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The non-classical human leukocyte antigen (HLA) class | b genes, HLA-E, -G and -F, are located on chromosome 6 in
the human major histocompatibility complex (MHC). HLA class b antigensresemblethe HL A class|a antigensin many
ways, but several major differences have been described. Thisreview will, in particular, discussHLA-G and itsrole
in human reproduction and in the human MHC. HLA-G seems to be important in the modulation of the maternal
immune system during pregnancy and thereby the maternal acceptance of the semiallogenic fetus. Recent findings
regar ding aspects of HLA-G polymor phism, the possible significance of this polymor phism in respect to HLA-G function
and certain complications of pregnancy (such as pre-eclampsia and recurrent spontaneous abortions (RSA)) aredis-
cussed together with possible importance to IVF. Finally, aspects of a possible role of HLA-G in organ transplantation
and in inflammatory or autoimmune disease, and of HLA-G in an evolutionary context, are also briefly examined.
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Introduction

During pregnancy, the maternal immune system isin close contact
with cells and tissue from the semiallogenic fetus. Therefore, spe-
cific mechanisms must exist to modulate and moderate the mater-
nal immune system, so that the pregnant woman does not reject
her own fetus. Additionally, aberrations in these mechanisms may
in theory lead to complications in pregnancy. The so-called non-
classical human leukocyte antigen (HLA) class Ib molecules may
be involved in these mechanisms, as they are expressed on tro-
phoblast cells in the placenta (Kovats et al., 1990; Ishitani et al.,
2003). The most extensively studied class Ib genein thisrespect is
HLA-G. The trophoblast cells, which originate from the fetus, do
not express classical HLA class la and |l antigens, except for a
possible weak expression of HLA-C (Redman et al., 1984; Hunt
et al., 1987; Lata et al., 1990; King et al., 1996, 2000). HLA-G
seems to be important for the modulation of the maternal immune
system during pregnancy and, thereby, for the maternal accept-
ance of the semiallogenic fetus. Although there is some contro-
versy, HLA-G can aready be detected in at least some blastocysts
and may play arolein implantation aswell (Jurisicovaet al., 1996;
Fuzzi et al., 2002; Sher et al., 2004; Yie et al., 2005). HLA-G is
almost monomorphic and has a restrictive pattern of expression
(Ellis et al., 1990; Kovats et al., 1990; Yamashita et al., 1996;
Blaschitz et al., 1997; Huviid et al., 1997; Ishitani et al., 1999,
2003; Le Bouteiller and Blaschitz, 1999). However, polymor-
phisms have been described in regulatory regions of the HLA-G

gene, which may have functional significance for HLA-G expres-
sion (Harrison et al., 1993; Fujii et al., 1994; Rebmann et al.,
2001; Hviid et al., 2003, 2004b). A very strong expression of
HLA-G is observed in the invasive trophoblast cells of the pla-
centa. Furthermore, HLA-G may have arole in certain complica
tions of pregnancy that may involve immunological malfunction,
such as pre-eclampsia and certain cases of recurrent spontaneous
abortions (RSA) and genetic predisposition to these (Hara et al.,
1996; Goldman-Wohl et al., 2000; Aldrich et al., 2001; O’ Brien
et al., 2001; Pfeiffer et al., 2001; Hviid et al., 2002; Hylenius
et al., 2004; Yieet al., 2004).

This review presents and critically discusses recent findings in
primary studies of HLA-G polymorphism, genetics, expression
and function. Furthermore, the review will focus on studies that
examine a possible role for HLA-G genetics and HLA-G expres-
sion in the pathogenesis of pre-eclampsia and certain cases of
RSA. Evidence for the importance of HLA-G in blastocyst
implantation and the success of IVF will also be discussed.
Finally, aspects of HLA-G in organ transplantation and in autoim-
mune disease will briefly be presented, together with a brief dis-
cussion of broader perspectives on HLA-G and the mgjor
histocompatibility complex (MHC) in reproduction.

The MHC in humans

The human MHC islocated on the short arm of chromosome 6. It
spans ~4 Mb and encodes at least ~130 functional genes. The best
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described are the classical HLA class la and |1 genes (HLA-A, -B,
-C, -DR, -DQ and -DP) (The MHC Sequencing Consortium,
1999). These are well known for their role in organ transplantation
and antigen-peptide presentation and for their association with a
range of autoimmune diseases (Doherty and Zinkernagel, 1975;
Svejgaard et al., 1983). However, since the late 1980s, the exist-
ence of another interesting group of so-called non-classical HLA
class Ib genes has become evident (Redman et al., 1984; Geraghty
et al., 1987; Ellis et al., 1990; Schmidt and Orr, 1991).

Thenon-classical HLA class | b genes

TheHLA class b antigens, HLA-E, -F and -G, share some charac-
teristics with the class la antigens, but aso differ from them in a
range of ways. There seems to be growing evidence to support the
viewpoint that HLA class Ib molecules, at least in repect to HLA-G,
may play arolein the suppression of immune responses and con-
tribute to long-term immune escape or tolerance (Carosella et al.,
1999; Ishitani et al., 2003; LeMaoult et al., 2004). As will be
described in more detail later, HLA-G seems to be able to inhibit
both a cytotoxic T-lymphocyte (CTL) response and natural killer
(NK) functions (Le G4 et al., 1999). Furthermore, antigen-presenting
cells (APC), which have been transfected with HLA-G, can pre-
vent the proliferation of CD4+ T cells and apparently direct these
cells towards immunosuppression (LeMaoult et al., 2004).
Finally, soluble HLA-G (sHLA-G) expression seems to be able to
induce CD8+ T-cell apoptosis through the Fas/FasL pathway
(Fournel et al., 2000a; Contini et al., 2003). However, exactly how
HLA-G seemsto €licit tolerance still remains to be elucidated.
The HLA-G gene is located on chromosome 6 close to HLA-A,
the classical HLA class la gene with which it seemsto bein clos-
est homology (Messer et al., 1992) (Figure 1). The HLA-E gene is
localized between HLA-C and -A, whereas HLA-F is located close
to HLA-G and -A (The MHC Seguencing Consortium, 1999)
(Figure 1). The gene structure of the HLA class Ib genes is very
similar to that of HLA class la genes. However, differences exist,
especially regarding the 3'-end (the cytoplasmic tail) (Geraghty
et al., 1987; Heinrichs and Orr, 1990). The short cytoplasmic tail
of HLA-G seems to be important for the highly reduced spontane-
ous endocytosisof HLA-G (Daviset al., 1997). HLA-E isexpressed
on many different types of cells and tissues as the class la antigens
(Leeet al., 1998). The HLA-E-binding groove has a great affinity
for the HLA-G signal peptide, and this binding isimportant for the
expression of HLA-E on thetrophoblast cell surface. Theintracellular
transport and expression on the cell surface of HLA class | pro-
teins are dependent on peptides within the endoplasmic reticulum.

HLA
DP DQ DR B C E A G F
:D D:D :::::::::::::I:I:D:I:D:H_—

H_J
class Il class Il class |

Figure 1. The non-classical human leukocyte antigen (HLA) class Ib genes,
HLA-E, -F and -G are located in the same region as the classical HLA class la
genes on the short arm of chromosome 6.
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It seems that most peptides bound to HLA-E are nonamers derived
from HLA class | signd sequences and that the binding of heavy
chains to these peptides is dependent on afunctiona transporter asso-
ciated with antigen processing. The HLA-E molecule has unique
amino acid substitutions in the peptide-binding cleft, probably facili-
tating the binding of class| signal sequence-derived peptides. HLA-E
interacts with the CD94/NK G2C receptor, and HLA-E is probably the
most important ligand for the inhibition of NK cells (Llano et al.,
1998). It is possible that HLA-G interacts with a killer inhibitory
receptor (KIR) and balances the activation signal from HLA-E/the
G-nonamer, resulting in the inhibition of lysis by a possible activation
of other pathways (e.g. secretion of cytokines) (Ishitani et al., 2003).

The function of HLA-F is not known at present. HLA-F expres-
sion has only been detected on invasive cytotrophaoblast cells in
the placenta, and these are the only cells described so far that
express al three HLA class Ib molecules. In this regard, the three
class Ib molecules may act in synergy in the placenta and may to
some extent functionaly be able to substitute for each other
(Ishitani et al., 2003).

The gene polymorphism of the HLA class Ib genesiis very sparse
in contrast to the highly polymorphic HLA class la and Il genes.
Regarding HLA-E, there is only consensus for three alleles at the
protein level and for HLA-F only two; however, the difference is
related to a shortened cytoplasmic tail (He et al., 2004) (HLA Infor-
matics Group, http://www.anthonynolan.org.uk/HIG/lists).

The HLA-G gene

Figure 2 shows the gene structure of HLA-G. The external part of
the HLA-G molecule consists of three parts: the a1, o2 and a3
domains (exons 2—4) (Figure 2); a1 and o2 contribute to the pep-
tide-binding cleft. The crystal structure of HLA-G has recently
been determined (Clements et al., 2005). Interestingly, the candid-
ate-binding site for leukocyte Ig-like receptor 1 (LIR-1 or ILT2)
and LIR-2 (or ILT4) inhibitory receptors is on the a3 domain of
HLA-G, and this domain is structurally distinct from the o3
domain of classical MHC class | molecules. HLA-G can bind pep-
tides. In HLA-G transfected cells (B lymphoblastoid cell line
721.221), HLA-G molecules are associated with peptides derived
from a variety of intracellular proteins. However, the complexity
of the bound peptides may be lower than that of some HLA class
la molecules (Lee et al., 1995; Diehl et al., 1996). In vivo, in the
placenta, a single peptide derived from a cytokine-related protein
accounted for 15% of the molar ratio of HLA-G bound peptide;
the significance of thisis not known. Furthermore, the complexity
of peptides bound to HLA-G molecules in placenta seems to be
lower than that of peptides bound to HLA-G in transfected cells
(Ishitani et al., 2003). Peptide binding in HLA-G seems to be a
constrained mode of binding reminiscent of that of the HLA-E
molecule (Clements et al., 2005). The HLA-G full-length mem-
brane protein is anchored in the cell membrane by the transmem-
brane region (exon 5). Among the HLA class| antigens, HLA-G is
special because it is expressed in several different membrane and
soluble isoforms generated by alternative splicing of HLA-G
mMRNA (Ishitani and Geraghty, 1992; Fujii et al., 1994; Kirszenbaum
et al., 1994; Hviid et al., 1998; Hiby et al., 1999) (see Figure 2 and
section on HLA-G mRNA dternative splicing-membrane-bound
and soluble isoforms).
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Figure 2. The human leukocyte antigen-G (HLA-G) gene and expression. The HLA-G gene has amost the same structure as the classical HLA class |a genes. How-
ever, HLA-G has a shortened cytoplasmic domain, and the polymorphism in the coding parts is very sparse. In the 3"-untranslated region (3’'UTR) of the HLA-G
geneltranscript, an insertion/deletion polymorphism of 14 bp islocalized. Altogether, seven HLA-G mRNA and protein isoforms are generated by aternative splicing
of MRNA. Furthermore, soluble HLA-G (sHLA-G) isoforms exist. In these, intron 4 or intron 2 with astop codon is retained. These soluble isoforms (HLA-G5, -G6,
-G7) can be secreted by the cell. It is controversial whether the shortened membrane-bound isoforms (HLA-G2, -G3, -G4) are expressed on the cell surface. (Based

on Geraghty et al., 1987; Ishitani and Geraghty, 1992; Fujii et al., 1994; Kirszenbaum et al., 1995; Hviid et al., 1998; Paul et al., 2000).

HLA-G polymorphism

The HLA-G proteins are nearly monomorphic, with only four
single amino acid polymorphisms described in the literature so
far. This standsin marked contrast to the very polymorphic HLA
classlaand Il antigens, which exhibit some of the largest genetic
polymorphism in the human genome. Regarding HLA-G, poly-
morphism has also been reported in the 5"-upstream regulatory
region (5'URR)/the promotor region and in the 3’-untranslated
region (3'UTR) of the gene (Harrison et al., 1993; Hviid et al.,
1999, 2003).

