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Abstract

Background Human leukocyte antigen G (HLA-G) is
thought to play a key role in implantation by modulating
cytokine secretion to control trophopblastic cell invasion
and to maintain a local immunotolerance.

Method of study The literature is reviewed to provide a
description of the genetic background, properties of the
protein, and the function of HLA-G. Data are presented on
potential clinical applications of HLA-G including the use
of evaluation of HLA-G gene polymorphisms in the
diagnosis of patients experiencing recurrent pregnancy loss
and evaluation and testing of soluble HLA-G (sHLA-G) in
embryo culture media for the selection of embryos for
transfer after in vitro fertilization (IVF).

Results The literature supports a central role of HLA-G for
successful implantation. Of couples experiencing recurrent
pregnancy loss, 32% demonstrated the -1725G HLA-G
polymorphism. Our data showed that when embryos were
selected for transfer after IVF based on culture media
concentrations of sHLA-G>2 U/ml and good morphologic
grade, a 65% pregnancy rate compared with a 0%
pregnancy rate in those with <2 U/ml sHLA-G.
Conclusions HLA-G is important for successful implanta-
tion in human beings. The HLA-G -725 promoter poly-
morphism is a risk factor for recurrent miscarriage.
Measurement of sHLA-G in embryo culture media can
help select embryos for transfer after IVF allowing fewer
embryos to be transferred in an attempt to lower multiple
gestation rates.
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Introduction

A central question in pregnancy is how the fetal-placental
unit avoids maternal immune rejection. Although fetal and
maternal cells interact throughout pregnancy, the fetus
typically remains a privileged site, not subject to rejection.
It is likely that the particular nature of the cells at the fetal—
maternal interface and their products help prevent rejection
of the fetus by the maternal immune system. Attention has
been focused on human leukocyte antigen G (HLA-G) as is
thought to play a key role in implantation by modulating
cytokine secretion to control trophoblastic cell invasion and
to maintain a local immunosuppressive state [1, 2].
Trophoblastic cells are the prime source of HLA-G [3].
Interaction between soluble forms of HLA-G (sHLA-G)
secreted by the trophoblasts and uterine lymphocytes in the
decidual tissues is a major player in the induction of
immunotolerance for the invading blastocyst. This review
will discuss the genetic background of HLA-G, properties
of HLA-G protein including sHLA-G, the function of
HLA-G, and potential clinical applications of HLA-G.

HLA-G: genetic background

A novel gene, HLA-G, was cloned in 1987 and was first
described as a major histocompatability complex (MHC)
class Ib gene whose structure is homologous to the other
HLA class 1 genes [4]. The gene has an intron/exon
organization identical to that in the class Ia genes (HLA-A,
HLA-B, and HLA-C). Within the 5’ flanking region of the
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gene, the HLA-G promoter has elements (e.g., AP-1,
NFkB) similar to sequences found in class la genes, but
lacks an interferon response element, suggesting novel
transcriptional regulatory mechanisms. The primary HLA-G
RNA transcript is also differentially spliced; in addition to the
full length mRNA, transcripts are produced that lack either
exon two, both exons two and three [5], or exon four [6]. A
soluble form of HLA-G encoded by an mRNA containing
intron 4 was described by Fujii et al. [7].

Analysis of its transcription of the HLA-G gene has led
to the identification of specific alternative mRNA splicing
products. The HLA-G primary transcript has been shown to
generate seven alternative mRNAs able to encode four
membrane-bound (HLA-G1, G2, G3, and G4) and three
secreted (HLA-GS5, G6, and G7) protein isoforms (Fig. 1a,b)
[5-8].

