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Abstract The nonclassical HLA-G molecule is a
trophoblast-specific molecule present in almost every
pregnancy. It differs from classical HLA class I molecules
by the low degree of allelic variants and the high diversity
of protein structures. HLA-G is reported to be a tolerogenic
molecule that acts on cells of both innate and adaptive
immunity. At the maternal—fetal interface HLA-G seems to
be responsible largely for the reprogramming of local
maternal immune response. This review will focus on the
HLA-G gene expression profile in pregnancy, in preim-
plantation embryos, and in human embryonic stem
cells with emphasis on the structural diversity of the
HLA-G protein and its potential functional and diagnostic
implications.

R. Rizzo
Department of Experimental and Diagnostic Medicine,
Section of Medical Genetics, University of Ferrara, Ferrara, Italy

M. Vercammen
Department of Hematology, Universitair Ziekenhuis (UZ)
Brussel, Brussels, Belgium

H. van de Velde
Centre for Reproductive Medicine, Universitair Ziekenhuis (UZ)
Brussel, Brussels, Belgium

H. van de Velde
Department of Reproduction and Genetics, Universitair
Ziekenhuis (UZ) Brussel, Brussels, Belgium

P. A. Horn - V. Rebmann (X))

Institute for Transfusion Medicine, University Hospital of Essen,
Virchowstr. 179, 45122 Essen, Germany

e-mail: vera.rebmann@uk-essen.de

Keywords HLA-G - HLA-G isoforms -
Trophoblast cells - Embryonic stem cells -
Embryo culture - Preimplantation embryo

Introduction

During human pregnancy, the immune environment has to
conduct a very delicate and deliberate business at the
maternal—fetal interface. The maternal immune system is
able to recognize and to eliminate alloantigens derived
from bacteria or virus, but it is also able to tolerate
genetically different fetal cells, especially extravillous
trophoblast cells invading the maternal decidua or entering
the spiral arteries. Although these fetal cells are exposed to
maternal immune cells, they do not trigger any immune
reaction.

To establish and to maintain an immune privileged site
where the embryo can survive and grow despite its genetic
dissimilarities, the fetal and the maternal immune systems
have to cooperate jointly. Of several mechanisms that are
operative in pregnancy, the unique HLA status of tropho-
blast cells seems to be the most crucial factor in regulating
an alloimmune response by the mother. Trophoblast cells
do not express most of the polymorphic classical HLA
molecules (HLA-A, HLA-B, HLA-DR, HLA-DQ, and
HLA-DP). Trophoblast cells do preferentially express
HLA-G molecules as well as small amounts of HLA-C,
HLA-E, and HLA-F [1]. The human leukocyte antigen-G
(HLA-G) belongs to the family of the nonclassical HLA
class I molecules. In contrast to classical HLA class I
molecules, HLA-G displays a low degree of polymor-
phism, an unusually large variety of molecular structures
due to alternative splicing of the primary transcript, and
a restricted expression profile under physiological
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conditions. Four membrane-anchored (HLA-G1, HLA-G2,
HLA-G3, HLA-G4) and three secreted (HLA-G5, HLA-
G6, HLA-G7) isoforms are described [2-4]. Besides the
secreted HLA-G molecules, soluble forms of HLA-G can
also be generated by mechanisms of shedding or proteo-
lytic cleavage of membrane-anchored molecules [5].
Among all isoforms, the HLA-G1 and HLA-G5 molecules
are the most abundantly expressed ones. These molecules
represent the full extracellular length molecules with three
a-domains noncovalently associated with f2-microglobulin
(f2-m), whereas other isoforms lack one or two a-domains.
As classical class I, HLA-G1/5 molecules are able to bind
peptides consisting of nine amino acids [6]. The diversity
of peptides presented by HLA-G1/5, however, is very
restricted compared to classical class I molecules [1, 7, 8].

With regard to function, the presence of HLA-G mole-
cules is able to suppress the cellular and humoral immune
response being triggered by the classical HLA class 1
(HLA-A, B, C) or class II (HLA-DR, DQ, DP) molecules.
HLA-G molecules (1) inhibit the proliferation and cyto-
toxic functions of T cells and natural killer (NK) cells
[9-17], (2) drive T cells into an immunosuppressive profile
or provoke the generation of regulatory T cells [18-21], (3)
induce the apoptosis of endothelial cells [22], (4) inhibit
the differentiation of antigen-presenting cells [20-22], (5)
alter the cytokine profile towards a Th2 polarization [23],
and (6) up-regulate inhibitory receptors on all kinds of
effectors cells [24]. These immune-suppressive functions
are mediated by the interaction of HLA-G either with
LILRB (leukocyte immunoglobulin-like receptor, subfam-
ily B)1 [ILT- (immunoglobulin-like transcript-)2/CD85j]
or LILRB2 (ILT-4/CD85d), CD8 «-chain, killer immuno-
globulin-like receptor 2DL4 (KIR2DL4/CD158d), and
CD160. As secreted/shed HLA-G (sHLA-G) and mem-
brane-anchored molecules exhibit the same receptor
specificity, both HLA-G and its soluble counterparts are
potent regulator molecules for the innate and acquired
cellular immune response. In line with its strong immune
tolerogenic functionality, HLA-G is strongly expressed
during pregnancy but an ectopic expression is also found in
thymus, cornea, and erythroid cells as well as in blood cells
[25-29] and in nonphysiological situations such as trans-
plantation, cancer, infections, and autoimmunity [30, 31].