HLA-G polymorphism in coding regions

HLA-G polymorphism has by now been studied extensively. The
first reports on Caucasian popul ations showed a very limited pol-
ymorphism (Morales et al., 1993; Ober et al., 1996; Y amashita
et al., 1996; Hviid et al., 1997); in marked contrast to this, an
early study of African Americans showed a rather high poly-
morphism in exon 3 (the 2 domain) (van der Ven and Ober,
1994). However, these findings have never been reproduced,
and different African populations have shown the same limited
polymorphism as that described in Caucasian and Japanese pop-
ulations (Bainbridge et al., 1999; Ishitani et al., 1999; Matte et al.,
2000, 2002). Fifteen HLA-G alleles at the nucleotide level have
been acknowledged by the WHO Nomenclature Committee for
Factors of the HLA System (Marsh et al., 2002; http://
www.anthonynolan.org.uk/HIG/). However, more HLA-G alleles

at the DNA level have been described in severa publications
(Ober et al., 1996; Hviid et al., 1997, 2002; Kirszenbaum et al.,
1999) (Table ). Regarding the HLA-G protein, only five HLA-G
alleles with (single) amino acid substitutions have been described
in the literature (Table 1). These polymorphisms are located out-
side the binding groove. Two amino acid substitutions have been
found in exon 2 (defining the alleles G* 0102 and G*0103), one in
exon 3 (defining the G*01040x alleles) and one in exon 4 (the
G*0106 alele) (Hviid et al., 2001, 2002). So single-nuclectide
polymorphisms (SNPs) that change the amino acid sequence of
the HLA-G protein define the major groups of HLA-G dleles;
silent nucleotide variation within these groups defines further spe-
cific alelic variants. However, polymorphism in the non-coding
regions of the HLA-G gene (see section on HLA-G polymorphism
in non-coding regions) is not included in the definition of the
WHO-acknowledged HLA-G aleles. HLA-G*0105N is a null
alele; it includes a deletion of the first base of codon 130 or the
third of codon 129, which results in a frameshift (Ober etal.,
1996; Hviid et al., 1997; Suarez et al., 1997). Table Il lists the
HLA-G dlele distributions in different ethnic populations. An
interesting observation is that the G*01010x group of alleles,
except G*010102, are the predominant alleles, having a frequency
up to approximately 80% in certain African populations, whereas
these alleles only constitute approximately 50-60% in Caucasian
and Japanese populations. The G*010102 allele, however, which
includes a 14 bp sequence in the 3'UTR of the gene, is sparsely
represented in the African populations, but has a frequency of
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Tablel. DNA polymorphisms defining the human leukocyte antigen-G (HLA-G) alleles

HLA-G alleles 5'URR/ Exon 2 Exon 3 Exon 4 FUTR*
promotor* (nt 3741)
-725 -201 31 35 54 57 69 93 100 107 110 130 188 236 241 258

G*010101 CorG G ACG CGG CAG CCG GCC CAC GGC GGA CTC CTG CAC GCA TTC ACG -
G*010102 C A - - - --A - T - - - o - - - — +14 bp
G*010103 C A -—- --- --- A - - - . - - - - o — +14bp
G*010104 C G - - - - -T - - - - - nd nd nd nd nd
G*010105 nd nd T - _
G*010106 nd nd T nd
G*010107 nd nd A - -T T - - nd
G*010108 C G B _
G*0102 nd nd G- - -C - nd
G*0103 C(orT) G T-- -T nd nd +14 bp
G*010401 C A Y A - _
G*010402 nd nd -C - A - -T nd
G*010403 nd nd - - - - - — - - A-- - — - - - —
G*0105N C A A - -T TG - nd nd +14 bp
G*0106 C A - - - A - -T - - - — - — — T- +14bp
G*0101gt nd nd A - nd nd +14 bp
G*G3dst nd nd - - - A - T T e e e nd nd -  +l4bp

Data regarding exons 2—4 are from http://www.anthonynolan.org.uk/HIG/ and from the following publications:
et al. (1997, 2002); Suarez et al. (1997); van der Ven et al. (1998); Ishitani et al. (1999); Matte et al. (2000); Hylenius et al. (2004). Data regarding the 5"-upstream
regulatory region (5'URR) and 3’-untranslated region (3’'UTR) parts of the HLA-G gene are from Hviid et al. (1999, 2002; 2004b); Ober et al. (2003); Hylenius
et al. (2004). The four codons with amino acid polymorphisms (shown in bold italics) are codon 31 (ACG/Thr to TCG/Ser), codon 54 (CAG/GIn to CGG/Arg),
codon 110 (CTC/Leu to ATC/lle) and codon 258 (ACG/Thr to ATG/Met). The deletion of C from codon 130 results in a frameshift in the G*0105N allele.

nd, not determined.

*More polymorphisms have been reported in these regions of the HLA-G gene in several independent studies; the three polymorphisms listed are discussed in the

text.

TThese two HLA-G alleles have not been acknowledged by the official WHO Nomenclature Committee for Factors of the HLA System, but they have been reported

in severa independent studies (Ober et al., 1996; Hviid et al., 1997, 2002; Hylenius et al., 2004).

Tablell. Human leukocyte antigen-G (HLA-G) allele frequencies in different ethnic populations

Ober et al. (1996); Y amashita et al. (1996); Hviid

HLA-G dlleles  African African African Danish (%) Danish (%)* Finnish (%) German/ Hutterite Northindian Japanese
American (%) Ghanaian (%) Shona (%) Croatian (%) (%) SO (%)
G*010101 70 83 39.3 62 56 58 32 46 10 33
G*010102 6 24 144 27 25 38 36 20 16 16
G*010103 24 0 0 51 5 48 6.8 2 5 6
G*010104 - - 0 - 0 - - 44 8 -
G*010105 - - 0 - 0 - - - 0 -
G*010106 - - 0 - - - - - - -
G*010107 - - 0 - 0 - 1.9 - 0 -
G*010108 - - 144 - 1 - 9.1 - 0 -
G*0102 - - 0 - 0 - - - 1 -
G*0103 - - 0 - 4 - 23 2.7 24 -
G*010401 13 95 204 45 9 - 6.1 13 18 45
G*010402 - - - - - - - - - -
G*010403 - - 0.4 - 0 - - - - -
G*0105N 83 4.8 111 0.6 1 - 23 - 15 -
G*0106 - - - - —+ - - - 3 -
Others - - - - - - 31 12 - -
n 84 84 216 144 104 104 264 160 240 108
Reference Ishitani etal. Ishitanietal. Matteetal. Hviidetal. Hviid Karhukorpi vander Ven Oberetal. Abbasetal. Yamashita
(1999) (1999) (2000) (1997) (unpublished et al. (1996) etal.(1998) (1996) (2004) etal.
data) (1996)

n, numbers of chromosomes tested.

*Based on sequencing of exons 2 and 3.
TThis represents a female control population used in arecurrent spontaneous abortions (RSA) study (at least three live births).
$The G*0106 allele has a frequency of 4.0% in the Danish population (Hviid et al., 2001).
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approximately 30% in the other populations (Table I1). Thisis curi-
ous, because the G*010102 allele might be an older allele than the
others; dl studied MHC-G genes in primates (chimpanzee, gorilla,
orangutan) include the 14 bp sequence (Castro et al., 2000a).

HL A-G polymorphism in non-coding regions

Several studies have identified DNA sequence variation in the
5URR inintrons and in the 3'UTR of the HLA-G gene (Harrison
et al., 1993; Tamaki et al., 1993; Hiby et al., 1999; Hviid et al.,
1999, 2004b; Yamashita et al., 1999; Ober et al., 2003). It is
beyond the scope of thisreview to list and discuss sequence var-
iation in introns of the HLA-G gene. Efforts have been made to
elucidate the polymorphism in the 5’URR and in the 3'UTR
parts of the HLA-G gene. Table | lists some of these polymor-
phisms. In brief, sequences and polymorphism in both the
5’'URR and 3'UTR parts of the HLA-G gene may be of import-
ance in the regulation of HLA-G expression. Based on studies
of both HLA-G transgenic mice and the binding of nuclear fac-
tors, aregion between 1.1 and 1.4 kb from the start site of tran-
scription of the HLA-G gene has been proposed to contain an
important regulatory element (Schmidt et al., 1993; Moreau et al.,
1997). Sequence polymorphism has also been reported in this
region (Hviid et al., 1999, 2004b; Ober et al., 2003). However,
the functional links and importance of this polymorphism are
still uncertain. A polymorphism at position —725 might be asso-
ciated with SA (Ober et al., 2003) (Table I), and there might be
an association with the status of the methylation and expression
of sHLA-G; however, further studies are clearly needed (Ober
et al., 2003; Hviid et al., 2004b). In the promotor region of
HLA-G, an interesting polymorphism at position —201 has been
reported (Hviid et al., 1999) (Table 1). A ‘G’ in G*010101 is
changed to an ‘A’ in G*010102, G*010103, G*0104 and
G*0105N. The polymorphism is located in the NF-xB2 element
(enhancer A) and reverts the regulatory sequence to that of
HLA-A2. Still, further studies are needed to elucidate whether
this promotor polymorphism has any effect on the regulation of
expression of certain HLA-G alleles by allowing the binding of
NF-xB2 factors to the HLA-G enhancer A (Hviid et al., 1999;
Solier et al., 2001a). Harrison et al. (1993) was the first to
describe a 14 bp del etion/insertion polymorphism (5-ATTTGT-
TCATGCCT-3) in the 3UTR of the HLA-G gene located at
position 3741 in exon 8 (according to the reference sequence of
Geraghty et al., 1987) (Figure 2). In Caucasian populations, the
frequencies of these two HLA-G polymorphisms are nearly
equal (frequency of allelesincluding the 14 bp sequence: ~45%;
aleles with the 14 bp sequence deleted: ~55%); however, in
African populations the allele with the deleted 14 bp sequence
may dominate when the linkage disequilibrium between this
polymorphism and the WHO-acknowledged HLA-G alleles is
considered (Table I1), although no direct study of this matter has
yet been published.

In conclusion, there are no convincing data that the few poly-
morphisms in the coding regions of the HLA-G gene affect
HLA-G function, except for the deletion in the HLA-G-null
allele G*0105N. Polymorphism in the 3UTR and 5’URR parts
of the HLA-G gene has been found to be associated with differ-
ences in HLA-G expression, which may affect HLA-G func-
tion and may be of importance in certain complications of

HLA-G in human reproduction

pregnancy. These aspects will be outlined in detail in later sec-
tions of thisreview.

HLA-G expression and function

HLA-G expression

The expression of HLA-G is restrictive. Although HLA-G
MRNA has been detected in many different tissues, HLA-G pro-
tein expression has been described repeatedly only on and by the
trophoblast cells in placenta, on and by certain immune cells (in
most cases monocytes) and in the thymus (Kovats et al., 1990;
Crisaet al., 1997; Lilaet al., 2001; Ishitani et al., 2003; Rebmann
et al., 2003). However, HLA-G protein expression can some-
times be observed in muscle fibres and in liver biliary and renal
tubular epithelial cells (Wiend! et al., 2000; Lila et al., 2002;
Creput et al., 20038). HLA-G can be detected in serum/plasma
from both women and men, but there is controversy in various
published studies to whether sHLA-G can be detected in the
blood of all men and non-pregnant women under normal condi-
tions (Rebmann et al., 2001; Lila et al., 2002; Hviid et al.,
2004b). Reviewing the literature, it seems that sHLA-G can be
detected in all plasma samples from pregnant and non-pregnant
women, whereas sHLA-G can only be detected in some serum
samples, at least from non-pregnant women (and from men);
however, one study using a unique sHLA-G assay seemed to
detect SHLA-G in all serum samples from pregnant women (Yie
et al., 2004). It can be speculated that in blood containing small
amounts of sHLA-G, the sHLA-G can be lost in some way in the
subsequent generation of the serum samples. In future sHLA-G
studies, plasma samples may be preferred or serum samples
should only be compared with other serum samples in, e.g.,
case—control studies. Furthermore, no consensus exists regarding
the sHLA-G assays used in various publications. So far, they
have all been ‘in-house’ assays with different antibodies and
SHLA-G standards, so evaluation and standardization of the dif-
ferent assays are thus greatly needed. The main source of HLA-
G5 (sHLA-G) in the blood of non-pregnant women and in menis
most likely monocytes; though CD4+ and CD8+ T cells and B
cells seem to be able to secrete HLA-G5 as well, though to a
lesser extent (Rebmann et al., 2003). Studies so far indicate that
the presence, or the level, of SHLA-G in serum/plasma samples
is associated with HLA-G polymorphism (Rebmann et al., 2001,
Hviid et al., 2004b; Rizzo et al., 2005a).

HLA-G mRNA alternative splicing—membrane-bound
and soluble isoforms

HLA-G potentially exists in four membrane-bound isoforms,
HLA-G1 to -G4, and three soluble isoforms, HLA-G5 to -G7
(Ishitani and Geraghty, 1992; Fujii et al., 1994; Kirszenbaum et al.,
1994; Hviid et al., 1998; Paul et al., 2000; LeMaoult et al., 2003)
(Figure 2). The possible expression on the cell surface of the
shortened isoforms HLA-G2-G4 is controversial (Menier et al.,
2000; Bainbridge et al., 2000; Mallet et al., 2000; Riteau et al.,
2001b; Morales et al., 2003; Ulbrecht et al., 2004). The sHLA-G
isoforms are generated by alternative splicing of the HLA-G tran-
script. Intron 4 includes a stop codon, and thisintron isretained in
the HLA-G mRNAs which are transated into the sHLA-G
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isoforms (Fujii et al., 1994; Hviid et al., 1998). sHLA-G, like
HLA class la soluble molecules, is probably also generated by the
shedding of membrane-bound HLA-G molecules (Park et al.,
2004). The expression of soluble HLA-G6 with exon 3 spliced out
has been reported; however, more independent studies are needed
to establish the secretion and functionality of this HLA-G isoform
beyond any doubt.

