accordance with the study by Loisel et al. examining the
G∗01:05N allele, as discussed above, and a study by Moreau
et al. linking the G∗01:06 fetal genotype to preeclampsia [45,
58]. In addition, the UTR-2 is the only haplotype displaying
a G at position +3196, whereas the other haplotypes display a
C. From this it can be speculated that the +3196G allele might
be a binding site for miRNA or the target of other regulatory
mechanisms affecting HLA-G expression. No studies have
linked this SNP to sHLA-G expression yet, and curiously no
miRNAbinding siteswere found at positions +3187 and+3196
when testing with an array of miRNAs identified by affinity
calculations, whereas binding sites were localized at positions
+3003, +3010, +3027, +3035, and+3142 and at the 14 bp ins/del
polymorphic site [61]. However, these two SNPs are located in
close proximity to an AUUUA-pentamer sequence (Figure 1).
Such AU-rich elements (AREs) have been described in the
3UTR of labile mRNAs encoding, for example, cytokines.
Therefore, sequence variation close to AREs may influence
mRNA stability [67, 68].

At present, it seems that the 14 ins polymorphism and
the +3142 SNP are the most important gene variations inde-
pendently correlated with HLA-G protein expression. Also,
a consensus can be made in the direction that classification
based only on the 14 bp HLA-G polymorphism will result
in low-to-medium sHLA-G secretors in healthy donors with
14 ins/14 ins genotypes and medium-to-high secretors for
14 del/14 del genotypes.

3. Are There Any Functional
Differences between Membrane-Bound
and Soluble HLA-G?

Accumulating evidence suggests that the membrane-bound
HLA-G1, the shedded sHLA-G1, the soluble HLA-G5, and
possibly other isoformsmight exhibit different functions dur-
ing pregnancy. Early studies have not been able to support this
because no antibodies have been available for distinguishing
HLA-G isoforms. Given that shedded sHLA-G1 levels seem
to be lower in blood plasma of pregnant women with severe
preeclampsia in late pregnancy, as discussed earlier, it can be
speculated that HLA-G1 might be the most important source
of HLA-G in the pathogenesis of preeclampsia. However, as
this effect is observed in late pregnancy, where the interface
involving the VT and ST cells seems to play the most
important role, the results are puzzling. HLA-G5 might be
the most important isoform in the uterine compartment,
although this is controversial. It might also be that the
sHLA-G1 released during second trimester has important
interactions with maternal peripheral immune cells, thereby
inducing tolerance to the fetus. The role of circulating
HLA-G5, though, still remains to be elucidated. A recent
study based on HLA-G sequences transduced into K562
cells examining differences between the 14 ins and the 14 del
alleles actually found that membrane-expression of HLA-
G1 was higher in the 14 ins transfectants than in the 14 del
transfectants. On the contrary, the 14 del allele showed higher
secretion rates of the shedded HLA-G1 than the 14 ins allele.
Furthermore, it was shown that the 14 ins transfectants were
more efficient in inhibiting NK cytotoxicity than the 14 del
transfectants in accordance with a high HLA-G1 expression
[32].

In the male reproductive system, HLA-G5 seems to be
the central molecule. Our group and Langat et al. have
detected HLA-G5 in tissues such as the testis, the epididymis
and the prostate gland, and sHLA-G expression in seminal
plasma [16, 17]. Levels of sHLA-G in blastocyst media from
in vitro fertilization (IVF) have also been examined, and
it has been shown that high sHLA-G levels correlate well
with fertility success [69, 70]. However, these studies did not
differentiate between HLA-G isoforms and no studies have
tried to correlate HLA-G expression in blastocysts and in
IVF media to genetic variations. One study did, however, use
an antibody stated to capture 𝛽2m-free HLA-G molecules
(4H84) [71], but cross reactivity with other class I molecules
has been reported using this mAb, questioning these results
[72].