HLA-G: protein expression

HLA-G gene encodes proteins which are quite different
from classical HLA class I antigens (A, B, and C) in that it
is paucipolymorphic and the site of expression is extremely
limited. Although it is expressed as a membrane-bound
exhibiting a very restricted tissue distribution limited to
extravillous cytotrophoblast cells in the placenta, as well as

Extracellular domains

intracellular domains

in maternal spiral arteries, endothelial cells of fetal vessels
in the chorionic villi, amnion cells, thymus, and on
interferon-y-stimulated blood monocytes [9-14]. The
HLA-G protein product has 86% sequence identity to the
class I consensus sequence [15]. HLA-G has a lower
molecular mass (37-39 kDa) than class 1a molecules due to
a stop codon in exon 6 that results in the deletion of all but
6 amino acids in the cytoplasmic tail [16]. HLA-G1, which
derives from the translation of the complete HLA-G
transcript, has a structure similar to that of classical HLA
class T molecules: a heavy chain constituted of three
globular extra-cellular alpha-1, alpha-2, alpha-3 domains,
non-covalently associated with (32microglobulin and a
nonapeptide. HLA-G1 can be shed or proteolytically
cleaved from the cell surface, as has been described for
the classical HLA class I molecules [17]. The other
membrane-bound HLA-G isoforms lack one or two
globular domains, but all contain the alpha 1 domain.
HLA-G truncated isoforms are known not to associate with
[32-microglobulin or peptides. Secreted isoforms of HLA-G,
i.e. HLA-G5, -G6, -G7 are the soluble counterparts of
HLA-GIl, -G2, -G3, respectively. Membrane-bound and
secreted pairs share the same extracellular structure and
they differ only at their C-ends: whereas the membrane-
bound isoforms have a trans-membrane region (encoded by
exon 5) and an intra-cytoplasmic tail (encoded by exons
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6-8), these are replaced in secreted isoforms by a short
hydrophilic tail that is encoded by the 5’ sequences of intron 4
(HLA-GS and HLA-G6) or intron 2 (HLA-G7) [5-8]. The
presence of intron-encoded amino acids allows for the
discrimination between shed or proteolytic cleaved HLA-G
molecules and secreted HLA-G isoforms.

sHLA class I molecules have been recognized since
1970 [18, 19], but only recently they have become the
subject of intense research because of their presumed
importance in the immune response [6] and in the
modulation of the maternal-fetal immune relationship
during pregnancy [10]. sHLA-G molecules have been
shown to display six alternative splicing products, four of
which encode different truncated extracellular domains, as
two products, soluble sHLA-GI and -G2 which lacks exons
5 and 6, but contain intron 4. The resulting isoforms are
likely to be expressed in soluble form, since they lack the
transmembrane and intracellular domains. One of these
transcripts encodes the full-length HLA-GI soluble form
(sHLA-G) and yields a 37-kDa soluble protein that lead to a
purified form of sHLA-G and monoclonal antibodies,
respectively.

HLA-G: function

Initially, HLA-G was thought to prevent allorecognition by
maternal cytotoxic lymphocytes and to protect against
natural killer (NK)-cell-mediated cytolysis of target cells
[20]. More recently, evidence points toward immunomodu-
lation through induction of secretion of cytokines creating a
“chemical dialogue” between the embryo on the one hand
and the maternal immune tolerance mechanisms on the
other.

Recent studies using HLA-G proteins from transfected
cells and recombinent SHLA-G indicated that these proteins
regulate immune cells including T cells [21], antigen
presenting cells and NK cells [22, 23] (Fig. 2). When
recombinant sSHLA-G was co-cultured with IL-15-stimulat-
ed uterine mononuclear cells, proliferation of CD4" T cells
was inhibited; however, interferon-y and tumor necrosis
factor- production by NK cells were both increased. In
contrast to membrane-bound HLA-G, sHLA-G did not
affect the natural cytolytic activity of uterine mononuclear
cells [24]. Recombinant sHLA-G strongly stimulates
production of TGF-f31 by activated antigen presenting cells
[25]. In vitro studies have demonstrated an ability of
soluble and membrane-bound HLA-G to modulate cytokine
release from human allogeneic peripheral blood mononu-
clear cells [26] and to have a concentration-dependent
effect on generation of an allo-CTL response [27]. Soluble
HLA-G suppresses the functional activity of NK cells [28]
and inhibits NK cell-mediated cytotoxicity [29]. Taken