Associations between HLA-G polymorphisms
and HLA-G expression

The 14 bp deletion/insertion polymorphism in exon 8 of the
J'UTRis present in both the HLA-G gene and transcript (Harrison
et al., 1993) (Figure 2). HLA-G was previously found to be co-
dominantly expressed (Hviid et al., 1998); however, HLA-G ale-
les containing the 14 bp sequence have been found to be associ-
ated with a lower HLA-G mRNA level for most isoforms in
heterozygous (first trimester) trophoblast samples (Fujii et al.,
1994; Hiby et al., 1999; Hviid et al., 2003) (Figure 3). Hviid et al.
(2003) have investigated villous and extravillous trophoblast cell
fractions as well as whole biopsy samples from late first-trimester
placentas for HLA-G mRNA expression. The 14 bp sequence pol-
ymorphism in the 3UTR of the HLA-G gene made it possible to
study the two allelic HLA-G mRNA expression levels and altern-
ative splicing patterns in heterozygous trophoblast samples. Over-
al, when the expression of different HLA-G*010102 mRNA
isoformsincluding the 14 bp sequence were compared with that of
G*010101, where the 14 bp sequence is deleted, the expression
levels were significantly reduced. These more detailed results
were in accordance with the data of O'Brien et al. (2001). In the
cases of transcription and aternative splicing that involved the
G*010102 allele, additional MRNA isoforms were observed to be
lacking the first 92 bp of exon 8, these HLA-G mRNASs were vari-
ants of HLA-G1 and HLA-G5/G6. These HLA-G mRNA isoforms
were also found in the G*010103 allele, and here unique G2 (-92
bp), and possibly G4 (92 bp), isoforms were observed. On the
other hand, regarding the levels of HLA-G mRNA expression, the
G*010103 allele more closely resembled the G*010101 alele. In

Genomic DNA

+14 bp 3’'UTR polymorphism

-14 bp
HLA-G*010101 HLA-G*010102 HLA-G*010103

] G1(-92 bp)
mRNA isoforms G5/G6 (-92 bp)
G2(/G4) (-92 bp)

G1 G1 (+14 bp) G1(+14 bp)
G2/G4 G2/G4 (+14 bp) G2/G4 (+14 bp)
G3 G3 (+14 bp) G3 (+14 bp)
G5 G5 (+14 bp) G5 (+14 bp)
G6 G6 (+14 bp) G6 (+14 bp)

Figure 3. Expression profiles of human leukocyte antigen-G (HLA-G) mRNA
isoforms in relation to HLA-G polymorphisms. The HLA-G mRNA isoforms
lacking the first 78 bp of exon 8 are only observed in the +14 bp HLA-G alle-
les[G1 (-92 bp), G5/G6 (-92 bp), G2(/G4) (92 bp)] (Hviid et al., 2003).
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conclusion, it can be specul ated whether the presence of the 14 bp
sequence at the beginning of exon 8 functions as a cryptic branch-
point sequence for HLA-G mRNA splicing. Interestingly, HLA-G
transcripts with the 92 bp deletion have been reported to be more
stable than the complete mMRNA forms (Rousseau et al., 2003).
However, at the moment, it has not been determined whether the
14 bp polymorphism is directly involved in the observed differ-
encesin HLA-G mRNA expression or whether it is polymorphism
inthe HLA-G 5'URR in linkage disequilibrium with the 14 bp pol-
ymorphism. Furthermore, severa studies have been unable to
detect sHLA-G in serum samples from individuals homozygous
for the presence of the 14 bp sequence. These samples originated
from both donors and couples attending IVF clinics (Hviid et al.,
2004b; Rizzo et al., 2005a). sHLA-G was measured in serum by
enzyme-linked immunosorbent assay (ELISA), which detects the
HLA-G molecule in a B,-microglobulin-associated form, so the
assay in theory detects both sHLA-GL that is shed by membrane-
bound HLA-G1 and the soluble HLA-G5 isoform. In only 15.4%
(23/149) of al serum samples could HLA-G5/sHLA-G1 be
detected with a mean concentration of 11.7 £ 2.5 ng/ml (£SEM)
for the positive samples; no differences being observed between
males and females. No HLA-G5/sHLA-G1 was detected in any
of the +14/+14 bp samples (P = 0.011). These findings are
somewhat in agreement with a study of serum samples from
heart transplant patients, 18% of whom were sHLA-G positive;
but this is, naturally, an abnormal condition (Lila et al., 2002).
Rebmann et al. (2001) have also studied associations between
HLA-G dleles and sHLA-G plasma levels; however, no HLA-
G-specific monoclonal antibodies (mAbs) were included in the
ELISA used. The main results were a split between ‘low-" and
‘high-"secretor HLA-G alleles, G*01013 and G*0105N being
low secretors, G*0104 a high secretor and G*01011 and
G*01012 being between the two levels. When families were
studied, the low and high sHLA-G plasma levels did not segre-
gate with HLA haplotypes, so it was concluded that additional
mechanisms might be involved in the regulation of the individ-
ual sHLA-G levels. These results are only partly in agreement
with those of studies of the 14 bp polymorphism and HLA-G5/
sHLA-G1 serum levels. Further study is clearly needed in this
area. Discrepancies between results may well depend on the
specific anti-HLA-G antibodies used and whether they bind to
B,-microglobulin-associated HLA-G or intron 4-retaining
sHLA-G isoforms (Fournel et al., 2000b). There might even be
some differences related to whether the analysis is of serum or
plasma samples. Shed HLA-G molecules may also blur associa-
tions between HLA-G polymorphism and sHLA-G protein
expression. Finally, preparations of HLA-G protein standards
may also vary and influence comparisons between different sHLA-G
assay’s.

HLA-G function

The first and also the most comprehensive studies of the functions
of HLA-G molecules relate to a range of in vitro experiments,
which have shown that HLA-G can inhibit NK and T-cell-
mediated cdll lysis, both through direct interaction with the receptors
ILT2 and ILT4 and with the killer Ig-like receptor 2 DL4
(KIR2DL4 receptor) (Navarro et al., 1999; Ponte et al., 1999;
Rajagopalan and Long, 1999; Riteau et al., 2001a; Menier et al.,
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2002) (Figure 4). Regarding the KIR2DL4 receptor, different
responses are elicited depending on the activation of the effector
cells (Rajagopalan and Long, 1999; Hofmeister and Weiss, 2003).
The HLA-G o1 domain may be important in the inhibition of NK
cell activity, and Met76 and GIn79 residues in the o.1 domain may
be involved in KIR2DL4 recognition (Rouas-Freiss et al., 1997,
Yan and Fan, 2005). This is interesting in relation to preserved
functions of HLA-G isoforms lacking exon 3 (the 0.2 domain).

On the trophoblast cells of the placenta, which originate from
the fetus, no classical HLA class laand |l antigens are expressed,
except for a possible weak expression of HLA-C (Redman et al.,
1984; Hunt et al., 1987; Lataet al., 1990; King et al., 1996, 2000).
In this way, the HLA-semiallogenic fetal cells will not comein
direct contact with the maternal immune system. However,
cellsthat do not express MHC/HLA on the surface will undergo
NK-mediated cell lysis. The strong expression of the nearly mono-
morphic HLA-G molecule on and by the invasive cytotrophoblast
cells, together with the expression of HLA-E (and -F) in the pla-
centa, will prevent this. As mentioned earlier, the function of
HLA-F isnot known. However, HLA-F expression has so far only
been detected on invasive trophoblast cells. Actually, these cells
are the only cells that express all three HLA class Ib molecules,
which is an interesting observation regarding these non-classica

Mother

HLA-A, -B,, -C,
Placenta HLA-A,, -B,, -C,,
HLA-G,, -E,, -Fp, -Cpy
HLA-G,, -E,, -F,, -C,

HLA-C

T
HLA-F (?)

Fetus
HLA-A_, -B,, -C,
HLA-A,, -Bp, -Cp

m = maternal
p = paternal

CD94/NKG2

HLA-E

Trophoblast cell | "

----------------- P Influence, interact with or modulate
————— + Secretion of the specific factor

HLA-G in human reproduction

HLA antigens probable importance in the pregnant woman's
acceptance of the semiallogenic fetus. It can be hypothesized that
the products of the three genes may act in synergy and may even
be able to substitute for each other (Ishitani et al., 2003).

A so-called T-helper 1 (Thl) response is mediated by a subset
of CD4+ T cells that are primarily characterized by the cytokines
[e.g. interferon-y (IFN-y), interleukin-2 (IL-2) and tumour necrosis
factor-o. (TNF-0))] they produce. A Thl response is also called a
(pro)inflammatory response. A Th2 response is mediated by
another subset of CD4+ T cellsthat produce cytokines, such as1L-10,
IL-3and IL-4. Th2 cellsare mainly involved in stimulating B cells
to produce antibodies (humoral immune response). A successful
pregnancy has been called a‘ Th2 phenomenon’ characterized by a
Th2 cytokine profile, whereas certain complications of pregnancy,
such as RSA and pre-eclampsia, have been associated with a Thl
response (Chaouat et al., 2004).

IL-10 has been shown to be able to activate HLA-G expression
(Moreau et al., 1999). On the other hand, the presence of both
membrane-bound and sHLA-G seems to induce changes in the
secretion of cytokines from alo-CTL-activated periphera blood
mononuclear cells (PBMCs) (Magjima et al., 1997; Kapasi et al.,
2000). However, the exact nature of the induced changes in
cytokine profiles is controversial. Comparisons of variousin vitro

Maternal NK cell
KiR2DL4 Maternal monocid‘ie/
macrophage/fymphocyte
IL-10 - —

ILT-2/(-4)"

A ?
~$
ooooooooooooooooooooo |nhibition Of
°°°°°°°°° P alo-CTL
response ? . : :
HLAG T L1077 4 i
(influenced by TNE wk :
HLA-G genotype) INF-y 4
HLA-G | TGF-p1 1
: VEGF T

o Tae* ".' V
.." '.-.*"" | Augmentation of i
" Ccell lysis allo-CTL response ? |
% IL-10 ?7 !
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Figure 4. Expression of human leukocyte antigen (HLA) molecules during pregnancy and interactions between HLA class Ib molecules, natural killer (NK) recep-
torsand cytokines at the feto—placental interface. The fetus inherits one HLA haplotype from the mother and one from the father and is thereby semiallogenic for the
mother. However, the extreme polymorphic classical HLA class laand Il antigens, HLA-A, -B and -DR, are not expressed by the trophoblast cellsin the placenta.
Instead, the nearly monomorphic non-classical HLA class Ib antigens, especially HLA-G, are expressed on the invasive cytotrophoblast cells. In this way, the tro-
phoblast cells escape NK-cell-mediated lysis. Membrane-bound and soluble HLA-G (sHLA-G) can influence cytokine secretion and an allo-cytotoxic T-
lymphocyte (CTL) response as described in detail in thetext. *, ILT-4 is expressed on monocytes, macrophages and dendritic cells (Hofmeister and Weliss, 2003).
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studies are complicated by differences in the sources of HLA-G
used and in the cytokine-secreting cells studied; therefore, it is
aso difficult to judge which results may be the most credible. The
studies can be divided into four categories.

Cdll lines transfected with membrane-bound HLA-G1
in co-culture with PBMC

A range of studiesin which cell lines (the B-lymphoblast cell line
721.221 or K-562 leukaemia cells) have been transfected with the
membrane-bound HLA-G1 (mHLA-G1) gene and co-cultured with
PBMC or uterine mononuclear cells (UMC) or perhaps specific
subsets of these, has been performed (Magjimaet al., 1997; Kanai
et al., 2001a,b, 2003; Rieger et al., 2002; van der Meer et al.,
2004). Regarding the PBMC response to mHLA-G1-transfected
cells, there is consensus concerning the four most-studied
cytokines. The secretion of TNF-o. and IFN-y, both considered
Thl cytokines, decreased, whereas IL-10 and IL-4, both Th2
cytokines, increased (Magjimacet al., 1997; Kanai et al., 2001a,b).
IL-10 is an important anti-inflammatory cytokine, and elevated
levels of IL-10 in pregnancy may be a mechanism for inducing
tolerance by generating tolerance-inducing T cells (Huizinga et al.,
1999). However, this interpretation may have to be modified and
will be discussed later. Magjima et al. (1997) found a decrease in
IL-3, while Kanai et al. (2001a) found an increase in this cytokine.