Indeed, HLA-G was the first HLA class I molecule being
identified on trophoblast cells [32]. The following extensive
studies demonstrate that HLA-G is present in almost every
pregnancy. So far, no pregnancy in which all of the proteins
derived from the HLA-G gene are absent has been reported
[33]. Thus, HLA-G seems largely to be responsible for
the reprogramming of local maternal immune response.
However, how can this molecule on the one hand induce
tolerance in certain places and on the other hand
allow immune activation to produce proinflammatory and

proangiogenic factors elsewhere? This review will focus on
HLA-G gene expression in pregnancy, in preimplantation
embryos, and in human embryonic stem cells with emphasis
on the structural diversity of the HLA-G protein, its
detection, and potential functional as well as diagnostic
implications.

Expression of HLA-G molecules by trophoblast cells
and the functional implication

Physiological conditions

The tissue most involved in immune regulation at the fetal—
maternal interface is the placenta. It is comprised of cells of
both maternal and fetal origin. The precursor cells of the
human placenta are the fetal trophoblasts that first appear
4 days after fertilization as the outer layer of the blastocyst.
These early blastocyst trophoblasts then differentiate into
all the other cell types found in the human placenta. The
placental trophoblasts are critical for a successful preg-
nancy through their actions mediating implantation,
immune protection, vascular remodelling, and delivery. All
these critical steps are regulated by a complex interplay
between trophoblasts and endometrium. The cytotropho-
blasts and syncytiotrophoblasts form a villous structure;
from around 8 weeks after fertilization the cytotrophoblast
will break through syncytiotrophoblast shell and invade
into the decidua. The extravillous cytotrophoblasts reach
the spiral arteries, which are converted from narrow to
wide vessels allowing a much greater flow of maternal
blood around the villi. The villous trophoblasts are the
barrier between maternal and fetal circulation with a potent
immunoinhibitory effect. Trophoblast cells maintain a
tolerogenic status at the fetal-maternal interface expressing
immunosuppressant soluble molecules such as transform-
ing growth factor-B1 [34], interleukin-10 [35], indolemine
2, 3-dioxygenase [36], programmed death ligand (PDL)1
[37], and HLA-G [1]. The expression of HLA-G antigens
by trophoblasts is of major importance in protecting the
fetus from the semiallogeneic response of the mother. In
fact, both membrane-bound and soluble HLA-G isoforms
are expressed by extravillous cytotrophoblast cells (CTBs)
[32]. HLA-G molecules are able to control uNK cell
cytotoxicity by interacting with the inhibitory receptors
KIR2DL4 [13], LILRBI1, and LILRLB2 [15, 38]. The
ability of HLA-G molecules to protect trophoblast cells
from NK cell lysis is demonstrated by HLA-G-targeting,
small interfering RNA in JEG-3 choriocarcinoma-derived
cell lines, which become more susceptible to uNK cytolysis
[39, 40]. Interestingly, HLA-G isoforms have a different
expression profile from the villi into the deciduas. Studies
on the expression of HLA-G clearly demonstrate that (1)
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HLA-G3, HLA-G4, and HLA-G7 mRNAs are rarely
present in placentas, (2) HLA-GI1, b2m-associated HLA-
G5, and HLA-G2/G6 are present only at the leading edge
of trophoblast columns and in decidual CTBs, (3) HLA-G5
is ubiquitous in trophoblast subpopulations and may be
produced as either free heavy chain (from CTB precursor
stem cells and placental CTB cells) [41] or associated with
b2m (by extravillous CTB cells). Of note, HLA-G5 mol-
ecules synthesized in placental villous CTB are b2m-free
probably because of the low levels of b2m mRNA present
in this cell type, whereas extravillous CTBs exhibit the cell
surface homodimeric b2m-associated HLA-G1 expression
[42]. In particular the HLA-G1 disulphide-linked homodi-
mer has an increased avidity for the LILRBI1 receptor
expressed by decidual myelomonocytic cells, while the
HLA-GS free heavy chain binds strongly to LILRB2 [41].
These different affinities might modulate the invasion of
trophoblasts in maternal deciduas and the functions of local
maternal immune responses in the uterus. In fact, there is
also a different expression of LILRB receptors in placenta
cells. In the villous placenta, LIRBI is restricted to stromal
cells, which are composed primarily of fibroblasts and
macrophages. In contrast, LILRB2 is detected in the pla-
centa vascular smooth muscle. The pattern of expression of
these two receptors suggests a specific immunological and
vascular function for HLA-G binding during pregnancy
[43]. On the basis of the specific receptor interactions,
HLA-G molecules are able to control the maternal immune
system and the remodelling of uterine vascularization
inhibiting endothelial cell proliferation, migration, and
tubule formation by secreted HLA-G molecules by extra-
villous CTBs [1, 24, 44, 45]. Furthermore, sHLA-G takes
part in the angiogenesis process regulating growth factor-
stimulated trophoblast motility and invasion [46],
endothelial cell activity via the inhibition of FGF2 (fibro-
blast growth factor2) or VEGF (vascular endothelial
growth factor)-induced angiogenesis, and the activation of
endothelial cell apoptosis by interaction with the glyco-
sylphosphatidylinositol (GPI)-anchored CD160 receptor
expressed in endothelial cells [22]. The variable expression
of HLA-G isoforms and LILRBs is of extreme interest as
they can interact differently, maintaining a controlled
inhibition while permitting the formation of an appropriate
microenvironment necessary for a viable maternal-fetal
interface [47].