@ Springer

HLA-G on Trophoblast cells

U

Target cells Receptors
1. NK cells (ILT2, KIR2)
2. T (CD8+) cells (ILT2, TcR CD8+)
3. T (CD4+) cells (ILT2, TcR CD4+)
4. B cells (ILT2)
5. Macrophages (ILT2,ILT4)

Fig. 2 Receptors on immune cells targeted by HLA-G

together, these observations suggest that the function of
HLA-G is to modulate cytokine secretion to induce immu-
notolerance, control trophoblast invasion and contribute to
vascular remodeling of spiral arteries to allow for successful
embryo implantation and pregnancy maintenance.

HLA-G: clinical applications

Since expression of HLA-G by embryonic cells plays an
essential role in pregnancy development [30], recent
attention has been focused on potential clinical applications
of HLA-G, both diagnostic and therapeutic. Diagnostic
applications have included evaluating couples with recur-
rent miscarriage for mutations of the HLA-G gene and
analyzing embryo culture media for sHLA-G protein
concentrations. Serum sHLA-G levels during pregnancy
have been measured, but their diagnostic efficacy has not as
yet been established.

Evaluation of HLA-G gene polymorophisms

Compared with the classical class 1 genes (the most
polymorphic genes in the human genome), HLA-G has
relatively little polymorphism in its coding region. The
polymorphisms that alter the protein sequence include 5
alleles: G*0101, G*0103, G*0104, G*0105N and G*0106.
A polymorphic 1 bp deletion of a cytosine residue at codon
130 results in a null allele (G*0105N), which does not
encode functional HLA-G1 or-G5 protein isoforms [31].
This null mutation has been associated with an increased
risk for recurrent miscarriage [32, 33]. Female carriers of
the mutations*010130r*0105N comprised 4% of the fertile
controls, 11% of women with 3-4 losses and 29% of
women with greater than 5 losses suggesting a correlation
between HLA-G mutations and number of pregnancy losses
[34]. Variations have also been identified in the 5'-upstream
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Fig. 3 Frequency of HLA-G gene polymorphisms among women in
couples experiencing recurrent miscarriages

regulatory region of HLA-G [34, 35]. One variant, -725G,
changes the methylation status of CpG dinucleotide in the
promoter region and has been associated with an increased
risk of miscarriages. Among a population of Hutterites, a
10% abortion rate was noted in mating couples with-725C/
C x C/C matings. The abortion rate was increased by 7% in
matings where 50% to 100% of the embryos would be C/G
and by 18% where half of the embryos would be expected
to be G/G. Figure 3 displays the results of our study in
which 50 patients (25 couples) with a history for recurrent
spontaneous abortion who had no evidence of anatomic,
immunology or thrombophilic risk factors were tested for
HLA-G 0104, 0105N, 01013 and -725G variants. Thirty-
two percent (8/25) of couples demonstrated the -725G
variation of which 75% (6/8) had one partner who was
heterozygous and 25% (2/8) both partners were heterozy-
gous for the polymorphism. We concluded that the HLA-G
-725 promoter polymorphism is a risk factor for recurrent
miscarriages. Taken together, these observations suggest
that a single HLA-G gene mutation while it may contribute
is not a major cause of recurrent pregnancy loss by itself.
The challenge is to find the correct combination of factors
that define the risk for recurrence of pregnancy loss.