Céll lines transfected with membrane-bound HLA-G1
in co-culture with uterine or decidual mononuclear cells

Regarding the responses of UM C from non-pregnant women on day
7 after the LH surge, large granular lymphocytes (LGL) and decid-
ual mononuclear cells (DMC), both from human deciduas to
mHLA-G1 transfected cells, thereis almost consensus (Kanai et al.,
2001b, 2003; Rieger et al., 2002; van der Meer et al., 2004). Again,
TNF-o and IFN-y decreased; however, the level of 1L-10 decreased
or was unchanged compared with that of controls, and IL-4 was
unchanged. One study has investigated the response of uterine NK
cells from non-pregnant women (van der Meer et al., 2004), finding
that IFN-y increased in these cells. Interestingly, in the same study,
vascular endothelia growth factor (VEGF) was found to increasein
both UMC and uterine NK cellsin comparison with the controls.

In conclusion, these studies of the effect of mHLA-G1-transfected
cells show a diminishing of Thl-like cytokines, and especially in
the studies with PBMC, a Th2-like response. A Th2 response in
mononuclear cells from the uterus is, however, not that evident.
Importantly, the effect of mMHLA-G1 on IL-10 secretion seems
modest (Kanai et al., 2001a; Rieger et al., 2002). These in vitro
experiments can be difficult to interpret in a physiological context.
The most relevant studiesin relation to pregnancy are the ones that
include UMC. Here, the HLA-G transfected cells can be viewed as
the trophoblast part. The traditional concept of an up-regulation of
Th2 and down-regulation of Thl in an uncomplicated pregnancy
is somewhat challenged in relation to the expression of mem-
brane-bound HLA-G in these experiments; this will be further
addressed later in this review. In relation to the studies with
PBMC, it is important to note that these cells originated from
males or nulligravidae women. As a whole, the studies indicate
that the cytokine response to mHL A-G-expressing cells may differ
between a non-pregnant and a pregnant state, or at least the
response may differ between cells from peripheral blood and local
uterine cells. However, it must be remembered that the content of
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specific mononuclear cellsin PBMC and UMC populationsis dif-
ferent, and the UM C samples may be contaminated with other cell
populations.

Cytokine secretion from model systems with immune
cellsand addition of sHLA-G

A range of studies of the effect of SHLA-G on cytokine secretion
from immune cells has been conducted. In mixed lymphocyte
cultures (MLC), Kapasi et al. (2000) found biphasic responses
regarding TNF-o., IFN-y and 1L-10 when HLA-G from placentas
was added in the 0—-1000 ng/ml range. At HLA-G concentrations
of <50 ng/ml, secretion of TNF-o. and IFN-y increased and that of
IL-10 was decreased compared with that of control cultures; that
is, the IL-10 concentrations rose as sHLA-G levels diminished to
zero. At an HLA-G concentration of 1000 ng/ml, the cytokine lev-
elswere inverted, asin a Th2 response. These results are partly in
accordance with a study of recombinant sHLA-G1 (rsHLA-G1)
added to DMC, in which rsHLA-G1 concentrations of 250 and
500 ng/ml were found to decrease levels of TNF-o and IFN-y;
however, when rsHLA-G1 was added to PBMC &t a concentration
of 1000 ng/ml, the levels of these two cytokines increased (Kanai
et al., 20014, 2003). Two more studies have measured IL-10 levels
after the addition of sHLA-G. At a concentration of 1000 ng/ml,
rsHLA-G1 significantly increased IL-10 levelsin PBMC/.221 cell
cultures, quite in accordance with studies by Kapasi et al. (2000)
and Mclntire et al. (2004) in which phorbol 12-myristate 13-acetate
(PMA)/IFN-y-treated U937 myelomonocytic cells increased IL-10
levels after the addition of 10 nM (~250 ng/ml, according to
Mclntire et al., 2004) of rHLA-G5 (Kana et al., 2001a; Mclntire
et al., 2004). However, in this last study, rHLA-G5 and -G6 at
concentrations of 1000 nM (~25 000 ng/ml) were found to sup-
press IL-10 secretion, while rHLA-G5/-G6 at concentrations of
only 1 nM (~25 ng/ml) did not affect IL-10 levels. IL-10 has been
shown to stimulate HLA-G expression (Moreau et al., 1999). Inin
vitro time-course experiments, IL-10 secretion preceded HLAG5/
sHLA-G1 expression in lipopolysaccharide (LPS)-activated
PBMC cultures. Addition of anti-IL-10 mAb to the L PS-activated
cultures also blocked the HLA-G5/sHLA-G1 expression (Rizzo
et al., 2005a). In PBMC cultures with the +14/+14 bp HLA-G
genotype, however, a significantly higher concentration of IL-10
was observed together with the same basic level of HLA-G5/
SHLA-G1, indicating that in some individua PBMC samples a
higher level of 1L-10 is needed to induce sHLA-G expression. Fur-
thermore, in a study of donor serum samples, a trend towards an
inverse relationship between HLA-G5/sHLA-G1 and IL-10 levels
was observed (Rizzo et al., 20054). Furthermore, LPS activation
of PBMCs resulted in a rough trend towards decreasing levels of
IL-10 with increasing concentrations of HLA-G5/sHLA-GL1 in the
cultures (Rizzo et al., 2005a). These results are somewhat in
accordance with those of other studies of IL-10 and sHLA-G
(Kapasi et al., 2000; Mclntire et al., 2004), athough not with
those of Kanai et al. (2001a), which examined unstimulated
PBMCs. Findly, Mclntire et al. (2004) found that rHLA-G5 at 10
nM (~250 ng/ml) and 1000 nM (~25 000 ng/ml) augments trans-
forming growth factor (TGF)-B1 secretion by the human myelo-
monocytic cell line. TGF-B1 may promote placental cell growth
and differentiation (Ingman and Robertson, 2002). It seems that
rHLA-G5 and -G6 mediate their effects through interaction with
ILT4 and ILT2 receptors. IL-4 and IL-6 secretion seem not to be
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affected by rsHLA-G1, rHLA-G5 or rHLA-G6 (Kanai et al., 20013,
2003; Mclntire et al., 2004). In conclusion, it israther difficult fully
to compare the cited studies of SHLA-G added to or spontaneously
secreted by different mononuclear cells. Some studies investigate
MLC, others PBMC/DMC or cell lines stimulated in different ways.
It seems that for IL-10, TNF-o. and IFN-y secretion, the levels
secreted are related to sHLA-G concentration. A trend found is that
a increasing levels of sSHLA-G, both TNF-o. and IFN-y secretion
seems to decrease, at least in the MLC and DM C experiments. For
IL-10, decreasing amounts of sHLA-G may result in increased
secretion of 1L-10 from activated mononuclear cells.

Cytokine secretion in a model systemwith both mHLA-G1-expressing
cells and addition of sHLA-G1

One unique study examined the effect of rsHLA-G1 added to
PBMC/HLA-G1.221 cells at concentrations of 250-1000 ng/ml
(Kanai et al., 20018). The results, in comparison with control cul-
tures, showed a significant increase in TNF-c, IFN-y and IL-10
and unchanged levels of IL-4. However, a similar study of DMC/
HLA-G1.221 cells found a significant decrease in TNF-a. and
IFN-y levels, whereas IL-4 levels were unaltered, at rsHLA-G1
concentrations of both 250 and 500 ng/ml; IL-10 was not consid-
ered in this study (Kanai et al., 2003). This model system with
both mHLA-G and sHLA-G in the culturesis very relevant to the
in vivo situation in the placenta.

Several of the studies discussed above point out important
differences between the cytokine responsein PBMC and in uterine/
DMC populations to HLA-G expression. Also, the expression
levels of HLA-G in the placenta are probably of critical import-
ance for the exact cytokine response. The sHLA-G concen-
trations in plasma/sera of pregnant women are approximately
5-100 ng/ml (Pfeiffer et al., 2000; Steinborn et al., 2003; Yie
et al., 2004), although one study has reported finding several
serum concentrations in the third trimester as high as 3000—
4000 ng/ml; however, local concentrations of sHLA-G may be
much higher. Unfortunately, not many data regarding HLA-G
local concentrations in the placenta are available. Yie et al.
(2004) have studied the HLA-G levels in 14 placental lysates
(gestational weeks 38—42) and found a median concentration of
88 ng/mg protein (range 6.5-200 ng/mg protein). However, the
most interesting finding in relation to the in vitro experiments
would be sHLA-G concentrations in uterine blood samples,
which to the best of the author’ s knowledge have not been pub-
lished. Altogether, the in vivo data might indicate whether the
sHLA-G concentrations used in the in vitro experiments are
physiologically relevant. One problem in drawing a general
conclusion from these studies is that both the sHLA-G prepara-
tions and sHLA-G assays used need to be standardized, so direct
comparisons might be problematic.

So, in conclusion, a possible function of HLA-G in uncompli-
cated pregnancy could be to shift a proinflammatory Thl cell-
mediated response towards a Th2 response, athough this concept
might have to be revised, especially as regards the local situation
at the feto—maternal interface. It is important to note that the con-
cept of ThL/Th2 responses may be far too simplistic as discussed
(Chaouat et al., 2004). Also, HLA-G seems able to inhibit an allo-
CTL response in vitro, but it seems that the response is biphasic,
so a moderate amount of HLA-G added to the cell culture system
increases the response (Kapasi et al., 2000). Further investigation

HLA-G in human reproduction

is needed to elucidate the relationships between HLA-G expression
and cytokine secretion.

Regarding allograft tolerance, this can be transferred between
recipients by regulatory T cells: suppression can be actively medi-
ated by regulatory T cells, or tolerance can be maintained by the
deletion or functional non-responsiveness (anergy) of alloreactive
T cells (Wekerle et al., 2002). In primary mixed lymphocyte reac-
tions (MLR), responder T cells (both CD4+ and CD8+) could
express both sHLA-G1 and HLA-G5, and this suppressed the allo-
proliferative response of T cells (Lilaet al., 2001; Le Rond et al.,
2004). No HLA-G expression could be detected in autologous
MLR combinations. However, HLA-G expression was not
detected in al allogenic combinations, and differences existed in
the HLA-G isoform profile. Interestingly, HLA-G expression was
influenced by the specific MLR combinations.

A recent study found that HLA-G1 transfected antigen-present-
ing cells can inhibit the proliferation of CD4+ T cells, shed HLA-
G1 molecules, induce CD4+ T cell anergy or at least long-term
unresponsiveness and cause the differentiation of CD4+ T cells
into suppressive cells (LeMaoult et al., 2004). So HLA-G-positive
antigen-presenting cells may be directly involved in the suppres-
sion of immune responses and contribute to long-term immune
escape or tolerance (LeMaoult et al., 2004).

HLA-G can bind peptides, as noted above, and a single study of
HLA-G transgenetic mice has rendered it probable that HLA-G
may be able to present peptides to the T-cell receptor, though this
finding is controversia (Lenfant et al., 2003). Finaly, HLA-G
may also be implicated in cellular aggregation and cell adhesion
(Odum et al., 1991).