The CTB expression of HLA-G is regulated by different
environmental and genetic factors. It is known that HLA-G
mRNA transcription is up-regulated by hormones (i.e.,
progesterone) [48] and interferons (IFNs) [49]. Interleukin-
10 up-regulates both HLA-G [50, 51] and its receptors
LILRB1 and LILRB2 [52]. Hypoxia induces the expres-
sion of all HLA-G transcripts in term CTBs [53];
epidermal growth factor (EGF), a trophoblast growth and

syncytialization factor, enhances protein expression of
HLA-G5 [41]. Genetic polymorphisms at the 5’ upstream
regulatory region (URR) and at the 3’ untranslated region
(UTR) of the HLA-G gene seem to influence the production
of HLA-G molecules. In particular a 14 base pair (14 bp)
insertion/deletion (ins/del) polymorphism in the 3’ UTR
(exon 8) [54] influences mRNA stability [55]. Polymor-
phisms in the 5' URR regulate the transcription of the
HLA-G gene [56]. Histone acetylation is involved in
HLA-G expression in trophoblast cells. Increased histone
acetylation in HLA-G promoter chromatin is significantly
enhanced in JEG-3 cells coinciding with a higher HLA-G
expression [57]. Intriguing results have also been obtained
for allele-specific miRNA (microRNA) targets in the
HLA-G gene, which might play a relevant role in the
HLA-G expression pattern. In particular, miR-513a-5p,
miR-518c*, miR-1262 and miR-92a-1*, miR-92a-2%,
miR-661, miR-1224-5p, and miR-433 miRNAs influence
one or more of the +3003, +3010, +3027, and +3035
SNPs in the 3’ UTR. The miR-2110, miR-93, miR-508-5p,
miR-331-5p, miR-616, miR-513b, and miR-589* miRNAs
target the 14 bp fragment region, and miR-148a, miR-
19a*, miR-152, mir-148b, and miR-218-2 influence the
43142 C/G polymorphism [58].

Pathological conditions

Complications during pregnancy may affect the woman,
the fetus, or both. Miscarriage, recurrent spontaneous
abortion, and pre-eclampsia account for the most frequent
pregnancy complications. Miscarriage is the spontaneous
end of a pregnancy when the embryo or fetus is still unable
to survive, generally in humans before 20 weeks of ges-
tation. Miscarriages can occur for many reasons, including
genetic, uterine, or hormonal abnormalities, reproductive
tract infections, and tissue rejection [59]. Recurrent spon-
taneous abortion (RSA) is defined as three or more
pregnancy losses. The aetiology is often unclear and may
be multifactorial (genetics, anatomical, endocrine, placen-
tal anomalies, hormonal problems, infection, smoking and
alcohol consumption, exposure to environmental factors,
coagulation, and immunoregulatory protein defects). Pre-
eclampsia is characterized by hypertension during
pregnancy in association with proteinuria and affects at
least 5-8% of all pregnancies. Preeclampsia may develop
from 20 weeks gestation on and its progress differs among
patients. It seems to be caused by a hypoxic placenta that
leads to an immune reaction characterized by inflammatory
mediators from the placenta acting on the vascular endo-
thelium. Disregulation of the immunological control at the
fetal-maternal interface seems to play a role in these
pregnancy complications. The lack of an established
immunological tolerance in pregnancy results in an
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immune response against paternal antigens expressed by
the fetus at the placenta, causing severe health problems for
both the fetus and the mother.

Taking into consideration the important role of HLA-G
molecules in controlling the tolerogenic condition at the
fetal-maternal interface, several studies have evaluated the
possible aberrant expression of these antigens during these
pathological conditions of pregnancy. The importance of
HLA-G production by placental trophoblasts is evident in
preeclampsia and in unexplained RSA. There is a reduced
expression of both HLA-G mRNA and protein in com-
parison with control placentas [60—63]. These observations
are sustained also by the role of the HLA-G-murine
orthologue Qa2 molecule during pregnancy [64, 65]. Qa2 is
a nonclassical class Ib MHC protein and is the product of
the preimplantation embryo development (Ped) gene. The
lack of embryonic expression of Qa2 results in a range of
disadvantageous phenotypes, including lower preimplan-
tation cleavage rate, lower survival to term, and lower birth
weight compared with embryos showing the Ped gene [66].
The absence of HLA-G/Qa2 expression by fetal cells can
unbalance the regulation of the pregnancy process leading
to severe complications.