Evaluation of sHLA-G in embryo culture media

A critical period of fetal development for survival is that of
the early pre-implantation embryo and therefore determin-
ing whether HLA-G is expressed during this period is
important for understanding the possible role of the embryo
to send a protective signal to maternal immune cells at the
time of implantation. Jurisicova et al. reported that it is
possible to detect HLA-G heavy chain mRNA in 40% of
blastocysts, in some embryos at earlier pre-blastocyst

cleavage stages of development (2—4 cell, 5-8 cell, and
morula) and in some unfertilized oocytes [36]. In concor-
dance with mRNA data, a similar proportion of embryos
stained positive for HLA-G immunohistochemistry. In
addition, it was also found that patients, who became
pregnant and did not have a fetal loss, had a significantly
higher proportion of HLA-G positive sibling blastocysts
than patients who did not conceive. These studies repre-
sented the first report demonstrating the presence of protein
and mRNA for the heavy chain of HLA-G, a non-classical
class I MHC antigen, and for 32m throughout the whole
course of human pre-implantation development from the
oocyte to blastocyst stages [37]. In mice, the HLA-G
homolog, Qa-2, the Ped gene product, is associated with
more rapid embryo development and “painting” preimplan-
tation embryos with Qa-2 makes them grow faster [38].
Subsequent studies have isolated SHLA-G from the culture
media surrounding embryos and blastocysts undergoing in
vitro fertilization (IVF). The absence of sHLA-G from
human embryo culture media is associated with reduced
embryo development and pregnancy rates. Soluble HLA-G
was first identified in embryo culture media by Jurisicova et
al. [36] and later in culture media from multiple embryos on
day 3 [39]. It was shown by Fuzzi et al. [39], that the
concentration of SHLA-G in the culture media from groups
of 3-day-old embryos correlates positively with both
cleavage rate and with subsequent implantation potential.
Subsequent studies examined sHLA-G concentrations in
day 2-3 culture media droplets of individual embryos
selected for transfer. An increased pregnancy rate of 63—
64% and implantation rate of 32% was reported for embryo
transfers in which at least one embryo selected for embryo
transfer was positive for sHLA-G compared with lower
pregnancy rates of 36% decreased implantation rates of
19% in patients receiving only embryos whose culture
media was negative for sHLA-G. Expression of sHLA-G
was also related to increasing cell stage [40, 41].

Figures 4 and 5 show the pregnancy outcomes of 326
embryos from 49 couples undergoing IVF and embryo
transfer in whom embryos were selected for transfer based
on both embryo culture sHLA-G concentrations and
embryo morphology [42]. sHLA-G concentrations were
measured 2 days after fertilization by intracytoplasmic
sperm injection using the sHLA-G ELISA kit from
ExBio/BioVendor (Praha, Czech Rep.) Half of the embryo
culture media tested had sHLA-G concentrations>2 U/ml
and half <2 U/ml. All patients who became pregnant had at
least one embryo whose culture media had sHLA-G>2 U/ml
and no patients who had transfers of all embryos with
sHLA-G concentration <2 U/ml became pregnant (Fig. 4).
The embryo morphological scores do not always corre-
spond to concentration of sHLA-G. However, when “good
grade” embryos (7-8 cell, grade 1-2) were transferred,
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those with >2 U/ml were associated with a 65% pregnancy
rate compared with 0% pregnancy rate in those with <2 U/ml
sHLA-G concentration (Fig. 5). That not all embryos whose
culture media had sSHLA-G concentrations >2 U/ml became
pregnant suggest the sHLA-G is essential for but not
sufficient for implantation to occur. Nonetheless, selecting
embryos for transfer after IVF based on HLA-G testing
provides an opportunity to selectively transfer a fewer
number of embryos, minimizing the risk of multiple
gestations. Not all investigators had been able to confirm
the presence of sSHLA-G in embryo culture media or at least
have been skeptical concerning detectable amount of
secreted sHLA-G [43, 44]. These differences have been
ascribed to the different methodologies used to measure
sHLA-G.

