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Introduction

Summary

Human leucocyte antigen (HLA)-C is expressed at lower levels than other
classical HLA-I molecules on somatic cells. Surface HLA-C proteins can
occur as conventionally B,-microglobulin (2m)-associated complexes or
as open conformers dissociated from peptide and/or ,m. We investigated
the conformation of HLA-C molecules on normal human trophoblast
cells, which invade the maternal decidua during placentation. A panel of
monoclonal antibodies to different conformations of HLA-I molecules
was used in flow cytometry and surface immunoprecipitation experi-
ments. On the surface of trophoblast cells only ,m-associated complexes
of HLA-C molecules were detected. In contrast, both open conformers
and [(,m-associated HLA-C could be detected on other cells from the
decidua, HLA-C-transfectants and cell lines. The levels of HLA-C
expressed on primary trophoblast cells could be detected by antibodies
specific to non-f,m-associated conformations because binding was seen
after acid-induced denaturation of surface proteins. In contrast to HLA-G
molecules on trophoblasts, we found no evidence for the presence of
disulphide-linked multimers of HLA-C complexes. These results show that
most HLA-C molecules present at the trophoblast cell surface are in the
conventional [,m-associated conformation. These findings have implica-
tions regarding the stability of trophoblast HLA-C molecules and how
they interact with receptors on decidual leucocytes during placentation.

Keywords: human leucocyte antigen-C; human trophoblast; killer immuno-
globulin-like receptors; leucocyte immunoglobulin-like receptors

cells and recognize HLA-C, are also highly polymorphic,
so that unrelated individuals are unlikely to share a KIR

During implantation, fetal trophoblast cells infiltrate the
uterine mucosal lining, the decidua. Trophoblast cells
express a distinctive combination of human leucocyte anti-
gen (HLA) class I molecules (HLA-I), HLA-G, HLA-C and
HLA-E."™ The receptors for these fetal ligands are found
on maternal decidual natural killer (NK) and myelomono-
cytic cells and include killer immunoglobulin-like receptors
(KIR), leucocyte immunoglobulin-like receptors (LILR)
and CD94-associated receptors of the NKG2 complex.*®
The only polymorphic trophoblast HLA-I molecule is
HLA-C. The KIR, which are expressed by decidual NK

genotype. The KIR are able to distinguish all HLA-C
alleles as two groups, C1 and C2, based on a dimorphism
at position 80 of the ol domain.” In an immunogenetic
study we have shown that certain combinations of mater-
nal KIR and fetal HLA-C genotypes are associated with
pre-eclampsia,® a disease where the trophoblast fails to
invade correctly. Interestingly, the risk was conferred by
the presence of an HLA-C2 group in the fetus indepen-
dently of whether the mother also possessed a C2 group.
In other words, trophoblast HLA-C2 was a risk factor
whether or not it was a self, missing-self or non-self

Abbreviations: HLA, human leucocyte antigen; HLA-I, HLA class-I; KIR, killer immunoglobulin-like receptor; LILR, leucocyte
immunoglobulin-like receptor; LRC, leucocyte receptor complex; B,m, B,-microglobulin; mAb, monoclonal antibody.
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molecule in relation to maternal KIR recognition of self
HLA-C molecules.® This suggests that decidual NK cells
might be able to distinguish HLA-C on trophoblast from
that on maternal somatic cells in what could be a novel
mechanism of immune recognition.

The defining trophoblast HLA-I molecule is HLA-G
and this exists at the cell surface of normal trophoblast
cells in various forms: the conventional heterotrimeric
HLA-I complex, a disulphide-linked homodimer of this
f,-microglobulin (f,m)-associated complex, and poten-
tially as open conformers dissociated from peptide and/or
Bom. The homodimeric HLA-G complexes of trophoblast
preferentially bind the LILRB1 molecules expressed by
decidual myelomonocytic cells.*>'° Unlike the B,m-
associated forms, open conformers of HLA-G cannot
bind LILRB1 and may interfere with the HLA-G-LILRB1
interaction."'

Open conformers of classical HLA-I molecules do
occur and bind to immune receptors in trans.'? HLA-C
has been shown to exist in these forms in vivo in various
cell types.'>'* If the conformation of HLA-C on tropho-
blast cells is different from that on other cells, this may
provide a mechanism for maternal NK-cell discrimination
between HLA-C molecules of self and placental tropho-
blast cells. We have now further investigated the confor-
mations of HLA-C molecules on normal human
trophoblast.