As described above, HLA-G has been found to interact
with the immune receptors ILT-2, ILT-4, and KIR2DL4.
ILT-2 is expressed on the surface of a wide variety of
immune cells including NK cells, CD4+ and CD8+ T cells,
B cells, macrophages, and monocytes, whereas ILT-4 is
predominantly expressed on the surface of APCs such as
macrophages, monocytes, and dendritic cells [22]. Another
receptor for HLA-G is KIR2DL4, and up until now HLA-G
has been thought to be the only known ligand for this recep-
tor; however, this was recently challenged [73]. KIR2DL4
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is mainly expressed on CD56bright NK cells, the major pro-
portion of NK cells in the uterus, whereas this cell type is
almost exclusively absent in the pool of NK cells circulating
in peripheral blood [35]. It was shown thatmembrane-bound
HLA-G induced inhibition of uterine NK cell-mediated
cytolysis through KIR2DL4, whereas peripheral NK cells
were almost devoid of this receptor and conversely did not
show inhibition of cytolysis [74, 75]. However, inhibition of
peripheral NK cell cytotoxicity by HLA-G1 in an EVT cell
line has been demonstrated. Additionally, KIR2DL4 surface
expression was upregulated when cocultured with the HLA-
G positive TEV1-cell line [76, 77]. Interestingly, KIR2DL4 has
not yet been shown to interact with soluble HLA-G although
a concept of endosomal signalling between these two has
been suggested [78]. Intriguingly, a woman with several
successful pregnancies has been identified, homozygous for
a genotype not encoding KIR, stating that the interaction
is not fundamental for successful pregnancy [79]. On the
contrary, it has been shown that the expression of KIR2DL4
on the surface of uterine NK cells was higher in fertile
women than among RSA women, indicating that the interac-
tion between membrane-bound HLA-G and KIR2DL4 may
favour induction of tolerance at the materno-fetal interface
[80]. Moreover, shedded HLA-G has also been found to
have the capacity to prevent NK-mediated cell lysis in a
sHLA-G transfected HLA-negative cell line [81]. This study
did not characterize any receptor interactions, making it
difficult to determine whether the inhibitory effect is due to
interaction with KIR2DL4, or alternatively another immune
receptor such as ILT-2. One study indicated that HLA-G5 is
more potent than HLA-G1 in inhibiting NK cell-mediated
lysis, when HLA-G1 and -G5 transfectants were studied in
K562 cells. However, the combination of HLA-G1 and -G5
had a significantly additive effect on the inhibition of NK
cytotoxicity [82]. A recent study shows that the KIR2DL4
receptor also has the potential of acting through its activating
motif. In a transfection study, it was shown that cytotoxicity
of NK cells towards a cell line could actually be induced by
the receptor interaction of KIR2DL4 and the unconventional
𝛽2m-free HLA-G isoforms. In addition proinflammatory
cytokines such as IL-1𝛽, TNF-𝛼, and IFN-𝛾 were expressed
[83]. Since some studies point towards that 𝛽2m-free HLA-
G isoforms are expressed at the fetomaternal interface,
one could speculate that these proinflammatory cytokines
participate in angiogenesis leading to vascular remodelling
and migration of the trophoblast. This is in accordance with
another study showing that sHLA-G does not affect the
cytolytic activity of uterine mononuclear lymphocytes but
induces IFN-𝛾 secretion in both uterine and peripheral NK
cells [84]. However, these findings are in direct contrast
to the traditional view of pregnancy as an immunological
shift from a Th1 to a Th2 response. Based on what we
know today, this hypothesis seems to be too simplistic, and
it is possible that membrane-bound HLA-G interacts with
inhibitory immune receptors to induce tolerance of the fetus,
and at the same time sHLA-G is serving as an activating
molecule promoting proinflammatory cytokine secretion
allowing trophoblast migration and vascular remodelling. It
is hypothesized that the interaction between early trophoblast