Not only the HLA-G molecules expressed at the fetal—
maternal interface seem to be important to control preg-
nancy outcome but also sHLA-G molecules present in the
plasma of the mother. In pregnant women, sHLA-G levels
in plasma samples increase during the first trimester, with a
peak in the third month, in comparison with nonpregnant
women [67, 68]. On the contrary sHLA-G plasma levels
decrease during the third trimester [69, 70] while they have
an impressive boost at delivery [71] probably deriving
from the shedding of placental membrane-bound HLA-G1
molecules. Soluble HLA-G molecules could derive from
both the placenta and the maternal immune cells, as sug-
gested by the longitudinal study of 45 volunteers during
normal pregnancy, where the authors demonstrated that
monocyte-derived dendritic cells obtained from pregnant
women during the first and third trimester secrete more
sHLA-G than those obtained from nonpregnant women
[67]. During pregnancy complications, there is a docu-
mented variation in the levels of sHLA-G in women’s
plasma samples. Compared to uncomplicated pregnancies,
women with placental abruption have sHLA-G levels less
than one-third those of the control pregnancies
(p <0.0001). Interestingly, pregnant women with low
sHLA-G plasma levels are characterized by a relative risk
of 7.12 of developing placental abruption [72]. Women
who experienced miscarriage have very low or undetect-
able plasmatic sHLA-G levels in the second month of
pregnancy [67]. sHLA-G levels in plasma from women
who subsequently develop preeclampsia and spontaneous
abortion are lower than those in control pregnant women,

in the first, second [70, 73, 74], and third trimesters [69,
75].

It can be assumed that there is a defect in both maternal
and fetal HLA-G secretion during complicated pregnan-
cies. Interestingly, the lower secretion of HLA-G by the
placenta could be influenced by the significantly increased
release of microparticles through the syncytiotrophoblast
membrane into the maternal circulation in preeclampsia
[76]. The analysis of these microparticles (MPs) in
maternal plasma has shown increased levels of HLA-G-
positive MPs in term preeclamptic women compared to
control pregnant women [77]. This observation indicates a
dysfunctional extravillous CTB turn-over in preeclampsia
that could reduce HLA-G secretion. The lower secretion of
HLA-G by maternal immune cells could be influenced by
HLA-G gene polymorphisms, which affect mRNA stability.
In particular the HLA-G 14 bp ins allele decreases mRNA
stability [78] and protein production [2, 51, 79-81]. RSA is
associated with the presence of an increased frequency
of women heterozygous [82, 83] or homozygous for the
14 bp ins allele [OR 2.7; 95% confidencial interval
(CDH = 1.1-6.5; p = 0.03] [80, 84] in comparison with
controls. Hviid et al. [84] have shown more RSA women
carrying the G*0106 allele (16%), characterized by the
presence of the 14 bp insertion, compared to controls (2%).
The HLA-G 14 bp ins/del polymorphism seems also to
affect the fetal HLA-G expression as independent studies
have reported fetuses carrying the homozygous genotype
for the 14 bp ins allele with a significantly increased risk of
preeclampsia [85-88]. In addition the 5’ URR region seems
to be implicated in pathological pregnancies. The —725C/G
polymorphism is associated with fetal loss and an increased
risk for miscarriage (OR 2.76, 95% CI 1.08-7.09;
P = 0.035). This polymorphism flanks a binding site for
the transcription factor IRF-1 (interferon rergulatory fac-
tor) and creates a methylated CpG dinucleotide, which
could alter the conformation of DNA and affect IRF-1
binding and subsequently HLA-G transcription [89].
However, some studies failed to demonstrate a clear
association between HLA-G gene polymorphisms and
pregnancy complications [90-94], indicating that several
mechanisms could influence HLA-G expression and sub-
sequent pregnancy outcome. The presence of different
HLA-G isoforms has to be taken into consideration in all of
these studies as some polymorphisms could affect the
stability of only some transcripts and preserve other iso-
forms that could sustain the pregnancy immune regulation.
The identification of healthy subjects homozygous for
HLA-G*01:05 N, a null allele that presents a single base
deletion, preventing translation of both membrane-bound
(HLA-G1) and full-length soluble isoforms (HLA-GS) as
well as of the spliced HLA-G4 isoform, suggests that the
other HLA-G isoforms produced by this allele are able to
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overcome the absence of HLA-G1 and HLA-GS5 molecules
and protect cells expressing these isoforms from NK cell
cytolysis, as demonstrated by Le Discorde et al. [95].