%
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Testing for sHLA-G

The titration of sHLA-G levels in body fluids has been
achieved by several laboratories using 9 different ELISA
formats which were set up with various capture and
detection antibody pairs (Table 1). These ELISA formats
detect either sHLA-G1+G5, HLA-G5 specifically, or
multiple HLA-G isoforms including truncated ones. Of
note, capture and detection antibody pairs are routinely
used according to locally adapted ELISA procedures.
Furthermore, when setting up a sHLA-G ELISA test, the
thorny issue of the standard protein arises. Here again,
purified sHLA-G proteins to be used as standard in ELISA
testing range from biological sample-derived protein [45,
46] to crude or purified supernatants or lysates of various
cells transfected with HLA-G1 or HLA-G5 [46—50] none of
these standard proteins claiming to be perfect. The bottom
line is that even though these methodologies are all-valid
and yield semi-quantitative results that accurately reflect
sHLA-G concentration differences, the diversity of meth-
odologies prevents result comparisons between teams.

The goals of the 2nd International Workshop on HLA-G
(Paris, France, 2003) and especially the Wet-Workshop for
quantification of sSHLA-G (Essen, Germany, 2004) were to
validate an ELISA test capable of measuring sHLA-G1 and
HLA-GS5 molecules, and an other ELISA test specific for
HLA-GS, that can both be used on a variety of sample
types and that can be set up easily using commercially
available reagents. The reason for these efforts was that
even though (a) HLA-G expression is relevant in a variety
of pathological situations; (b) amongst the various HLA-G
isoforms, soluble ones are the most accessible and the
easiest to quantitate; and (c) several methods have been set
up to measure SHLA-G levels, there is no consensus on a
reference method that would allow standardization and
comparison of results.

The 3-day Wet-Workshop on sHLA-G involved 24
investigators from 13 laboratories (teams) and led to the

Table 1 ELISA formats for HLA-G detection

Capture mAb Detection mAb Specificity

50 C Preg
40 H NP
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Fig. 5 Pregnancy outcome after selection of embryos for transfer
using embryo culture media SsHLA-G concentrations
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W6/32 Anti-f2m sHLA-G1+G5*
MEM-G/9 Anti-f2m sHLA-G1+GS5
MEM-G/9 W6/32 sHLA-G1+G5
87G Anti-32m sHLA-G1+G5
16G1 Anti-32m sHLA-G1+G5
16G1/16A1 Rabbit anti-Intron 4 HLA-G5

4H84 3C/G4

G233 56B

5A6G7 W6/32 HLA-G5

 After depletion of HLA-A,B,C,E by TP25.99 mAb
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validation of two ELISA procedures and a standard protein
[51]. The ELISA procedure to measure sHLA-G1 and
secreted HLA-G5 indiscriminately involved a capture by
the anti-sHLA-GI+G5 mAb MEM-G/9 and detection by
anti-32-microglobulin. The ELISA procedure to measure
secreted HLA-GS5 specifically involved a capture with the
anti-intron-4 of HLA-G mAb 5A6G7 and detection by anti-
pan-HLA class I mAb W6/32. The standard curves for
these ELISA tests were generated using recombinant HLA-
G5 protein extracted from HLA-G5+[32m co-transfected
insect cells.

The results obtained with both ELISA formats using the
recombinant HLA-GS standard protein that they both
recognize, indicate that these two ELISA measure HLA-
G5 levels up to 80 ng/ml with the same efficiency, since
super-imposable standard curves were obtained. The results
obtained with biological samples show that both ELISA
formats are specific and do not cross-react with other
molecules including other HLA that might be contained in
biological samples, and that these tests allow for the
quantification of sHLA-G1 and HLA-G5 if used in
combination. Finally, even though each investigator may
have obtained different standard curves, this did not affect
the absolute values obtained for the samples measured,
indicating that both tests generate reproducible results. Two
of the participants (R. Roussev and R. Rizzo) brought
embryo culture media samples which both reacted posi-
tively with MEM-G/9 as capture and anti-(32-microglobulin
as detecting antibodies but not with other combinations,
suggesting that embryo secretes SHLA-G1 isoform. Over-
all, these two ELISA formats reached expectations of the
participants and the opinion was they could serve as
reference assays to measure for sHLA-G molecules in
culture supernatants and biological fluids. Thus, the Wet-
Workshop for quantification of sHLA-G in Essen, Germany
has validated ELISA formats to measure sHLA-GI+GS5
molecules or HLA-GS5 exclusively. In addition the results of
the workshop gave strong evidence for at least one
unreported structure for HLA-GS, and possibly for sHLA-
Gl as well, that can be detected by the combined use of
both ELISA formats.