Materials and methods

Cell lines and human tissue

We used the HLA-I null human B lymphoblastoid
721.221 line transfected with HLA-Cw*0401 (from Dr M.
Lopez-Botet, Barcelona, Spain) and the choriocarcimoma
cell line JEG-3 (American Type Culture Collection, Rock-
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ville, MD), which expresses the same HLA-Cw*0401
allele."” Placental tissue was obtained from elective termi-
nations of normal first-trimester pregnancies. Ethical
approval for the use of these tissues was obtained from
the Cambridge Local Research Ethics Committee and the
cells were isolated as previously described.'® Briefly, tro-
phoblast cells were released from chorionic villi by trypsin
digestion, macrophages were depleted and the remaining
trophoblast cells were cultured overnight on fibronectin.
Maternal cells were also isolated from decidual curettings
by collagenase digestion and were stained immediately.

Flow cytometry

JEG-3 or primary trophoblast cells cultured overnight
were removed from the plate with non-enzymic cell-dis-
sociation solution (Sigma, Poole, UK). Fcy receptors were
blocked by an incubation in 200 pg/ml human immuno-
globulin G (Sigma) and washed. Unlabelled monoclonal
antibody (mAb) binding HLA-C or the BC-1 mAb
(Table 1) was added and detected with phycoerythrin-
conjugated secondary mAb (Sigma). Free secondary
antibody-binding sites were blocked with mouse immu-
noglobulin G, before staining with directly conjugated
mADb. The mAb G233 binds HLA-G molecules of tropho-
blast cells (Table 1). Fluorescein isothiocyanate (FITC) -
conjugated CD3, CD56-Alexa 488 and a cocktail of
FITC-conjugated lineage markers (CD3, CDI14, CD16,
CD19, CD20, CD56) were used to identify leucocyte
populations (all Becton Dickinson, Oxford, UK). Data
were acquired with a FACScan flow cytometer and
analysed using CeLLQUEST software (Becton Dickinson).
For acid-induced denaturation, harvested cells were resus-
pended in a citric acid buffer (130 mm citric acid, 60 mm
Na,HPO, and 1% bovine serum albumin) for 60 seconds
at 4°. Excess RPMI-1640 supplemented with 20% fetal

Table 1. Murine antibodies to HLA-I molecules; the conformations and alleles of HLA-I molecules recognized by each mAb are summarized

Original reference

mAb Isotype Antibody specificity for mAb production
We6/32 IgG2a All alleles of B,m-associated HLA-I molecules are bound. The precise epitope is not 28
known, but is probably discontinuous and includes f,m, o2 and o3 domain residues.?’
B1.23.2 IgG2a B,m-associated conformers of HLA-B and HLA-C molecules.” 2
Tii149 IgG2a B,m-associated HLA-I molecules are bound. Most HLA-B and HLA-C alleles are 3
recognized as well as some HLA-A alleles.”®
HCI10 IgG2a Open conformers of HLA-I molecules are bound as this mAb binds an *’PxxWDR® ??
epitope blocked by peptide binding. All HLA-B alleles, most HLA-C alleles and some
HLA-A alleles but not HLA-E or G molecules are bound.*>
L31 IgG1 Open conformers of HLA-I molecules are bound'*** as the L31 epitope includes residues 6
®KYK®® in the peptide-binding groove of the ol domain.*® This epitope is present in
almost all HLA-C alleles and some HLA-A and HLA-B allele sequences.
G233 IgG2a Specific to HLA-G molecules in a B,m-associated conformation." !
BC-1 IgG1 Unidentified trophoblast antigen." 19

Bom, By-microglobulin; HLA, human leucocyte antigen; IgG, immunoglobulin G; mAb, monoclonal antibody.
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calf serum was then added before blocking of the Fcy
receptors and staining as before. Flow cytometry was per-
formed on primary cell preparations from individual
donors. The experiments were performed on at least four
independent donors and a representative result is shown.