HLA-G in human reproduction

HLA-G expression and function during implantation

and pregnancy

Some studies have found HLA-G expression in blastocysts and
maybe even in preimplantation blastocysts, however, thisissue is
still rather controversial (Jurisicovaet al., 1996; Hiby et al., 1999;
Fuzzi et al., 2002; van Lierop et al., 2002; Sher et al., 2004; Noci
et al., 2005; Yie et al., 2005). One study detected HLA-G mRNA
and protein expression in 40% of 2- to 16-cell stage preimplantation
embryos with a total of 148 blastocysts investigated (Jurisicova
et al., 1996). Expression of the HLA-G transcript was associated
with an increased cleavage rate when compared with embryos
lacking HLA-G mRNA. Another study of HLA-G mRNA in 108,
day-3 preimplantation embryos from 25 couples, found that 44%
were positive (Cao et al., 1999). On the other hand, Hiby et al.
(1999) could not detect HLA-G mRNA in embryos from the 2-cell
to the blastocyst stage; however, only 11 embryos were investi-
gated. These findings should be considered in relation to more
general studies, which find that the embryonic genome becomes
activated by the 2-cell stage in mammals, and perhaps by the 4-cell
stage in humans (Braude et al., 1988; Zeng and Schultz, 2005). In
another study of human embryo culture supernatants from
embryos at the 8-cell morula or beyond the blastocyst stage, no
sHLA-G could be detected using three different ELISA set ups
(van Lierop et al., 2002). However, it is not quite clear how many
embryos were tested, and only pooled supernatants were studied.
In line with the finding that only a fraction of preimplantation
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embryos may express HLA-G, three independent groups have
detected sHLA-G expression in the culture media of these in rela-
tion to IVF procedures after 4672 h of culture before transfer.
Noci et al. (2005) recorded the presence of sHLA-G in 36.2% of
single-embryo cultures (N = 318) after 72 h of culture, while only
8.9% of the cultures were sHLA-G-positive after 48 h. In another
study of 594 embryos from 201 women, the exact frequency of
SHLA-G-positive’ single-embryo cultures was not specified; how-
ever, in 65% of these women at least one of the transferred embryos
(mean transferred 3.0) was ‘positive’ (Sher et al., 2004). Caution
should be exercised, because in the sHLA-G ELISA used in this
study, an mAb MEM-G1 was directed against denaturated HLA-G.
Noci et al. (2005) used an mAb against HLA-G in a3,-microglobulin-
associated form (HLA-G5/sHLA-G1). The frequencies of HLA-G-
positive preimplantation embryos found by the two independent
studies of Jurisicova et al. (1996) and Noci et al. (2005) are in
agreement. Interestingly, the detection of sHLA-G in the culture
media is associated with a higher success in IVF treatment,
defined as the obtaining of a clinical pregnancy. But the expres-
sion of HLA-G is no guarantee of implantation, in that a large
fraction of sHLA-G-positive IVF treatments fail. On the other
hand, these studies found that al IVF treatments with sHLA-G-
negative preimplantation embryo cultures ended unsuccessfully
with no signs of implantation (Fuzzi et al., 2002; Sher et al., 2004;
Noci et al., 2005). A recent study by Yie et al. (2005) further sup-
ports these findings. Of 386 embryo culture supernatants (with 2.9
embryos per culture), 69.9% were positive for sHLA-G after 72 h
of culture. The embryos originated from 137 IVF cycles (corre-
sponding to the same number of couples). Again, the live birth ratein
women who had HLA-G-positive embryos transferred was signifi-
cantly higher than that in women who had only HLA-G-negative
embryos transferred (48.4 versus 17.1%; P = 0.0026). Further-
more, a significantly higher mean embryo cleavage rate was found
in the HLA-G-positive group than in the HLA-G-negative group,
in agreement with Jurisicova et al. (1996). Interestingly, in respect
to the further discussion of HLA-G expression presented below,
Yieet al. (2005) did observe pregnancy and live birthsin six of 37
HLA-G-negative IVF cycles studied. However, the rate of SA was
higher in the HLA-G-negative group (25%) than in the HLA-G-
positive group (11%). Finally, it isimportant to remember that the
allocation of samples as either HLA-G ‘positive’ or HLA-G ‘nega-
tive’ may, in part, be influenced by the sensitivity of the specific
SHLA-G assay. Another recent study by Sher et al. (2005) aso
found that when up to three sHL A-G-negative embryos were trans-
ferred, viable pregnancies are observed. However, this study only
examined |CSl-derived embryos (n = 1404 from 482 women), find-
ing asignificant increase in the pregnancy rate (PR, aviable intrau-
terine pregnancy confirmed by ultrasound performed after the
seventh week of gestation) and the implantation rate (IR, the
number of viableclinical pregnancies as defined above divided by the
number of embryos transferred) with the addition of each sHLA-G-
positive embryo, regardless of the woman's age. When all of the
embryos transferred were sHLA-G-negative, the PR and IR were 25
and 13% for women <38 years, respectively; however, when at least
two embryos were sHLA-G-positive, PR and IR increased to 69 and
36%. In conclusion, the studies of IVF embryo cultures suggest that
it may be necessary to monitor sHLA-G at 72 h after fertilization,
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for usein selecting optimal embryosfor transfer. Thismay beinline
with the fact that the activation of the human embryonic genome
starts between the 4- and 8-cell stages, approximately 70 h after
oocyte insemination (Tesarik et al., 1986; Braude et al., 1988).

It could be argued that the sHLA-G found in the culture media
might originate from the follicular fluid (and thus from the
woman), sticking to the oocyte and being released into the culture
media. However, van Lierop et al. (2002) found follicular fluid to
be negative for sSHLA-G. More research is clearly needed to clar-
ify this matter; however, irrespective of the origin of the sHLA-G,
the clinical potential for improving IVF treatment and reducing
multiple pregnanciesisintriguing.

These studies of HLA-G expression in and by blastocysts
should also be considered in relation to the fact that expression of
the full-length HLA-G1 and -G5 isoforms may not be necessary
for implantation and a successful pregnancy. Homozygous indi-
viduals for the frame-shift mutation in exon 3 of the HLA-G gene
(the G*0105N allele) have been described (Ober et al., 1998;
Casro et al., 2000). However, these individuals will be able to
express shortened HLA-G isoforms in which exon 3/the a2
domain is spliced out. The problem isthat, as outlined previously,
different studies are contradictory regarding the functionality and
expression on the cell surface of these isoforms. However, HLA-
G2 may be secreted, and there is some evidence for functionality
linked to this isoform, possibly through the ol domain (Hunt
etal.,, 2000; Yan and Fan, 2005). Interestingly, the HLA-
G*0105N allele is also able to induce cell surface expression of
HLA-E molecules capable of interacting with CD94/NKG2A and
keeping up this important function (Sala et al., 2004). Finally, a
recent study by Le Discorde et al. (2005) claimed that cloned
genomic G*0105N DNA transfected into an HLA-class |-positive
human cell line protected the cells against NK cell lysis. HLA-G
proteins were also detected in the cells.

A wide range of studies has shown that HLA-G is expressed on
trophoblast cells from early in the first trimester and throughout
the rest of the pregnancy; HLA-G may thus already be expressed
by the blastocyst stage, according to the discussion above. There
have been some divergent results regarding the pattern of HLA-G
expression in different subtypes of trophoblast cells. However, the
consensus seems to be that the invasive, extravillous cytotrophob-
last cells have the strongest expression of membrane-bound HLA-G
(Kovats et al., 1990; Le Bouteiller and Blaschitz, 1999; Moraes
etal., 2003). The endovascular trophoblast cells also express
membrane-bound HLA-G (Proll et al., 1999). The syncytiotro-
phoblast only expresses SHLA-G, and it seems that all other tro-
phoblast subtypes also express sHLA-G (Kovats et al., 1990;
Ishitani et al., 2003).

In the light of the described functions of HLA-G, adequate
expression of HLA-G at the feto—placental contact zone is
believed to be important for the pregnant woman’s acceptance of
the semialogenic fetus. However, given the existence of
homozygous individuals for the HLA-G-null mutation, it is inter-
esting to consider which of the membrane-bound or soluble iso-
forms of HLA-G may be most functionally important. There are
no clear answers to this question yet; furthermore, the three non-
classical HLA class Ib genes may be able to substitute for each
other functionally during human reproduction.
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HLA-G genetics and expression in RSA and assisted
human reproduction

The level of sHLA-G in maternal blood was, in a study of IVF
pregnancies, associated with arisk of SA during thefirst trimester.
SHLA-G levels in the serum samples of 20 women experiencing
early SAs were significantly reduced during the first 9 weeks of
gestation, compared with those of 37 women with intact pregnan-
cies (Pfeiffer et al., 2000). Even the mean pre-ovulatory serum
SHLA-G concentration in the 20 women experiencing early SAs
(25.9 + 3.9 SEM ng/ml) was significantly lower than the mean
level in women with successful pregnancies (35.9 + 3.3 ng/ml).

Later in pregnancy during the third trimester, the sHLA-G con-
centrations in women with placental abruption have been reported
to be more than three times lower than in women with uncompli-
cated pregnancies. Women with sHLA-G levels below 9.95 ng/ml
have arelative risk of 7.1 for the development of placental abrup-
tion during the further course of pregnancy (Steinborn et al.,
2003). Interestingly, maternal sHLA-G plasma levels do not
change substantially during the normal course of pregnancy. Fur-
thermore, the sHLA-G levels of non-pregnant and pregnant
women seem to be very similar, even taking different SHLA-G
assays into account (Puppo et al., 1999; Rebmann et al., 1999;
Pfeiffer et al., 2000; Hviid et al., 2004b). Therefore, it does not
appear that much sHLA-G from trophoblast cells in the placenta
reach the maternal blood. Moreover, a substantial part of the
sHLA-G detected in maternal circulation may be produced by
immunocompetent cells of the mother (Steinborn et al., 2003).
However, not much is known about changesin HLA-G expression
on the part of the immune cells of the mother during pregnancy.

RSA, defined as >3 SA, have been shown to be associated with
the woman being homozygous for the +14 bp sequence in the
JUTR end of the HLA-G gene in a study of 61 Danish RSA
women and 93 control women with >2 uncomplicated pregnancies
[odds ratio (OR) = 2.7; 95% confidence interval (Cl) = 1.1-6.5;
P =0.03] (Hviid et al., 2002, 2004a). Interestingly, in a pilot study
of 14 women with no pregnancy after >3 IVF treatments (group
A) compared with 15 women with a successful twin pregnancy
after thefirst IVF (group B), four women had a+ 14/+ 14 bp HLA-G
genotype in group A compared with none in group B (Hviid et al.,
2004a). However, a study of 120 Indian RSA (=3 SA) and 120
control women (=3 live births) found a significant increase in the
number of heterozygotes for the 14 bp HLA-G polymorphism in
the RSA women versus the control women (Abbas et al., 2004;
Tripathi et al., 2004). So far, there is no clear explanation of this
discrepancy between the two studies. However, in Tripathi et al.
(2004), 300 women were initially selected for inclusion, but only
120 of them gave informed consent to participate, and it is not
clear whether these 120 women were truly representative of the
study population as awhole. There is no obvious functional expla-
nation to why HLA-G 14 bp heterozygosity should be associated
with RSA. In contrast, HLA-G5/sHLA-G1 have not been detected
in serum form +14/+ 14 bp homozygotes in two studies (Hviid et al .,
2004b; Rizzo et al., 20053).

Severa other studies of HLA-G polymorphism in RSA have
been performed (Tables Il and IV). Thisisaso interesting in relation
to the study of IVF pregnancies, where the pre-ovulatory serum
SHLA-G concentration in women with early abortion was signifi-
cantly reduced compared with women with intact pregnancy. Two

HLA-G in human reproduction

studies have investigated a hypothesis of HLA-G histo-incompati-
bility or sharing of aleles between the woman and her partner
(and thus the fetus) but found no support for this (Karhukorpi
et al., 1997; Hviid et al., 2002). Y amashita et al. (1999) studied an
HLA-G polymorphisminintron 4 in asmall study of 20 RSA cou-
ples but found no association. A study of 18 SNPsin the 5URR of
the HLA-G gene in a cohort of 42 Hutterite couples, found an
increased risk of abortion in couples in which both members car-
ried a —725G alele (OR = 2.8; 95% CI = 1.1-7.1) (Ober et al.,
2003). This polymorphism may be associated with low levels of
SHLA-G or undetectable HLA-G5/sHLA-G1; however, further
study is needed (Hviid et al., 2004b). One study has reported the
HLA-G*010103 and G*0105N alleles to be associated with RSA
(Pfeiffer et al., 2001), while another study found G*0104 and
G*0105N to be associated with an increased risk of abortion
(Aldrich et al., 2001). Another study by Hviid et al. (2002) of 61
RSA couples (>3 SA) and 47 fertile control couples, investigating
polymorphisms in exons 2—4 (and 8), found no statistically signi-
ficant differencesin the distribution of HLA-G alleles between the
two groups. However, 15% of the RSA women carried the HLA-
G* 0106 allele compared with 2% of the control women.

Thus, it is not possible to discern any real consensus regarding
the importance of HLA-G polymorphisms in RSA, according to
published case—control studies (Table I11). However, some studies
suggest that HLA-G dleles, including the 14 bp sequence in the
J'UTR part, might be associated with arisk of RSA. The few stud-
ies finding decreased levels of sHLA-G in women with SA, as
well as the described associations between HLA-G polymorphism
and blood levels of sSHLA-G, may support this possibility. So, a
multicenter study using the same HLA-G genotyping methods and
several sHLA-G assays, together with identical design and inclu-
sion criteria and consideration of ethnic differences, would be
most welcome.

Two studies of HLA-G expression applying immunohistochem-
istry to tissue sections from abortions have aso reached opposite
conclusions (Table 1V). One found decreased expression of HLA-G
in RSA tissue (Emmer et al., 2002), while another found no differ-
ences between decidual/trophoblast tissue sections from RSA
cases with normal chromosomes compared with those with fetal
trisomy 16 (Patel et al., 2003). However, the choice of control
group in the latter study seems not quite appropriate; in such stud-
ies of aborted tissue, it is also important to consider whether the
changes are of aetiological importance or are a mere conseguence
of some primary abnormalities.

HLA-G genetics and expression in pre-eclampsia

Pre-eclampsiais adisorder that evolvesin the second half of preg-
nancy, affecting 2—7% of all pregnancies with varying severity.
The pregnant woman devel ops hypertension, proteinuriaand often
oedema, whereas the fetus condition may also be compromised
by intrauterine growth retardation and reduced placental blood
flow. The aetiology probably involves a combination of genetic
predisposition with maternal and fetal contributions and environ-
mental factors. One prominent hypothesis suggests that immune
maladaptation isinvolved in pre-eclampsia.