Much work remains to be done before all the different
patterns of expression in trophoblast cells during physio-
logical and pathological conditions can be explained. This
analysis is of extreme importance for the comprehension of
HLA-G modulation in physiological conditions, with the
objective of clarifying the aberrant HLA-G expression in
pathological conditions and helping in the identification of
the biological tools to sustain HLA-G expression where it
has a beneficial effect (pregnancy, transplantation, auto-
immune, and inflammatory diseases) or to counteract HLA-
G modulation where it is detrimental (tumor, viral
infections).

In pregnancies, HLA-G molecules could already play a
role in clinical practice. Most pregnancy complications are
controversial in terms of diagnosis and treatment. As an
example, preeclampsia can mimic and can be confused
with many other diseases, and none of the signs are spe-
cific. The lower levels of SHLA-G detected in maternal
plasma and the HLA-G polymorphism association could
assist clinicians in an accurate and reliable diagnosis. In
this context, it is of importance that, in the majority of
studies, SHLA-G molecules were detected by monoclonal
antibodies recognizing HLA-G molecules in association
with 2-m according to the ELISA formats established and
validated by the international “Wet Workshop for Quan-
tification of Soluble HLA-G” in Essen (Germany) in 2004
[96] or by the commercially available ELISA from EXBIO
Praha. Thus, the detection and quantification of soluble
HLA-G molecules that are not associated with 2-m, e.g.,
HLA-G6, remain to be analyzed in pregnancy. These iso-
forms are of special interest as they are reported to interact
preferentially with LILRB2 but not with the LILRBI
receptor. Moreover, the HLA-G genetic background of the
mother could be an a priori sign of an increased risk of
complication during pregnancy. These women could be
identified and proposed for a more strict follow-up. It is
noteworthy that with an appropriate and timely treatment,
the success rate is approximately 80%. Therefore, the use
of HLA-G as a biological and genetic marker could
improve the management of pregnant women. The ability
to control HLA-G expression in pathological pregnancies
and in women with a high risk of pregnancy complications
could be a tool to cure and prevent these conditions with a
deep impact not only for the individual but also for society.
The possibility of reducing the incidence of these compli-
cations and of increasing fertility with the use of a
biological molecule that is normally expressed during
pregnancy, such as HLA-G, could reduce the use of med-
ical procedures to achieve successful pregnancies, which is
still connected with high health risks.

HLA-G expression in preimplantation embryos and its
clinical importance

Preimplantation development is the first critical step in
early human development followed by a successful
implantation of the embryo. It covers the time period from
before fertilization to implantation including the final
maturation of oocyte, fertilization, oocyte to zygote tran-
sition, cell proliferation, and differentiation and formation
of blastocysts. Important questions include whether HLA-G
is also expressed during preimplantation development and
whether HLA-G can be used as a marker for the prediction
of a successful implantation of the embryo after assisted
reproduction techniques? HLA-G mRNA has indeed been
demonstrated during preimplantation development from
unfertilized oocytes and early embryos from the two-cell
cleavage stage onwards to the blastocyst. HLA-G expres-
sion was found to be variable among equal stage embryos
even in embryos from the same parents [97]. The proba-
bility of detection increases with the developmental stage,
from 35% in cleavage stage embryos to 100% in morulas
and blastocysts [98]. f2-m mRNA has been demonstrated
in 86% of blastocysts, in half of them it was found together
with HLA-G. The presence of HLA-G mRNA in blasto-
cysts has been found to be significantly associated with a
higher cleavage rate [97] and with pregnancy after transfer
of sibling embryos from the same cycle [99]. Importantly,
different culture conditions or infertility treatments [in
vitro fertilization (IVF) or intracytoplasmic sperm injection
(ICSI) of eggs] did not influence HLA-G mRNA expres-
sion [99]. The analysis of different HLA-G mRNA splice
variants also revealed a different expression pattern in
equal stage embryos [98]. HLA-G3 and HLA-G4 mRNA
have been reported to be most predominant in all preim-
plantation stages and are detected more frequently than
HLA-G1. HLA-G2, HLA-GS5, and HLA-G6 were the least
represented. HLA-G5 could only be detected in a pool of
cleavage stage embryos (not in a single embryo extract), in
20% of morulas (1/5), and in blastocysts (5/25); HLA-G1
was found in 40% of eight-cell cleavage stage embryos
(2/5), in 60% of morulas (3/5), and in 80% of blastocysts
(20/25). Since HLA-G mRNA quantities per embryo were
low and PCR reactions clearly differed in sensitivity—
higher for HLA-G3 and G4 and lower for HLA-GS and
G6—isoform differentiation in preimplantation embryos is
yet inconclusive.