Immunoprecipitation

For each immunoprecipitation 2 x 10° 721.221 cells,
5 x 10° JEG-3 cells or 5 x 10° primary trophoblast cells
pooled from several donors were washed with cold phos-
phate-buffered saline then biotinylated with 0-2 mg/ml
EZ-Link Sulfo-NHS-LC-Biotin (Pierce, Tattenhall, UK) in
pH 8-0 phosphate-buffered saline for 30 min, at 4° to
prevent endocytic intracellular labelling. Unconjugated
reagent was quenched by adding glycine to a concentra-
tion of 10 mm. Cells were then lysed in fresh ONYX
[20 mMm Tris-HCl (pH 7.4), 140 mM NaCl, 1 mMm ethyl-
eneglycoltetraacetic acid, 1% Triton X, 10% glycerol,
50 mMm iodoacetamide and protease inhibitor cocktail
(Roche Diagnostics, Lewes, UK)]. This concentration of
iodoacetamide has been shown to prevent post-lysis
HLA-I multimerization.'” Labelled lysates were stored at
— 80°. On thawing, the lysates that were to be acidified
were adjusted to pH 3-4 by the addition of HCI and were
incubated on ice for 10 min before titration back to pH
7.4 with NaOH. Lysates were precleared by incubation for
90 min at 4° with protein G-Sepharose beads coated with
isotype control mAb from Oxford Biotechnology (Oxford,
UK). Precleared lysates were then immunoprecipitated for
90 min at 4° with protein G-Sepharose beads precoated
with anti-HLA antibodies (Table 1). Immunoprecipitates
were washed with ONYX containing 3 mM sodium dode-
cyl sulphate, bound proteins eluted with NuPAGE LDS
Sample Buffer (Invitrogen, Paisley, UK) and denatured by
treatment at 95° for 10 min. Denatured samples were
stored at —20° overnight. Samples were resolved on non-
reducing NuPAGE Bis-Tris 10% Gels (Invitrogen),
electroblotted and visualized with a streptavidin-horse-
radish peroxidase conjugate followed by enhanced chemi-
luminescence (ECL) detection (Amersham Biosciences,
Chalfont St Giles, UK).

Results and discussion

Isolated human trophoblast cells express HLA-C and
HLA-G molecules at the cell surface

All mAb binding HLA-C also react with other HLA-I
allotypes, especially certain HLA-B molecules. Unlike
normal somatic cells, trophoblast cells never express
HLA-B molecules and are therefore a unique cell type for
the investigation of conformations of HLA-C in vivo.>’
Primary trophoblast cells isolated from placental tissue of
normal, first-trimester human pregnancies and cultured

overnight were analysed by flow cytometry (Fig. 1). Extra-
villous trophoblast cells, which are the only normal cell
type to express the non-classical HLA-G molecule,' were
identified by labelling with the HLA-G-specific mAb,
G233 (Fig. 1b). Cells were then stained with two different
mAb recognizing HLA-C molecules in a B,m-associated
conformation, Tiil49 and B1.23.2 (Fig. Ic and d;
Table 1). The HLA-G" extravillous trophoblast cells also
bound both mAb-binding HLA-C, confirming that
HLA-C was coexpressed at the surface of extravillous
trophoblast cells.>> The primary trophoblast cultures also
contained villous trophoblast (which express no surface
HLA-I molecules®) and a population of HLA-C* HLA-G~
cells (which are leucocytes and stromal cells; data not
shown).

Conformations of HLA-C molecules detected on the
surface of trophoblast cells by flow cytometry

To investigate the conformation of HLA-C molecules on
trophoblast cells, the binding of mAb recognizing HLA-C
molecules in either B,m-associated or open conforma-
tions (Table 1) was first investigated by flow cytometry.
Unlike the mAb Tii149 and B1.23.2 (Fig. 1c and d), the
mAb HC10 and L31 did not bind to HLA-G" extravillous
trophoblast cells isolated from primary cell preparations
(Fig. 1e and f). As a control, mADb to all conformations of
HLA-C detected their antigen at the surface of 721.221
cells transfected with HLA-Cw4 (Fig. 1g). Interestingly,
cells isolated from the maternal decidua did demonstrate
HCl10-reactive and L31-reactive antigens (Fig. 1h). From
these flow cytometry experiments it appeared that most
of the trophoblast HLA-C molecules were in the conven-
tional B,m-associated conformation.

Conformations of HLA-C molecules detected at the
surface of trophoblast cells by immunoprecipitation

The conformation of HLA-C molecules was further inves-
tigated by biotin-labelling of surface proteins followed by
immunoprecipitation and the development of Western
blots with streptavidin—horseradish peroxidase (Fig. 2).
From the HLA-Cw4 transfectants, the 45 000 Da molecu-
lar weight (MW) HLA-C heavy chain was brought down
with mAb that bound the heterotrimeric B,m-associated
molecules, W6/32, B1.23.2 and Tu149 (Fig. 2a). The
12 000 Da MW B,m band was only weakly visible, proba-
bly because of the low number of exposed lysine residues
in native B,m available for biotin-label detection. HLA-C
heavy chains with MW 45 000 Da were also immunopre-
cipitated with HC10 and L31, mAb which only bind
peptide-free open conformers (Fig. 2a).