cells and endothelial cells of the spiral arteries is crucial for
trophoblast invasion. This interaction has been shown to
increase in a proinflammatory environment characterized by
cytokines such as TNF-𝛼 and IL1𝛽 [85]. This study showed,
by using blocking antibodies, that the adhesion molecules
VCAM-1 and 𝛼4𝛽1 were crucial for the interaction, but
whether there is any interaction between these adhesion
molecules and HLA-G on trophoblast cells remains to be
elucidated. A recent study on JAR and JEG-3 cell lines found
that HLA-G5 was able to stimulate trophoblast invasion
through KIR2DL4 and ILT-2 probably through the ERK
pathway [86]. This is in contrast to a previous study showing
that sHLA-G actually inhibited trophoblast invasion [87].
Interestingly, these studies varied in concentrations of sHLA-
G added in the invasion assay. In the study that suggested
inhibition of trophoblast invasion, recombinant sHLA-G
protein was added to the trophoblast cells at a concentration
one hundred times higher in comparison to the study report-
ing a stimulation of trophoblast invasion. Taken together
these studies could indicate that the effect of sHLA-G on
trophoblast invasion was concentration-dependent.

In addition to the HLA-G receptor interactions described
above several other immune cells might contribute to the
induction of tolerance at thematerno-fetal interface. Amodio
et al. identified a specific dendritic cell population by flow
cytometric analysis on first trimester decidual samples from
healthy pregnancies undergoing elective abortions [88]. The
DC-10 can either be recruited from peripheral blood, by
induction of resident decidual dendritic cells, or by de novo
induction promoted by the decidual microenvironment and
have been shown to express high amounts of HLA-G and
ILT-4 and promote IL-10 secretion. The IL-10 secretion is
proposed to induce expression of HLA-G, ILT-2, and ILT-
4 on immature decidual cells converting them to DC-10.
The DC-10 cells can be important in inducing tolerance as
they have been shown to be potent inducers of a specific
subset of CD4+CD25+FOXP3 regulatory T cells called Tr1
cells in vitro [89]. Another specific subset of regulatory
CD4+ T cells constitutively expressing HLA-G has been
shown to accumulate at inflammatory sites [90]. The study
by Amodio et al. also showed that levels of CD4+HLA-G+
T cells were significantly higher in the peripheral blood of
pregnant women compared to healthy controls [88]. From
this it can be speculated that these cells are recruited to
the fetomaternal interface during early implantation, where
inflammatory responses might be involved in trophoblast
invasion. In addition, these HLA-G positive cells have been
shown to suppress T-cell proliferation through a reversible
regulation of inflammation dependent on IL-10 and HLA-G
[91].

4. Tissue Specific HLA-G Expression in
relation to HLA-G Genetics

At present, not many published studies have addressed
possible differences in HLA-G genotype-associated expres-
sion between different types of cells and tissues. This could
be accomplished by cell- or organ-specific differences in
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stimulatory or inhibitory substances, for example, hormones,
or for independent types of cells, transcription factors or
miRNAs. A range of studies have been published that show
significant associations between sHLA-G concentrations in
blood plasma and serum and the HLA-G 14 bp ins/del geno-
type, alternatively HLA-G 3UTR haplotypes, as described
previously [29, 50, 63, 65]. In these studies, homozygous
14 ins/14 ins individuals show general lower sHLA-G1/HLA-
G5 protein levels than 14 del/14 del individuals, as discussed
above. However, recently, we have shown that the 14 ins allele
has the highest membrane-bound expression of HLA-G1
in transduced K562 cells [32]. Altogether, the relationship
between HLA-G genetics and HLA-G expression levels may
turn out to be more complicated than previous thought, and
it may even be tissue-specific.