HLA-G1/G5 protein expression has been detected in
human preimplantation embryos in association with 2-m
[97-101]. The most evolved preimplantation stage
expressing HLA-G1/G5 was the hatching blastocyst that
makes contact with the endometrium at the moment of
implantation [100]. Similarly to HLA-G mRNA, HLA-G1/G5
protein expression differs among equal stage embryos and
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increases with developmental stage. HLA-G1/G5 protein
has been found in 75% of cleavage stage embryos (15/20),
in 100% of morulas (3/3), and in 100% of blastocysts (5/5)
[98]. Lower prevalences have been reported in poor quality
embryos: 58% in arrested cleavage stage embryos and 77%
in day 6 blastocysts [100]. HLA-G1/G5 protein is present
in chromosomally abnormal embryos. Theoretically HLA-G
expression in embryos may also differ among individuals
due to different HLA-G alleles or promoter polymorphism
[102, 103]. HLA-G expression in blastocysts is nowadays
considered to be restricted to trophoblast (TE) cells
evolving towards placenta and to be absent in the inner cell
mass (ICM), which is evolving into the fetus [97, 98, 100].
Because HLA-G1/GS is expressed during the early stages
of preimplantation development, the differentiation into TE
or ICM would imply suppression of HLA-G1/GS5 expres-
sion in ICM cells. A preliminary report at the 2009 HLA-G
Congress in Paris (results submitted for publication) shows
however that HLA-G1/GS5 is expressed in early ICM cells
and becomes down-regulated during hatching [101].
Methodological differences such as the use of protease for
removal of zona pellucida, immunosurgery for ICM iso-
lation, and distinct monoclonal antibodies may explain
previous negative results.

SHLA-G molecules are definitely present in culture
supernatants of preimplantation embryos. Due to the low
sHLA-G concentration in embryo cultures (EC), the
HLA-G immunodetection method and sample treatment
strongly determine the reliability of the sHLA-G mea-
surement in embryo culture supernatants. Technical
difficulties have led to very controversial results in the past
[100, 104—118] but are being resolved. sHLA-G in embryo
culture supernatants is mostly measured by sandwich
ELISA or ALBIA (addressable laser bead immunoassay)
techniques. Generally HLA-G antibodies are used that
recognize the HLA-G1:2-m or HLA-GS5:2-m complex;
a few studies have been performed using antibodies (mab
4H84 or MEM-G/1) recognizing 2-m free heavy chains of
all HLA-G isoforms [70, 115]. In the past, sHLA-G
immunoassays differed in standardization, detection limit,
and reproducibility. Impurity of the HLA-G standard
material could result in overestimation of the sHLA-G
concentration. Absolute amounts of 2-756 ng of sHLA-G
have been reported in the supernatants of single or multiple
embryo cultures [119], while the daily protein release of a
human embryo is estimated to be 150 pg and its total
protein content to be 50 ng [120]. The estimated amount of
sHLA-G in embryo culture supernatants is more likely
situated in the picogram range. If an ELISA is used with a
detection limit of 1-10 ng/mL, most samples will fluctuate
around the detection limit, where reproducibility is low.
However, for the ALBIA technique a detection limit of
300 pg/mL and a coefficient of variation of 11.6% within

one assay and 17.9% among different assays have recently
been described [110, 111]. Thus, sensitive and reproducible
techniques (ALBIA as well as certain ELISA) for the
detection of sHLA-G in embryo culture supernatant have
successfully been developed by research laboratories
[110-112, 117], but equally performing commercial sys-
tems are not available yet.

In addition to technical difficulties, differences in the
preservation of the culture supernatants between collection
and sHLA-G measurement as well as differences in ART
procedures may also explain inconsistent SHLA-G detec-
tion across centers/studies. SHLA-G in embryo culture
supernatant is present as two isoforms: secreted HLA-GS5
and shed HLA-G1 resulting from proteolytically cleaved
membrane-bound HLA-G1. After collection, embryo cul-
ture supernatants have to be handled with care and deep-
frozen immediately since it is rather uncertain whether the
embryo can provide a high affinity peptide to form a stable
HLA-G heavy chain:fi2-m complex. Therefore, it is very
likely that sHLA-G molecules derived from embryos are
unstable molecules, prone to degradation if not frozen
immediately. Furthermore, the origin of sHLA-G in
embryo culture supernatant is still unknown. sHLA-G has
been demonstrated in follicular fluid, originating from the
oocyte, granulosa, or contaminating blood cells [112, 121].
Carry-over of follicular fluid or cells into the embryo cul-
ture supernatant may differ among centers and among
embryos obtained after ICSI or IVF, due to different pro-
cedures for washing and oocyte denudation. In one study
the percentage of sHLA-G-positive embryo cultures was
indeed found to be significantly higher in IVF cycles [117],
where in general fewer washing steps of the oocyte were
performed compared to ICSI.