Similar precipitations were then performed with the
choriocarcinoma cell line, JEG-3 (Fig. 2b), and primary
trophoblast cells (Fig. 2c). All the mAb that recognized
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,m-associated conformations of the HLA-C molecules
clearly precipitated a 45 000 Da MW band from JEG-3
and primary trophoblast cells. In contrast, mAb L31 and
HC10 did not significantly detect open conformers of
HLA-C on trophoblast cells even after prolonged expo-
sure of gels. There was only a very weak band with these
mAb from JEG-3 cells. In addition to absolute detection,
densitometry measurements indicated that the ratio of
bands detected by HC10 and L31 relative to those reactive
with Ti149, B1.23.2 and W6/32 was higher on transfec-
tants compared to JEG-3 and trophoblast cells (data not

Conformation of HLA-C on human trophoblast

Figure 1. Surface human leucocyte antigen class I (HLA-I) mole-
cules on primary cells from normal human pregnancies. Compared
to isotype controls (a), extravillous trophoblast cells are identified by
staining with the HLA-G specific monoclonal antibody (mAb) G233
(b). Double labelling with the mAb Tw149 (c) or B1.23.2 (d) con-
firms that these HLA-G" cells also express HLA-C in the B,micro-
globulin-associated conformation. mAb HC10 (e) or L31 (f) that
bind open conformers of HLA-C molecules do not bind trophoblast.
The mAb recognizing all conformations of HLA-C molecules detect
their antigens at the surface of 721.221 cells transfected with HLA-
Cw4 (g). The mAb HCI10 and L31 also detect their antigens on
primary decidual cells identified by gates for CD56", CD3" or cells
negative for leucocyte lineage markers (h). In histograms binding of
the indicated mAb is shown in grey compared to staining of an iso-
type control in white.

shown). A doublet was seen with W6/32 because this
mAb also binds to the 39 000 Da MW HLA-G molecule
expressed by JEG-3 and trophoblast. Immunoprecipita-
tion with the mAb G233, which is specific to HLA-G,
confirms the identity of the 39 000 Da MW band in this
doublet.

The immunoprecipitated molecules were resolved in
non-reducing electrophoresis conditions to determine
whether any multimeric complexes of HLA-C were present.
A proportion of HLA-G molecules exist in an 80 000 Da
MW  complex, which is linked by disulphide bond-
ing.*>'” No evidence for disulphide-linked multimers of
HLA-C molecules at the surface of transfectants, JEG-3 or
trophoblast cells was found, using mAb capable of detect-
ing P,m-associated or open conformers (Fig. 2a—c). In
summary, immunoprecipitation of HLA-I molecules on
HLA-C transfectants, JEG-3 cells and normal trophoblast
supports the flow cytometry findings that HLA-C mole-
cules at the surface of trophoblast cells are associated
with B,m.