Two independent studies have reported a significantly increased
risk of pre-eclampsiain primiparas, when thefetus carriesa+ 14/+ 14
HLA-G genotype (O'Brien et al., 2001; Hylenius et al., 2004)
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T.V.F.Hviid

Tablelll. Published studies of human leukocyte antigen-G (HLA-G) polymorphism in recurrent spontaneous abortions (RSA)

Study (listed by type Type of study Technical comments Cases Controls Results
and chronology)
Penzes et al. (1999) Case—control PCR-RFLP of exons2 21 RSA couples 72 healthy, unrelated Negative. However, a
and 3; low resolution individuals trend towards a higher
of aleles frequency of the
G*01012 alelein the
controls
Yamashitaet al. Case—control PCR-SSCP of exons 20 RSA couples 54 healthy fertile Negative; no implication
(1999) 2,3and 4. DNA controls (27 females/ of polymorphismin
sequencing of intron 4 27 males) intron 4
Pfeiffer et al. (2001) Case—control DNA sequencing of 78 RSA women 52 women (=1 G*010103 and G*0105N
exons2 and 3 (=3 abortions; 28% successful pregnancies) associated with RSA
secondary aborters)
Aldrich et al. (2001) Cohort PCR-SSOP, exons 113 couples (=3 G*0104 or G*0105N in
2and 3 abortions; one live either partner associated
born child) with increased risk for
abortion
Ober et al. (2003) Cohort (15 years) DNA sequencing of 42 Hutterite non- Increased risk for
5’URR; 18 SNPs RSA women abortion in couples both
membersof which carry a
—725G dlele (OR =2.7;
95% Cl = 1.1-7.1)
Hviid et al. (2002, Case—control DNA sequencing of 61 RSA couples 47 fertile couples/93 +14/+14 bp HLA-G
2004a) exons 2 and 3, (=3 abortions; 38% fertile women (>2 genotype of female
polymorphismsin secondary aborters) normal pregnancies) associated with RSA (OR
exons4 and 8 =2.7; 95%CI = 1.1-6.5).
More RSA women
carried the G*0106 dlele
(15%) compared with
controls (2%) (ns)
Tripathi et al. (2004) Case—control ACLA/lupus 120 RSA women 120 fertile women —14/+14 bp HLA-G
anticoagulant positive (=3 abhortions, (=3 live births) genotype of female
RSA women? 300 primary aborters) associated with RSA
included; 180 lost?
PCR-SSOP analysis
of exons2 and 3;
typing of G*01067?
Abbas et al. (2004) Case—control Higher frequency of

G*010103 in RSA
women (ns)

5'URR, 5’-upstream regulatory region; ACLA, anticardiolipin antibodies; Cl, confidence interval; ns, not significant; OR, odds ratio; PCR-RFLP, PCR—restriction
fragment length polymorphism; PCR-SSCP, PCR-single-strand conformation polymorphism; PCR-SSOP, PCR-sequence specific oligonucleotide probe; SNPs,

single-nucleotide polymorphisms.

(Tables V and VI). The largest study by Hylenius et al. (2004)
included 57 family triads (offspring and parents) with severe pre-
eclampsia/eclampsia and 98 control family triads. Polymorphisms
in exons 2—4 and 8 were investigated in the 465 samples. No dif-
ferences were observed when the distributions of the HLA-G alle-
les in the pre-eclampsia and control triads were compared across
the entire data set. However, a significant overrepresentation of
the +14/+14 bp HLA-G genotype was found in the pre-eclamptic
offspring in primiparas (40 with pre-eclampsia and 70 controls)
with an OR of 5.6 (95% CI = 1.8-17.3; P = 0.002). For the com-
bined data regarding both primiparas and multiparas, thiswas only
of borderline significance. Furthermore, the results indicated that
combined mother—child HLA-G genotypes might influence the
risk of developing pre-eclampsia, because a trend towards more
+14 bp HLA-G alleles was observed in combined mother—child
genotypes in pre-eclamptic cases; however, no significant differences
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in the 14 bp genotype distributions were found between women
with pre-eclampsia and control women, as some studies have
observed in cases of RSA. The —14 bp polymorphism HLA-G
allele was also more often inherited from the father in heterozy-
gotic fetuses in pregnancies not complicated with pre-eclampsia,
and the opposite was observed for the +14-HLA-G allele in the
pre-eclamptic cases (Hylenius et al., 2004). In the family triad
case—control study, no evidence was found of HLA-G antigen
incompatibility between the pregnant woman and her fetusin pre-
eclampsia (Hylenius et al., 2004). Previous studies had reached
other conclusions regarding the 14 bp HLA-G polymorphism and
pre-eclampsia. However, one study examined only 13 individuals
for the effect of fetally expressed HLA-G on pre-eclampsia
susceptibility with no well-defined control group and found no
association (Humphrey et al., 1995). Another study of 65 pre-
eclampsia and 74 control offspring from primigravidae found a
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HLA-G in human reproduction

Table V. Published studies of human leukocyte antigen-G (HLA-G) histoincompatibility/sharing in couples experiencing recurrent spontaneous abortions (RSA),
of HLA-G expression in spontaneous abortions and of HLA-G polymorphism in IVF women

Study (listed by type Type of study Technical comments Cases Controls Results
and chronology)
HLA-G polymorphism
and HLA-G
histo-incompatibility/
sharing
Karhukorpi et al. Case—control PCR-RFLP; low 38 RSA couples 26 random couples No support for
(1997) resolution of alleles parental HLA-G sharing
Hviid et al. (2002) Case—control DNA sequencing of 61 RSA couples (>3 47 fertile couples (22 No support for
exons 2 and 3, abortions) normal pregnancies) parental HLA-G
polymorphismsin histo-incompeatibility
exons4 and 8

HLA-G expression
Hamai et al. (1998) Cytokinelevelsin

PBMC co-cultured

with HLA-G-
transfected cells
Emmer et al. Case—control Immunohistochemistry
(2002) (mAb 4H84)
Patel et al. (2003) Case—control Immunohistochemistry
(mAb 4H84)
HLA-G polymorphism
and IVF
Hviid et al. (2004q) Case—control 14 bp polymorphismin

exon 8 of the HLA-G
gene

PBMC from 11 RSA
women (=3 abortions)

Trophoblastic tissue
samples from nine
RSA women

Decidual/trophoblast
tissue sectionsfrom 14
RSA women (>3
abortions) and normal
chromosomes

14 IVF women; no
pregnancy after >3
IVF treatments

PBMC from seven
nulligravidae and six
fertile women

Decidual biopsies
from ninewomen (part
of routine procedure of
chorionic villus
biopsy)
Decidual/trophoblast
tissue sectionsfrom 14
RSA women (>3 abor-
tions) andfetal trisomy
16?

15 IVF women; suc-
cessful twin pregnancy
after first IVF

IL-1B increased in
RSA and decreased in
contrals. IL-3
unchanged in RSA and
increased in controls
Decreased expression
of HLA-G in RSA
tissue

No significant
quantitative
differencesinlevelsof
HLA-G between the
two groups

+14/+14 bp HLA-G
genotype associated
with unsuccessful IVF

IL, interleukin; mAb, monoclonal antibody; PBMC, peripheral blood mononuclear cell; PCR-RFLP, PCR-restriction fragment length polymorphism.

high frequency of the —14/+14 bp HLA-G genotypein pre-eclamptic
offspring; however, this was not significant when compared with
the distribution in the controls (Bermingham et al., 2000). Further
studies of the 14 bp polymorphism in pre-eclampsia are clearly
needed. Aldrich et al. (2000) found no association between the
HLA-G*0105N allele and pre-eclampsia in African Americans,
and this was confirmed in Caucasians by Hylenius et al. (2004).
Severa studies have found an aberrant or reduced expression of
both HLA-G mRNA and protein in pre-eclamptic compared with
control placentas (Haraet al., 1996; Lim et al., 1997; Goldman-Wohl
et al.,, 2000; O'Brien et al., 2001; Yie et al., 2004). Again, it is
important to consider cause and effect. The abnorma HLA-G
expression in pre-eclampsia may just be a consequence of some
more profound and general pathology. However, hypoxia, e.g., did
not seem to reduce HLA-G expression on extravillous cytotro-
phoblasts in one experimental set up (Nagamatsu et al., 2004).
The associations between HLA-G genetics and pre-eclampsia may
also support a pathogenetic role of HLA-G in pre-eclampsia. One
study of 20 women with pre-eclampsia has aso found signifi-
cantly reduced levels of sHLA-G in maternal serum compared
with that of 14 controls (Yie et al., 2004). However, another study
of 55 pre-eclamptic cases and 66 controls found no difference in

SHLA-G blood concentrations in the third trimester; however, this
was partly contradicted in the same report, by a finding of five
cases of pre-eclampsiain 54 pregnant women with abnormal Dop-
pler findings, al of whom had low sHLA-G levels in the second
trimester (Steinborn et al., 2003). One study has found a signific-
ant increase in the HLA-G5 mRNA isoform in 12 pre-eclamptic
placentas compared with that in placentas from 15 uncomplicated
pregnancies using a semiquantitative RT-PCR analysis (Emmer
et al., 2004). The findings of this study seem somewhat to contra-
dict those of studies of sHLA-G protein concentrations.

It can be speculated that the +14/+ 14 bp HLA-G genotype may
predispose to pre-eclampsia because of an aberrant, possibly
reduced HLA-G expression in the placenta (O'Brien et al., 2001,
Hviid et al., 2003; Hylenius et al., 2004). It is believed that the
pathogenesis of pre-eclampsia is characterized by an excessive
maternal inflammatory response to pregnancy (Redman et al.,
1999) and that pre-eclampsia is characterized by a Thl response,
in contrast to an uncomplicated pregnancy, which is more likely to
display a Th2 response (Darmochwal-Kolarz et al., 1999). How-
ever, whether the changes in cytokine expression are a direct agti-
ological factor or just a consequence of some primary pathol ogical
changes is not known. Furthermore, the concept of Th1/Th2
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Table V. Published studies of human leukocyte antigen-G (HLA-G) expression in placentaand in serum in pre-eclampsia

Study (listed by Type of study Technical comments Cases Controls Results
type and
chronology)
HLA-G mRNA
expressionin
placenta
Colbern et al. Case—control. mRNA/ 23 term placental 18 term placental To some extent inconclusive.
(1994) ribonuclease protection samples (16 primiparas,  samples from normal Reduced HLA-G mRNA in
assay 7 multiparas, 1 chronic pregnancies pre-eclampsia; however, the
hypertension) decrease appeared to be
related to reduced numbers of
trophoblast in pre-eclamptic
placentas from primiparas
Limetal. Case—control. In vitro 9 (24-38 GW) 8 (22-38 GW) Trophoblast cellsfrom
(2997) trophoblast cultures, pre-eclamptic placentasfailed
mRNA/protein toup-regulate HLA-G protein
and mRNA
Goldman-Wohl  Case—control. In situ 10 placental samples 12 placental samples In 9/10 pre-eclamptic
et al. (2000) hybridization (3rd trimester) (3rd trimester) placentae HLA-G expression
was absent or reduced
Emmer et al. Case—control. mRNA/  Semiquantitative RT-PCR 12 placental samples 15 placental samples Increased frequency of
(2004) RT-PCR HLA-G5 mRNA in
pre-eclamptic placentas
Hviid et al. Case—control. RNA/ Nine placental samples Nineplacental samples  Trend towards decreased
(2004c) microarray (immuno- (in three pools) (3rd (in three pools) (3rd HLA-G mRNA expressionin
histochemistry) trimester) trimester) pre-eclamptic placentas. This
study also addressed HLA-G
expression in placenta by
immunohistochemistry in
relation to HLA-G genotype
but was inconclusive
HLA-G protein
expressionin
placenta
Haraet al. Case—control Immunohistochemistry Five placental samples Seven placental Extravillous trophobl ast
(1996) mAb: 87G (and CAM5.2, samples insularly derived of HLA-G
anti-cytokeratine) in pre-eclamptic samples
Soluble HLA-G
expressionin
serum
Steinbornetal.  Case-control SHLA-G assay: no 55 (3rd trimester), 5 66 (3rd trimester), No difference in serum
(2003) HLA-G mAb (2ndtrimester; abnormal 49 (2nd trimester; SsHLA-G in 3rd trimester.
Doppler findings) abnormal Doppler Possible difference in 2nd
findings) trimester
Yieetal. Case—control. Both sHLA-G assay: mAb 20 (3rd trimester) 14 (3rd trimester) Significant reduced levels of
(2004) sHLA-Ginserumand  4H84 and mAb 3C/64 SHLA-G in serum and

placenta

placentain pre-eclampsia

GW, weeks of gestation; mAb, monoclonal antibody.

responses in pregnancy may itself be questioned (Chaouat et al.,
2004).