Recently, a German multi-center study [110], in which 29
ART centers with 4,212 EC from 2,364 cycles were inclu-
ded, demonstrated that the proportion of sHLA-G-positive
EC increases with the cleavage stages from 11% for zygotes
to 21% in two- to nine-cell embryos and 30% in embryos
larger than ten cells. The low proportion of sHLA-G-positive
embryo supernatants derived from zygotes gives reasonable
doubt that contamination from oocyte retrieval is the major
source of SHLA-G. In the early stages of embryos, sHLA-G
in the culture supernatant may originate from translational
activation of oocyte mRNA stores and consequently reflect
oocyte rather than embryo quality, but after embryonic
genome activation between the four- and eight-cell stage, it
might only be produced by the embryo. In the former case, it
is useful to measure sHLA-G in the follicle or very early
during preimplantation development (day 1); in the latter
case SHLA-G produced by the embryo should be analyzed
from day 2 to 3 onwards. In contrast to blastocyst culture
medium collected at day 5, small amounts of sHLA-G pro-
duced early will make high demands on the sensitivity of the
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techniques. The early HLA-G synthesis by the embryo may,
on the other hand, be more relevant for embryo quality than
the higher absolute amount of HLA-G detected at day 5.
Thus, the ideal moment for collection of embryo culture
supernatant has yet to be determined.

Besides collection time, many variations in embryo
cultures exist among the diverse ART centers, such as
single versus multiple embryo culture, composition and
volume of culture medium, proportion of culture medium
versus total volume analyzed in the immunoassay. Con-
sidering these issues, the German multi-center study
revealed that only the cleavage stage of the embryo is an
independent factor that influences the sHLA-G detection
whereas culture volume and duration, and the number of
embryos in culture and the cryopreservation status of fer-
tilized oocytes were found not to significantly affect the
detection of sHLA-G. Nevertheless, another study includ-
ing three ART centers with 1,405 EC from 355 cycles
suggested that the composition of the embryo culture
medium may influence HLA-G detection either by an
effect on the embryo or by interfering with the immuno-
detection technique [117].

SHLA-G in the culture supernatant of preimplantation
embryos is being investigated as a noninvasive marker for
the selection of embryos with implantation potential.
Choosing the best embryo becomes increasingly important,
considering the tendency to reduce the number of trans-
ferred embryos in order to prevent multiple pregnancies.
Today the embryologists’ decision is based on morpho-
logical criteria such as developmental rate, cell number,
and degree of fragmentation [122]. However, many
approaches to improve embryo selection are being studied,
such as the gene expression profile of cumulus cells [123,
124], embryo metabolism [125-127], and peptide markers
in follicular fluid or embryo culture supernatant, amongst
them SHLA-G. The presence of sHLA-G in embryo culture
supernatant has been shown by meta-analysis to increase
the probability of clinical pregnancy from 45 to 72%,
despite differences in ART and sHLA-G detection among
centers [104]. The German multi-center study revealed that
sHLA-G testing would improve the overall pregnancy rate
from 30 to 40% [110]. The true predictive value of sHLA-
G in embryo culture supernatant for embryo implantation
can only be elucidated by additional studies linking a single
HLA-G-producing embryo with pregnancy, by combining
standardized ART, single embryo culture and single
embryo transfer with a sensitive standardized immunoassay
for sSHLA-G following standardized pre-analytical proce-
dures preventing HLA-G degradation. The first step in that
direction was performed by the German multi-center study
[110], in which the sHLA-G status of embryos could
clearly be associated with pregnancy after single embryo
transfer; SHLA-G testing doubled the probability of

pregnancy rate to 26%. Furthermore, this study provided
significant evidence that the morphological scoring system
is still the best strategy for the selection of embryos, but
that the sHLLA-G status of the embryo might be considered
as a second parameter if a choice has to be made between
embryos of morphologically equal quality. If these results
are reproduced by other studies and if the functionally
relevant HLA-G protein structure that plays a crucial role
in embryo implantation with its corresponding receptors is
identified, then HLA-G should definitely be taken into
consideration as a marker for the development of new
strategies in embryo selection. For scientific and diagnostic
reasons it is extremely important to figure out why certain
embryos express and other embryos do not express HLA-G
molecules in their supernatants.

HLA-G expression in human embryonic stem cells
and its functional implication

HLA-G-expressing cells seem to have immuno-privileged
properties in autoimmunity, transplantation, and tumor
progression [30, 31]. In addition, the immunosuppressive
properties of adult bone-marrow-derived multipotent mes-
enchymal stem cells (MSC) have, besides IDO and PGE2,
recently been determined to secrete HLA-GS, which
inhibited NK cell-mediated cytotoxicity and IFN-o,-y
secretion, suppressed allogeneic T cell proliferation, and
induced the expansion of CD4"CD**M&"FOXP3™" regula-
tory T cells [128, 129].

Recent studies have suggested that human embryonic
stem cells (hESC) are also immune-privileged cells [130].
These pluripotent cells are derived from the inner cell mass
of blastocysts. They are extremely promising for trans-
plantation and treatment of degenerative diseases because
they have the capacity to propagate indefinitely in culture
without losing pluripotency and they can be induced to
differentiate into any cell type of the body. Their pluripo-
tency is demonstrated when they can be induced to
differentiate into cells representing the three germ layers
(ectoderm, mesoderm, endoderm) in vitro (embryoid bod-
ies) [131] and in vivo (teratomas in muscles or testis of
SCID mice) [132]. However, their capacity to form ter-
atomas should be followed with caution because benign
tumors may eventually develop into malignant cancers.
Major concern has been raised because after injecting
undifferentiated hESC into engrafted human fetal tissue in
SCID mice, primitive undifferentiated tumors rather than
teratomas have been found [133].