5. Clarification of HLA-G Allele
Associations in Preeclampsia and Related
HLA-G Expression Is Needed

An increasing number of studies have indicated a role for
HLA-G in the pathogenesis of preeclampsia. Several studies
have reported reduced sHLA-G concentrations in maternal
blood in preeclamptic cases compared to controls in all
three trimesters of pregnancy [53, 71, 92–94]. HLA-G protein
and mRNA expression in the placenta seem to be reduced
in preeclampsia [40, 43, 44]. Furthermore, several studies
have observed significant associations between certainHLA-
G alleles, genotypes, and haplotypes [25, 38, 41, 45, 46].
Special attention has been drawn to the 14 ins allele and an
increased risk of severe preeclampsia in pregnancies, where
the fetus is homozygous for anHLA-G 3UTR haplotype that
includes the 14 ins, +3010C, +3142G, +3187A, and +3196G
polymorphisms [25]. Whether this 3UTR haplotype is a
low or intermediate sHLA-G secretor in healthy donors is
currently controversial [29, 63]. Furthermore, it is not known
if these findings can be extrapolated to HLA-G expression
in trophoblast cells, and thereby maternal blood sHLA-G
levels during pregnancy, which is higher than in nonpregnant
women.The soluble HLA-G concentration during pregnancy
must be a mix of contributions from the mother, most
probably from maternal immune cells, and from the fetal
trophoblast cells in the placenta. Two studies suggest that
the relationship between HLA-G polymorphism and HLA-
G expression during pregnancy might be complex. A small
study of HLA-G expression in term placenta in relation
to HLA-G genotypes and polymorphisms using immuno-
histochemical staining of HLA-G indicates that 14 ins/14 ins
trophoblast cells do not show a clearly reduced expression
of HLA-G [95]. Finally, a recent study of 14 ins and 14 del
transfectants in the K562 cell line revealed that the 14 ins
transfectants had a higher cell surface expression of HLA-G1
than the 14 del transfectants [32]. These controversies need
to be clarified in future studies. In relation to a possible
importance of HLA-G expression in the pathogenesis of
preeclampsia, it is important to study the influence of the
HLA-G polymorphisms in the 5URR and the 3UTR on
transcription,mRNA stability, and alternative splicing.This is

also important in the context that there might be differences
between HLA-G expression linked to these polymorphisms
in trophoblast cells and in immune cells. It can be speculated
that this might be due to different profiles of miRNAs,
other regulatory factors, and methylation status. Some of
these interactions might be abnormal in preeclampsia and
associated with specific HLA-G haplotypes, for example, the
14 ins/+3142G/+3187A haplotype as one study indicates [25].

Maybe the predominating soluble HLA-G isoform in
nonpregnant female donors and in male donors is HLA-G5,
and during pregnancy the rise in sHLA-G in the maternal
blood might primarily be a result of shedded HLA-G1 from
trophoblast cell membranes in the placenta.Therefore, HLA-
Gprotein expression in trophoblast cells in relation toHLA-G
genetics needs to be investigated in more detail.

That the reduced sHLA-G blood levels observed in
preeclampsia by a range of studies should merely be a
result of a specific fetomaternal HLA-G genotype combi-
nation is probably not the case. It can be hypothesized
that it might be a combination of predisposing HLA-G
polymorphism in interaction with one or several other
possible pathogenic factors, for example, an aberrant miRNA
profile, defects in metalloproteinase activity that have been
reported in preeclampsia, or the presence of certain viruses
in the placenta that contribute to development of preeclamp-
sia [96, 97]. Several studies have elucidated how human
cytomegalovirus (HCMV) interferes with and downregulates
HLA-G expression [98, 99]. Interestingly, a small pilot study
has linked the presence of HCMV sequences and certain
HLA-G alleles with increased risk of preeclampsia, and there
might be some evidence for an association between CMV
infection and preeclampsia [100, 101].

In conclusion, in future studies for clarification of the role
of HLA-G in the development of preeclampsia, ideally HLA-
G genetics, maternal blood sHLA-G levels, metalloproteinase
activity, and the presence of specific viruses should be studied
in the same cohort of pregnantwomen including a substantial
number of pregnancies complicated with preeclampsia.
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