The possible implication of HLA-G polymorphism and aberrant
HLA-G expression has been described in both pre-eclampsia and
RSA (Tables1V-VI). Inrelation to this, hypotheses involving pos-
sible links between risks of SA, pre-eclampsia and intrauterine
growth retardation have been put forward. It has been proposed
that some kind of immunological malfunction may be involved in
at least some groups of patients with these complications (Labarrere
and Althabe, 1986; Christiansen et al., 1990a; Yasudaet al., 1993).
From an epidemiological viewpoint it is interesting that a recent
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large study of amost 45 000 pregnancies/births included in the
Danish National Birth Cohort showed that subfecundity isacorre-
late of pre-eclampsia (Basso et al., 2003). Fecundity was meas-
ured as the number of cycles required for a couple to conceive
from the start of unprotected intercourse. Again, this result indi-
cates possible unifying pathological mechanismsin at least some
cases of these two complications of human reproduction. In addi-
tion to an association between HLA-G and the two conditions,
associations between HLA class Il genes and RSA and pre-
eclampsia have also been observed. However, more studies are
needed further to elucidate whether HLA class Ib genes, and
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Table VI. Published studies of human leukocyte antigen-G (HLA-G) polymorphism in pre-eclampsia

HLA-G in human reproduction

Study (listed Type of study Technical comments Cases Controls Results
by type and
chronology)
Humphrey Case—control/ 14 bp polymorphismin 13 individuals for Not well defined No association (14 bp)
et al. (1995) family study exon 8 study of fetally
expressed HLA-G
Bermingham Case—control 14 bp polymorphismin 65 offspring 74 offspring No association (14 bp/SNP codon 93)
et al. (2000) exon 8, SNP codon 93
Aldrichet al. Case—control G*0105N 57 placental samples 36 placental samples No association (G*0105N)
(2000)
Hviid et al. Case—control Codon 258 polymorphism 31 women with a 22 fertilewomen with ~ No association (G*0106)
(2001) defining G*0106 history of uncomplicated
pre-eclampsia and pregnancies, 22 fertile
their partners men
O'Brienetal.  Case—control 14 bp polymorphism, SNP  Seven placental 11 placental samples +14/+ 14 bp HLA-G genotype associated
(2001) codon 93. HLA-G mRNA  samples with pre-eclampsia. Reduced HLA-G
expression mMRNA expression in pre-eclamptic
placentas. Deficit of HLA-G3 mRNA in
pre-eclampsia
Carreirasetal.  Case—control PCR-SSOP 25 mother/child pairs 22 mother/child pairs G*0104, HCMV sequences
(2002)
Hyleniusetal.  Case—control DNA sequencing of exons 40 primipara, 70 primiparas, Primipara: (i) association between
(2004) triad, family 2and 3, polymorphismsin 17 multipara 28 multiparas +14/+14 bp HLA-G genotype in off-
triads exons4 and 8 spring and pre-eclampsia (OR = 5.6;

95% CI = 1.8-17.3); (ii) significant
differencesin transmission of 14 bp
alleles from father to offspring; (iii) no
associations with G*0105N or G*0104;
(iv) no HLA-G histo-incompatibility
between mother and fetus

Cl, confidence interval; HCMV, human cytomegalovirus, OR, odds ratio; PCR-SSOP, PCR-sequence specific oligonucleotide probe; SNP, single-nucleotide

polymorphism.

possibly other MHC genes, are involved in the aetiology and
pathogenesis of RSA, pre-eclampsia and associated intrauterine
growth retardation.

In conclusion, it is of specific clinical relevance that several
studies may indicate that measurements of sHLA-G in materna
plasmal/serum samples may be of value in monitoring pregnancies
with an increased risk of complications, such as early SA, pre-
eclampsia and placental abruption. However, more evidence is
clearly needed and should be obtained through large, systematic
and preferably prospective clinical studies.

HLA-G polymorphism and variation in birth and placental weight

HLA-G is expressed extensively in the placenta; there seem to be
associations between HLA-G expression and cytokine secretion,
and HLA-G expression is associated with HLA-G polymor-
phism. In this context, it is interesting that cytokines have been
shown to influence placental development, growth and invasive-
ness (Roth and Fisher, 1999; Ingman and Robertson, 2002). In
that case, it can be speculated that HLA-G polymorphism may be
associated with clinical parameters of pregnancy, such as placen-
tal and fetal weight. However, so far only one study has investi-
gated a possible association between HLA-G polymorphism and
placental and fetal weight. Hviid (2004) investigated fetal
and placental weight in 47 pregnancies complicated by severe

pre-eclampsia and 87 pregnancies without this complication;
fetal weight was considered in relation to the mean expected
weight at the time of delivery. For the analysis of data regarding
placental weight, only pregnancies terminated after 38 weeks of
gestation were included. It was found that the HLA-G genotype
homozygous for the presence of the 14 bp sequence polymor-
phism was significantly associated with increased birth weight in
relation to gestational age and with increased placental weight at
birth (>38 weeks of gestation). There was also a slightly higher
placental ratio (placental weight-to-birth weight ratio) in off-
spring with the +14/+14 bp genotype, though not significantly
so (Hviid, 2004). An increased placental ratio has been proposed
to represent a disproportionately heavier placenta and adaptive
placental hypertrophy in response to fetal malnutrition and
growth restriction. That HLA-G polymorphism is associated with
fetal and placental weight fits well with reports concerning the
mouse Qa-2 MHC class Ib protein, which may be an HLA-G
homolog; Qa-2 expression is also associated with birth weight
(Comiskey et al., 2003) (Table VII). These at first unexpected
findings regarding HLA-G must, however, be reproduced in
independent and larger studies. If HLA-G expression is import-
ant for placental and feta development, then it would be
expected that reduced fetal and placental weight would be asso-
ciated with the +14/+14 bp HLA-G genotype. The +14 bp
sequence has been associated with greater unstability of the
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Table VII. Comparisons of different characteristics of major histocompatibility complex (MHC) class Ib genes expressed in the placentain rodents, monkeys and

humans

Species Mouse Rat Rhesus monkey Baboon Human
Characteristic Qa2 RT1-E MHC class b Mamu-AG Paan-AG MHC class Ib HLA-G
Alternative mRNA splicing Yes Yes Yes Yes Yes
Limited polymorphism ? ? Yes Yes Yes
Membrane-bound isoform Yes Yes Yes Yes Yes
Soluble isoform Yes Yes Yes Yes Yes
Short tail Yes No Yes Yes Yes
Peptide binding Yes ? ? ? Yes
Expression by preimplantation embryos Yes ? ? ? Yes*
Expression in placenta Yes Yes Yes Yes Yes
Inhibition of natural killer cell-mediated lysis ? Possible ? ? Yes
Influences cytokine production ? ? ? ? Yes
Increases preimplantation growth rate/division Yes ? ? ? Yes*
Enhances fetal survival Yes ? ? ? ?

Birth weight Yes ? ? ? Yes*
Placental weight ? ? ? ? Yes*

References: Arnaiz-Villenaet al. (1999); Boyson et al. (1999); Slukvin et al. (1999, 2000); Castro et al. (2000b); Solier et al. (2001b); Langat et al. (2002);

Langat and Hunt, (2002); Ryan et al. (2002); Comiskey et al. (2003).

*Regarding human leukocyte antigen-G (HLA-G): controversial issue or only reported in one study so far.

transcripts and unique HLA-G mRNA isoforms (Hviid et al.,
2003; Rousseau et al., 2003), and +14/+ 14 bp homozygocity of
the fetus is associated with the risk of pre-eclampsia (O'Brien
et al., 2001; Hylenius et al., 2004). However, the matter may be
more varied. First, MHC-G genes of other primates include the
14 bp sequence in exon 8, so that the +14 bp HLA-G alele is
probably the oldest allele (Castro et al., 2000a); on the other
hand, the G*0101 alleles without the 14 bp sequence are the
most common HLA-G alleles (Table Il). This indicates some
functional significance or advantage associated with this human-
specific polymorphism (or other polymorphisms in linkage dise-
quilibrium with it). Second, SMHC-G isoforms have so far only
been reported in humans (Slukvin et al., 2000). Therefore, any
functional importance of the 14 bp deletion/insertion HLA-G
polymorphism may be related to differences in sHLA-G expres-
sion. This may be accomplished by differences in cytokine pro-
filesrelated to sHLA-G expression, as discussed previously. In a
model system of LPS-activated PBMC, the +14/+14 bp HLA-G
genotype was associated with significantly higher levels of 1L-10
secretion than the two other genotypes were (Rizzo et al.,
20053a). Interestingly, in relation to pre-eclampsia, this may bein
line with investigations of 1L-10 as an autocrine inhibitor of
human placental cytotrophoblast matrix metalloproteinase-9
(MMP-9) production and invasion (Roth and Fisher, 1999).
Although some reports are contradictory, it seems that IL-10 lev-
els can be markedly elevated in severe pre-eclampsiain vivo, and
in this condition abnormally shallow cytotrophaoblast invasion of
the uterine wall is often seen (Roth and Fisher, 1999). The litera-
ture is contradictory regarding IL-10 expression during pre-
eclampsia. Some studies have found a reduced amount of 1L-10
in the placentas and sera of pre-eclamptic pregnancies compared
with those of controls, in line with the rather simplistic concept
of a Th2/Thl bias (Hennessy et al., 1999; Darmochwal-Kolarz
et al., 2002; Rein et al., 2003). However, a substantial portion of
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the published studies find no differences in IL-10 expression
between pre-eclamptic cases and controls (Eneroth et al., 1998;
Gratacos et al., 1998) or they find increased concentrations of
IL-10 in the pre-eclamptic samples (Rinehart et al., 1999; Benian
et al., 2002). Actually, the studiesin which IL-10 expression was
reported to decrease in pre-eclampsia were mostly based on
immunohistochemistry and flow cytometry, which are generally
semiquantitative techniques. Interestingly, a recent study also
found that an IL-10 promotor polymorphism associated with
reduced IL-10 production protects against development of pre-
eclampsia (de Groot et al., 2004). In support of this, another
recent study used DNA microarray technique to examine gene
expression in placental tissue from cases of severe early onset
pre-eclampsig; it found up-regulation of both Thl cytokines and
IL-10, and the authors hypothesized that there might be secretion
of Th2-type cytokines in pre-eclamptic placentas, which may
down-regulate harmful Thl cytokines (Heikkila et al., 2005). It
can be hypothesized that the +14 bp HLA-G alele is associated
with increased fetal and placental weight, partly because of
locally elevated levels of IL-10, a cytokine believed to support
pregnancy. However, it can furthermore be hypothesized that
because of a possible initially aberrant HLA-G (or sHLA-G)
expression, the +14/+14 bp HLA-G genotype is also associated
with an increased risk of pre-eclampsia. There could be several
such mechanisms, which would explain the relatively high inci-
dence of pre-eclampsia despite its generally negative impact on
both maternal and fetal health. In thisregard, it isinteresting that
thereisasignificant difference between the inheritance of the 14
bp polymorphism from the father to the fetus in cases of primi-
paras with severe pre-eclampsia and in controls (Hylenius et al.,
2004). This observation may seem somewhat in line with a
hypothesized conflict between fetal/paternal and maternal inter-
ests/genes, as proposed by Moore and Haig (1991); however,
this would not involve genomic imprinting. A further discussion
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of this matter follows later. In conclusion, most published stud-
ies support a reduced or aberrant expression of HLA-G in the
placenta and in maternal serum during pre-eclampsia. HLA-G
polymorphism may be associated with these observed differences
in HLA-G expression between controls and cases of pre-eclampsia.

HLA-G and the MHC—broad per spectives

Linkage between HLA class |l genesand HLA-G

Strong linkage disequilibrium between different gene loci in the
HLA region has been extensively documented. Regarding the
HLA-G locus, severa studies have reported associations between
specific HLA-G and HLA-A dleles (Moraes et al., 1993; Karhukorpi
et al., 1996; Ober et al., 1996; Y amashitaet al., 1996; Suarez et al .,
1997). A recent analysis by Hviid and Christiansen (2005) of HLA
class Il and HLA-G genotypes in couples with RSA and in normal
fertile couples showed that the aléeles in the haplotype HLA-
DRB1*03.DQA1*05.DQB1*02.G*010102 were in strong linkage
disequilibrium. The linkage disequilibrium between the HLA-DR
and the -DQ dleles is well known; however, the linkage with the
HLA-G*010102 alele is interesting because this HLA-G dlele
includes the 14 bp sequence. It adso seems that the HLA-
DR3.G*010102 haplotype, and the HLA-DR1.G*010102 and HLA-
DR3.G*010102 haplotypes analysed in combination, are stronger
risk factors for RSA than are either the HLA-DR3 and -DR1 alleles
or the HLA-G*010102 alele/14 bp HLA-G polymorphism inde-
pendently (Hviid and Christiansen, 2005). It can be specul ated that
a candidate gene for susceptibility to RSA may be in linkage dise-
quilibrium with this HLA haplotype.