For transplantation purposes, hESC are specifically
directed in vitro towards a highly specialized cell type.
However, undifferentiated hESC may contaminate the
transplant and induce malignancy. Besides safety issues
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such as tumor development and the risk of transmitting
pathogens from cell culture [134, 135], the immune
response induced by hESC and the differentiated cells in
the recipient are a major concern. Are hESC able to escape
the immune system? HESC express HLA class I molecules
at a very low level that increases moderately after differ-
entiation but reaches the level of somatic cells in the
presence of IFN-o and IFN-y [136]. They have no potential
for antigen presentation because their gene expression
signature lacks T cell activation genes and HLA class II or
costimulatory molecules are not expressed in their mem-
brane [130, 136, 137]. Therefore, hESC should not be able
to induce a robust immune response by direct antigen
presentation as reported by Li [138], who showed that
hESC fail to stimulate proliferation of alloreactive T cells
and inhibit third-party allogeneic dendritic cell-mediated T
cell proliferation. However, when indirectly presented by
professional antigen presenting cells (APC) such as den-
dritic cells (DC) syngeneic to the responder T cells, they
were shown to induce T cell proliferation as well as human
fibroblasts [137]. Moreover, hESC were acutely rejected in
immunologically competent mice, strongly indicating that
they are not immune-privileged during direct and indirect
antigen presentation.

HESC are resistant to NK-cell-mediated cytotoxicity
and less susceptible than somatic cells to cytotoxic T cell
lysis, although this can occur in cases of very efficient
peptide-loading and in the presence of IFN-o, -y [130]. Are
these immune-suppressive features of hECS cells due to
HLA-G expression? HLA-G expression in hESC has been
investigated at the protein and RNA level with inconclu-
sive results. Protein studies have been performed with
immunofluorescence, either using flow cytometry [136] or
microscopy [139]. The HLA-G protein was not detected by
flow cytometry on trypsinized hESC in conditions that did
reveal total HLA class I, HLA-E, and f2-m. Since enzy-
matic digestion of adherent cells or immunophenotyping
conditions optimized for highly expressing transfectants
are known to underestimate weakly expressed proteins,
these results have to be interpreted with care. In hESC-
derived mesenchymal progenitor cells, a low HLA-G
expression on the cell surface membrane (tenfold below the
one of classical HLA-I proteins) could be demonstrated
using the MEM-G/1 antibody. Here it has to be pointed out
that the MEM-G/1 antibody recognizes all HLA-G iso-
forms not associated with f2-m [140].

In hESC colonies driven into trophoblast differentiation
by 5-day cultures on Matrigel T™™ in the presence of bone
morphogenetic protein-4 (BMP-4), HLA-G was found to
be variably expressed in the peripheral cells adapting tro-
phoblast morphology, expressing human chorionic
gonadotropin (hCG), stage-specific embryonic antigen-1
(SSEA-1), and cytokeratin-7 and cytokeratin-8 without the

stem cell marker octamer binding transcription factor-4
(Oct-4) also designated as POUSF1. Here again an anti-
body was used, recognizing all HLA-G isoforms not
associated with f2-m. The central core cells remained
morphologically undifferentiated, expressing POUSF1 but
not HLA-G, except for some regions where HLA-G
staining penetrated the core region. Unfortunately these
cells were not further characterized, nor were undifferen-
tiated hESC examined before Matrigel ™/BMP-4 culture
[139, 141]. Trophoblast cells originating from differenti-
ated hESCs offer perspectives for the development of an in
vitro implantation model.

HLA-G mRNA expression has been reported in hESC
using semiquantitative oligonucleotide array profiling on
amplified RNA [139]. Variable HLA-G expression levels
were found in seven tested hESC lines. These observations
were confirmed by real-time PCR as recently presented at
the S5th International Conference on HLA-G in Paris
(submitted for publication; see also [101]). Finding HLA-G
in hESC cells is not totally unexpected because it also has
been found in ICM cells of early human blastocysts, the
source of the pluripotent hESC cells. The HLA-G structure
and role in immunotolerance and tumor development in
hESCs will have to be investigated in further studies.

Concluding remarks

The expression profile of certain HLA-G structures during
preimplantation development and pregnancy suggests their
special task in reprogramming local maternal immune
tolerance towards the fetus. Thus, one important step for-
ward will be to investigate the relationship between
the environmental conditions and the location of certain
HLA-G structures, and HLA-G’s functional consequences
in pregnancy. At the same time, the different protein
structures of HLA-G pose a great challenge for their spe-
cific detection. Thus, new methods have to be developed
allowing the identification of certain HLA-G structures by
antibodies and receptors. The results obtained will improve
our knowledge of the role of HLA-G during pregnancy and
sustain its potential use in clinical practice both as a
potential biomarker and as a “natural” immunoregulatory
molecule during pathological conditions.
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