Evaluation of sHLA-G in pregnancy serum

HLA-G is not generally expressed in non-pregnant adults,
making it a suitable marker for the diagnosis and
monitoring of pregnancy. Soluble HLA-G circulates in
maternal blood during pregnancy [50]. It has been shown
that women with preovulatory low sHLA-G levels appear
to be on risk for early abortion after IVF [52]. In addition,
sHLA-G levels in the maternal blood are indicative of the
vigor of cytotrophoblast invasion and the corresponding
health of the placental-maternal interface. One complica-

tion of pregnancy in which an abnormal trophoblastic cell
invasion has been observed is pre-eclampsia [53]. The
commonly associated finding of incomplete cytotrophoblast
invasion of the spiral arteries suggests impairment of
placentation [54]. This lack of trophoblast invasion in pre-
eclampsia could be either a primary event or a secondary
response to an abnormal immune reaction to the fetus.
Several features of this disease suggest that an abnormal
response of the mother to the fetus may be the basic defect
in this disease [55]. Pre-eclampsia is most likely to occur in
primagravidas, and is usually less severe or absent in
subsequent pregnancies, but it may reoccur in the same
mother if she changes sexual partner. This suggests that an
inappropriate response to some paternally derived antigen,
possibly associated with HLA-G, may result in pre-
eclampsia. HLA-G expression has been found to be
decreased in the placental bed of women with pre-
eclampsia [53], and sHLA-G protein levels are decreased
in both maternal serum and fetal placental tissues in women
with preeclampsia [56, 57]. However, there is currently no
good predictive test for the development of pre-eclampsia,
even though shallow invasion in the first trimester sets up
conditions for the clinical signs that manifest later in
pregnancy, most commonly late in the third trimester.

The results from some early experiments with anti-HLA-
G monoclonal antibodies 1B8 and 3F6, for use in the
detection of HLA-G, have shown that these antibodies
cannot be used in the detection of pre-eclampsia. Both of
these antibodies bind to a subsequence in the «l domain
of HLA-G. Because these antibodies detect the same region
of HLA-G, there is no synergy to be derived from their
combined use in detecting HLA-G. There is a need for an
improved detection method for HLA-G in which more than
one antibody is used, and in which the antibodies used do
not compete for the same binding region. Further, there is a
need for an HLA-G detection method, such as an ELISA,
which has a high binding selectivity for HLA-G and low
binding selectivity for the other HLA class I antigens (see
“Testing for sHLA-G” above).

Evaluation of sHLA-G in other scenarios

Recently, it was found that malignancy of ovarian cancers
is associated with high sHLA-G titers in tumor ascites [58].
In some melanoma patients the role of HLA-G in immune
escape has been emphasized by its involvement in the
resistance to IFN therapies [59]. HLA-G expression is
significantly associated with an unfavorable outcome and
immunodeficiency in chronic lymphocytic leukemia and is
a better independent prognostic factor than the currently
used ZAP-70 or CD38 status [60]. HLA-G in situ
expression by heart and liver allo-grafts, and high serum
levels of HLA-G5 and sHLA-G1 were significantly
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associated with no acute and chronic graft rejection [61,
62], and positively associated with prolonged graft
survival [63].

Summary

HLA-G has become a relevant marker for diagnosis in a
number of reproductive and pathologic situations. Method-
ology to precisely measure sHLA-G levels is increasingly
in demand. Furthermore, if such assessments are found to
be reliable, recombinant HLA-G might be a powerful tool
for inducing a desirable state of immunotolerance to
facilitate pregnancy or graft acceptance and its antagonist
for treatment of cancers.
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