Arolefor HLA-G in organ transplantation, autoimmune disease
and inflammatory responses?

Recently, the expression of sHLA-G in blood and in heart and
liver/kidney grafts has been associated with significantly better
prognosis and fewer rejection episodes (Lila et al., 2002; Creput
et al., 2003b). So after al, perhaps some of the same immunol ogi-
cal mechanisms are of significance in generating tolerance in both
pregnancy and organ transplantation. Further investigation of
HLA-G as a possible clinical marker for the prognosis of certain
organ transplantations, and possibly even as an immunosuppres-
sive or tolerance-inducing treatment, would be very interesting.
Notably, one study has found that the severity of liver transplanta-
tion rejection is associated with a recipient HLA haplotype, includ-
ing HLA-A1, -B8, -DR3 and -DQ2 (DQA1*0502.DQB1*0201).
The HLA-G*010102 dllele is in linkage disequilibrium with this
haplotype, as has been described (Hviid and Christiansen, 2005),
and HLA-G expression during transplantation may be partly
genetically determined; however, further research must be awaited
to confirm this possibility.

HLA is associated with autoimmune disease. The described
HLA haplotype, which includes HLA-Al, -B8, DR3 and DQ2
(DQA1*0502.DQB1*0201), is associated with a range of immun-
opathological diseases, such astype | diabetes, systemic lupus ery-
thematosus (SLE), dermatitis herpetiformis and myastenia gravis
(Svejgaard et al., 1983). Certain autoimmune diseases of women
often remit during pregnancy, while still others deteriorate.
Women with rheumatoid arthritis (RA) often see their symptoms

HLA-G in human reproduction

improve during pregnancy (Nelson et al., 1993). Further study of
HLA-G about these phenomena could be useful, as HLA-G is a
molecule potentially involved in immune modulation and suppres-
sion (LeMaoult et al., 2004).

During uncomplicated pregnancy, the immune system seems to
be dominated by a Th2 response. Interestingly, RA often remits
during pregnancy, as described above, and RA is an autoimmune
disease involving a Thl response (Ostensen and Villiger, 2002).
However, RA patients have an increased risk of developing pre-
eclampsia (Wolfberg et al., 2004). HLA-G could be involved in
the changes in cytokine profiles, as shown inin vitro experiments.
On the other hand, a Th2-mediated autoimmune disease such as
SLE often remains unaltered or even deteriorates during preg-
nancy (Buyon, 1998). IL-10 has been suggested as a key cytokine
in these changes (Huizinga et al., 1999). Preliminary clinica trials
have shown that administration of IL-10 reduces disease activity
in RA, and increased levels of IL-10 have been found in SLE
patients. These observations also support the finding of high levels
of IL-10, at least locally at the feto—maternal interface as discussed
earlier.

Finaly, and very notably, a recent candidate study has identi-
fied HLA-G as a possible asthma-susceptibility gene (Nicolae
et al., 2005; Rizzo et al., 2005b).

Non-classical MHC class I b genes from an evolutionary perspective

In mice, anon-classical class Ib MHC protein, Qa-2, the so-called
Ped phenotype, has been described and may be a functional
homolog of HLA-G (Table VII). Qa-2-positive and -negative mice
exist. Apparently, two genes, Q7 and Q9, have been identified as
contributing to the Ped phenotype (Cao et al., 1999; Comiskey
et al., 2003). However, the genetics underlying the Qa-2 proteinis
not fully elucidated. There seems to be a reproductive advantage
for Qa-2-positive mice (Comiskey et al., 2003) (Table VII). Fur-
thermore, in rats, transcripts for asoluble form of the RT1-E MHC
class Ib molecule have been detected in placenta, and this mole-
cule could, like HLA-E and -G, play a regulatory role in NK cell
function (Solier et al., 2001b).

In non-human primates, expression of a Mamu-AG gene with a
soluble isoform in the placenta of the rhesus monkey has been
described (Slukvin et al., 1999; Ryan et al., 2002), and in the
baboon placental expression of soluble and membrane-bound
Paan-AG MHC class Ib proteins has been reported (Langat et al.,
2002). These observations in rodents, monkeys and humans sup-
port the concept of a conserved function of MHC class Ib mole-
culesin the placenta and during pregnancy (Table V1I).

Possible importance of HLA-G polymorphism in human MHC
diversity?

Studies in both mice and humans indicate that MHC polymor-
phism may be important in mating preferences (Potts et al., 1991,
Wedekind et al., 1995; Wedekind and Penn, 2000; Jacob et al.,
2002). A preference for a mate with a different MHC haplotype
from one’s own allegedly exists. The mechanism of how one indi-
vidual senses the MHC molecules of another individual is still not
fully understood, but HLA-linked olfactory receptors and small
MHC peptides may in some way be involved (Wedekind and
Penn, 2000; Leinders-Zufall et al., 2004). One argument is that
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this mechanism confers an evolutionary advantage, because
greater MHC polymorphism in individuals makes the species as a
whole more resistant (Apaniuset al., 1997; Penn et al., 2002). Fur-
thermore, it might a so serve as amechanism to prevent inbreeding
(Apanius et al., 1997). In support of this are observations of MHC
homozygote deficiency in small isolated populations, and the fact
that the frequency of MHC heterozygotes in human populations
are typically higher than would be expected by chance (Hedrick
and Thomson, 1983; Kostyu et al., 1993; Markow and Martin,
1993). The origin of MHC dllelic diversity has been the subject of
much speculation. As described above, its origin might lie in path-
ogen defence; however, it may aso have originated as a mecha
nism for kin recognition. Ancther theory is that MHC originally
functioned as a genetic incompatibility system that only later
became functional in immune recognition and pathogen defence
(Monroy and Rosati, 1979; Tregenza and Wedell, 2000).

One study has observed significant differencesin HLA class |1
alele frequencies between males with impaired versus normal
spermatogenesis (van der Ven et al., 2000). However, no func-
tional mechanism underlying these observations has yet been pre-
sented, and the above-cited study could not elucidate whether an
impairment of gamete interaction or a defect in sperm physiology
might be the basis of an MHC effect on the process of fertilization.
Expression both of HLA and of HLA class Ib genes has been
reported during spermatogenesis (Martin-Villaet al., 1996; Fiszer
et al., 1997).

The studies of the relationship between HLA-G expression and
implantation success in IVF have aready been discussed. How-
ever, what isthe mechanism underlying the fact that only some 4- to
8-cell stage embryos express HLA-G? If thisis—at least partly—
genetically determined, then there is one connection between early
human reproductive success and MHC genetics.

MHC-linked genes in humans may affect fetal growth and birth
weight. Interestingly, one study has found that the birth weights of
infants of both the sisters and brothers of RSA women decreased
with increasing HLA haplotype identity between the siblings and
the woman experiencing RSA. Actually, the mean birth weight of
the offspring of siblings sharing both parental HLA haplotypes
with the RSA woman was significantly lower (~300 g) than the
mean birth weight in the relevant population as awhole. The birth
weight of infants of siblings being HLA distinct from the probands
seemed almost identical to the expected birth weight (Christiansen
et al., 1990b). In mice, the expression of the non-classical class Ib
MHC protein, Qa-2, during fetal development has been shown, as
described above, to affect the preimplantation growth rate, fetal
survival and birth weight (Comiskey et al., 2003) (Table VII). As
described previously, HLA-G also seems to be associated with dif-
ferences in fetal and placental weight (Hviid, 2004) (Table VII).
These results may suggest that HLA-G polymorphism, or any
other genetic variation in linkage disequilibrium in the MHC, may
affect feto—placental growth in a way as proposed by Haig and
Moore (Moore and Haig, 1991; Haig, 1993); i.e. a ‘genetic con-
flict’ is postulated to exist between maternal and fetal genes. Feta
genes will be selected so as to increase the transfer of nutrients to
their fetus, and maternal genes will be selected to limit transfersin
excess of some maternal optimum. The theories of Moore and Haig
primarily deal with genomic imprinting. HLA-G is co-dominantly
expressed in the first-trimester placenta, so there is no evidence of
genomic imprinting in the case of the HLA-G gene (Hviid et al.,
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1998; Hiby et al., 1999). However, certain HLA-G/MHC polymor-
phisms may be associated with more aggressive feto—placental
growth, but this may be accompanied by a greater risk of certain
complications, such as pre-eclampsia (Hylenius et al., 2004; Rizzo
et al., 2005a). Thus, some HLA-G polymorphism may in some
respects favour fetal/paternal interests, while other HLA-G poly-
morphism may favour maternal interests during pregnancy. On a
higher level, this may create balance and favour heterozygosity at
the MHC/HLA locus. However, this is, naturaly, pure specula-
tion. Both the HLA-G genotype of and HLA-G expression by the
fetus/placenta and the mother may be of importance in this regard
(Figure 5). HLA-G polymorphism in connection with cyto-megalo
virus (CMV) infection may also be of importance for the risk of
developing pre-eclampsia (Carreiras et al., 2002). This possibility
eventually leads to speculation to whether HLA-G polymorphisms
associated with differences in HLA-G expression may be of
importance in the risk of maternal—fetal transmission of pathogens
during pregnancy? Altogether, it can be hypothesized that the vari-
ous functional aspects of HLA-G may eventually be found to play
rolesin directing human MHC diversity.

In conclusion, the human MHC seems to affect human repro-
duction before conception through mating preferences. It may
even influence fertilization and the morula/blastocyst cleavage
rate, while implantation and PRs are influenced through HLA-G.
Finally, some evidence supports the possibility that the MHC region
might influence fetal growth and surviva as well as feto-materna
immune adaptation (Figure 5).

Conclusions and per spectives

Although there have been some controversies, the overall picture
emerging from a range of very different studies published in
recent years is that diminished or aberrant HLA-G expression
seems to be associated with certain complications of pregnancy,
such as implantation failure in IVF, pre-eclampsia and possibly
the risk of abortion, and that this may be further linked to HLA-G
polymorphism.

The various studies of pre-eclampsia, RSA and blastocyst
implantation/IVF discussed here suggest it is probable that HLA-G
expression and HLA-G geneticsin both the woman and the embryo/
fetus may be important for pregnancy and its outcome. It is aso
intuitively apparent that a gene with putative immunosuppressive
and immunotolerant potential might be functional in both the
mother and the embryo/fetus/placenta. In this regard, the mother,
placenta and the fetus may form a synthesis. Therefore, future
studies should address HLA-G expression and genetics in both the
mother and the fetus.

Insight into the functional significance of HLA-G expression is
growing, but still more basic research is needed so as further to
clarify the molecular mechanisms and further identify the specific
cellular networks involved in HLA-G function, both during its
expression in pregnancy and in adult life. Clinical perspectiveson
the HLA-G molecule and the pathways involved in its expression
will be interesting to elucidate. The possibility of exploiting
sHLA-G in preimplantation embryo culture media as a biochemi-
cal marker for optimizing success in IVF treatments is promising.
However, the potential consequences of selecting embryos partly
from HLA-G expression must be elucidated. Further research
must investigate why only some embryos express detectable
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Figure5. Proposed and speculated roles of major histocompatibility complex (MHC)/human leukocyte antigen (HLA), including HLA-G, during human reproduction
inrelation to MHC diversity. MHC/HLA may be involved in mechanisms both before and during pregnancy, in the interest of sustaining MHC diversity and avoid-

ing inbreeding through kin recognition.

HLA-G. sHLA-G, and possibly HLA-G gene polymorphism, may
be helpful markers for the prognosis of certain organ transplanta-
tions, and more pioneer studies are especialy needed in this area.
Further elucidation of the molecular mechanisms associated with
HLA-G expression in pre-eclampsiaand RSA would also be inter-
esting. Moreover, recent findings of the possible involvement of
HLA-G in inflammatory and autoimmune diseases deserve further
study, and the results would build our understanding of the func-
tional significance of HLA-G expression in adult life. Finally, fur-
ther investigation of the roles of the other human non-classica
HLA class Ib molecules, HLA-E and -F, especialy during preg-
nancy, would be important.

The MHC and HLA have traditionally been regarded as very
aggressive parts of theimmune system: they are active in presenting
antigen peptides to T cells and in initiating specific immune
responses, are associated with self-reactivity concerning autoim-
mune disease and are involved in pregnancy and in therisk of rejec-
tion in organ transplantation. However, the MHC may aso harbour
a balancing function, in the form of an apparent immunoregulatory
and tolerance-inducible HLA-G molecule (possibly together with
HLA-E and -F). The question whether HLA-G turns out to be a key
factor in the regulation of the human immune system awaits further

investigation; however, there is aready substantial evidence sup-
porting arole for HLA-G in implantation and pregnancy.
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