Detection of HLA-C after acid-induced denaturation

To demonstrate that mAb L31 and HCI10 can detect the
levels of HLA-C molecules present on trophoblast cells
in both immunoprecipitation and flow cytometry experi-
ments, the same assays were repeated after a brief incu-
bation of the isolated primary cells at an acidic pH to
induce denaturation, which results in dissociation of
B,m from the HLA-I heavy chain.'® After this treatment,
mAb L31 and HCI10 clearly immunoprecipitated HLA-C
from both JEG-3 and trophoblast cell lysates as well as
from transfected cells (Fig. 3a—c). In flow cytometry the
same results were seen when HLA-G' extravillous tro-
phoblast cells were specifically analysed by gating these
cells from the primary cell preparation. There was signif-
icant binding of mAb L31 and HC10 to trophoblast cells
after the acid exposure had induced surface protein
denaturation (Fig. 3e, f, i and j). Staining for unrelated
trophoblast surface antigens was not changed, as
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Figure 2. Immunoprecipitation and Western blotting of surface-biotinylated human leucocyte antigen class I (HLA-I) molecules on trophoblast
cells. 721.221 cells transfected with HLA-Cw4 (a), the JEG-3 choriocarcinoma line (b) and human trophoblast cells (c) were surface biotinylated,
lysed and immunoprecipitated with the indicated monoclonal antibody (mAb). Precipitated complexes were resolved by non-reducing sodium
dodecyl sulphate—polyacrylamide gel electrophoresis and surface complexes were detected by streptavidin-horseradish peroxidase. (a) From trans-
fectants 45 000 Da molecular weight HLA-C molecules are detected by mAb to both B,microglobulin-associated (W6/32, B1.23.2, Tii149) as well
as open conformations (L31, HC10) of the HLA-C molecule. (b,c) From both JEG-3 and primary trophoblast cells, W6/32, B1.23.2 and Tii149
mAb precipitate the 45 000 Da molecular weight HLA-C molecule. W6/32 and G233 also detect the 39 000 Da molecular weight HLA-G molecule
expressed by trophoblast and JEG-3 cells. L31 and HC10 mAb do not detect their antigen on trophoblast cells and only very weakly on JEG-3 cells.
Gels in this figure are each representative of three independent experiments, using in total trophoblast pooled from nine individual samples.
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Figure 3. Monoclonal antibody (mAb) to open conformers of human leucocyte antigen (HLA)-C bind their antigen on trophoblast cells after
acid-induced denaturation of the HLA-I complexes. The mAb binding after a brief acid incubation was investigated by immunoprecipitation (a—c)
and flow cytometry (d-k). (a) For HLA-C transfected cells, mAb recognizing both B,microgobulin-associated (W6/32, B1.23.2) and open
conformations (L31, HC10) of HLA-C immunoprecipitate their 45 000 Da molecular weight antigen from untreated lysates. The mAb to open
conformers clearly detect more antigen after acid treatment. (b,c) L31 and HC10 only immunoprecipitate their 45 000 Da molecular weight anti-
gen from acidified lysates of JEG-3 (b) and primary trophoblast cells (c), but not from untreated lysates. Flow cytometry staining of HLA-G" cells
gated from the primary trophoblast preparations is shown, for cells kept at pH 7-4 (d—g) or briefly incubated in acidic conditions (h-k). (d,h)
W6/32 mAD staining decreases after acid exposure, consistent with the partial denaturation of some HLA-I complexes. (e, f, i, j) HC10 and L31
mAD clearly bind trophoblast only after acid treatment. (g, k) Detection of the non-HLA-I antigen BC-1 is not influenced by acid treatment.
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shown by the mAb BC-1'° (Fig. 3g and k). These results
conclusively proved that the P,m-associated molecules
detected were indeed HLA-C and not HLA-E or HLA-G.
Furthermore, they showed that the flow cytometry and
immunoprecipitation methods used would be adequate
to detect open conformers if they were present on
trophoblast.

Final comments

Our experiments show that the majority of HLA-C mole-
cules at the trophoblast cell surface are present in a con-
ventional f,m-associated conformation. We found no
evidence that disulphide-linked multimeric complexes or
open conformers were present. In comparison with HLA-
A and HLA-B, HLA-C molecules have reduced surface
expression on somatic cells.”>*' The reasons for this are
not entirely clear’ but some data imply that restricted
peptide binding limits egress from the endoplasmic retic-
ulum and affects the stability of the heterotrimeric com-
plexes at the cell surface.”>** Our studies of trophoblast
cells suggest a stable HLA-C complex with little degrada-
tion to free heavy chains at the cell surface. This may
result from the different peptides available in trophoblast
compared to 721.221 cells, as has been shown for HLA-G
molecules.”” The stable B,m-associated conformation of
HLA-C molecules at the trophoblast cell surface appears
to be different from that in normal somatic cells, where
open conformers are present as shown by reactivity with
mAb HC10 and L31. It will be difficult to definitively
confirm these results because somatic cells express both
HLA-A and HLA-B molecules and there are no HLA-C-
specific mAb. Trophoblast cells are unique in not only
lacking HLA-A or HLA-B expression but also expressing
HLA-G and HLA-E.

These findings have obvious implications for the recog-
nition of invading trophoblast by decidual leucocytes. Sta-
bility of the B,m-associated conformation of HLA-C may
be the result of trophoblast-derived peptides and it is also
known that the peptides bound to HLA-C molecules influ-
ence the affinity of KIR binding.”® The KIR specific for
HLA-C are up-regulated on decidual NK cells compared to
peripheral blood.” These variations might partially explain
why, in our immunogenetic study, the risk of pre-eclamp-
sia was associated with HLA-C2 in the fetus independently
of the maternal HLA-C group.® Other innate receptors in
the leucocyte receptor complex are LILR, which can also
discriminate between different conformations of HLA-I
molecules and bind with high affinity to HLA-G dimers, a
situation unique to the decidua.® As about 70% of decidual
leucocytes are CD56" it is also clear that in the placental
bed NK cells expressing high levels of KIR will bind to
stable HLA-C heterotrimers in an immune synapse that
lacks HLA-A or HLA-B molecules. This situation is unique
to the maternal—fetal interaction during placentation.

Conformation of HLA-C on human trophoblast
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