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Regular Article

THROMBOSIS AND HEMOSTASIS

B2-Glycoprotein I/HLA class II complexes are novel autoantigens in
antiphospholipid syndrome

Keniji Tanimura,'2 Hui Jin,"® Tadahiro Suenaga,'® Satoko Morikami,® Noriko Arase,"* Kazuki Kishida,'*
Kouyuki Hirayasu,® Masako Kohyama,'® Yasuhiko Ebina,? Shinsuke Yasuda,® Tetsuya Horita,® Kiyoshi Takasugi,®
Koichiro Ohmura,” Ken Yamamoto,® Ichiro Katayama,* Takehiko Sasazuki,® Lewis L. Lanier,'® Tatsuya Atsumi,®
Hideto Yamada,? and Hisashi Arase’3"

‘Department of Immunochemistry, Research Institute for Microbial Diseases, Osaka University, Suita, Osaka, Japan; 2Department of Obstetrics and
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Osaka University, Suita, Osaka, Japan; “Department of Dermatology, Osaka University Graduate School of Medicine, Suita, Osaka, Japan; 5Division of
Rheumatology, Endocrinology and Nephrology, Hokkaido University Graduate School of Medicine, Sapporo, Hokkaido, Japan; ®Department of Internal
Medicine, Center for Rheumatic Diseases, Dohgo Spa Hospital, Matsuyma, Ehime, Japan; "Department of Rheumatology and Clinical Inmunology, Kyoto
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Study, Kyushu University, Fukuoka, Fukuoka, Japan; '°Department of Microbiology and Immunology and the Cancer Research Institute, University of
California San Francisco, San Francisco, CA; and ''Core Research for Evolutional Science and Technology, Japan Science and Technology Agency,
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Antiphospholipid syndrome (APS) is an autoimmune disorder characterized by throm-
bosis and/or pregnancy complications. 32-glycoprotein | (32GPI) complexed with phos-
pholipid is recognized as a major target for autoantibodies in APS; however, less than
half the patients with clinical manifestations of APS possess autoantibodies against
the complexes. Therefore, the range of autoantigens involved in APS remains unclear.
Recently, we found that human leukocyte antigen (HLA) class Il molecules transport
misfolded cellular proteins to the cell surface via association with their peptide-binding
grooves. Furthermore, immunoglobulin G heavy chain/HLA class Il complexes were spe-
cific targets for autoantibodies in rheumatoid arthritis. Here, we demonstrate that intact
B2GPI, not peptide, forms a complex with HLA class Il molecules. Strikingly, 100 (83.3%) of
the 120 APS patients analyzed, including those whose antiphospholipid antibody titers
were within normal range, possessed autoantibodies that recognize B2GPI/HLA class Il
complexes in the absence of phospholipids. In situ association between 2GPI and HLA
class Il was observed in placental tissues of APS patients but not in healthy controls. Furthermore, autoantibodies against 2GPI/HLA
class Il complexes mediated complement-dependent cytotoxicity against cells expressing the complexes. These data suggest that
B2GPI/HLA class Il complexes are a target in APS that might be involved in the pathogenesis. (Blood. 2015;125(18):2835-2844)

Key Points

* B2GPI complexed with
HLA class Il molecules
was found to be a target
for autoantibodies in APS.

e More than 80% of patients
with APS possess
autoantibodies against
B2GPI/HLA class |l
complexes.

Introduction

Antiphospholipid syndrome (APS) is an autoimmune disease char-
acterized by arterial or venous thrombosis and pregnancy complica-
tions, including recurrent spontaneous abortion.' APS is associated
with antiphospholipid (aPL) antibodies that bind to anionic phos-
pholipid and serum protein complexes.* Interactions between aPL
antibodies and vascular endothelial cells are thought to be involved
in the pathogenesis of APS.®® B2-glycoprotein I (32GPI) is the main
phospholipid-binding molecule recognized by aPL antibodies™'*!!
and is produced predominantly by hepatocytes, although some en-
dothelial cells of blood vessels and placental villous tissue also
express it.'>!* Plasma B2GPI circulates in a circular conformation
with the aPL antibody epitopes being cryptic."* When B2GPI

associates with anionic phospholipids such as cardiolipin (CL), the
circular structure of plasma B2GPI is converted to a linear form,
leading to exposure of the major epitope for aPL antibodies.'*'?
Therefore, 32GPI bound to negatively charged phospholipids or
negatively charged plates is used clinically to detect antibodies.?
However, autoantibodies against the f2GPI associated with phos-
pholipids are detected in less than half the patients with clinical
manifestations of APS,>'* suggesting the existence of additional
targets of the autoantibodies. In addition, 32GPl is a secreted protein
and is generally not present on the cell surface; therefore, how aPL
antibodies bind vascular endothelial cells and induce thrombosis or
pregnancy complications has remained unclear.
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Specific human leukocyte antigen (HLA) class II alleles are asso-
ciated with susceptibility to APS, as in other autoimmune diseases.**>’
Because peptide repertoires presented on different HLA class 1T
alleles differ,”®*° it has been proposed that specific peptide-HLA
class II combinations affect T-cell development and/or tolerance,
which may confer susceptibility or resistance to autoimmune
diseases.>® Nonetheless, the mechanisms by which HLA class 11
gene polymorphisms regulate susceptibility to autoimmune diseases
are unknown.

Misfolded cellular proteins are generally eliminated by the pro-
cess of endoplasmic reticulum-associated degradation®! and would
not be exposed to the immune system. Recently, however, we found
that misfolded proteins are rescued from degradation and transported
to the cell surface without processing to peptides when they associate
with the peptide-binding groove of HLA class II molecules in the
endoplasmic reticulum (ER).>*** Structural analyses of major his-
tocompatibility complex (MHC) class II molecules have revealed
that both ends of the MHC class II peptide-binding groove are open.
Therefore, it is possible that MHC class II molecules might bind
linear epitopes exposed on misfolded proteins. Indeed, several
studies have suggested that MHC class II molecules have the ca-
pacity to associate with denatured proteins at the cell surface.**¢
Furthermore, immunoglobulin G (IgG) heavy chains thus trans-
ported to the cell surface by HLA class II alleles associated with
rheumatoid arthritis (RA) susceptibility were specifically recognized
by autoantibodies from RA patients.>* Because HLA class IT expres-
sion on nonlymphoid cells, including endothelial cells, is frequently
observed in various autoimmune diseased tissues,*’*! we hypoth-
esized that misfolded proteins rescued from protein degradation by
HLA class II molecules might be targets for autoantibodies in auto-
immune diseases. Here, we addressed whether structurally altered
B2GPI is transported to the cell surface by HLA class II molecules
and is recognized by autoantibodies in APS patients. Strikingly,
100 (83.3%) of the 120 APS patients, including those whose aPL
antibody titers were within normal range, possessed autoantibodies
against B2GPI/HLA class II complexes. Furthermore, autoantibodies
from APS patients mediated complement-dependent cytotoxicity
against cells expressing both 32GPI and HLA class Il molecules. Our
findings provide new insights into the pathogenesis of APS and also
into an unexpected function of HLA class II molecules in autoimmune
diseases.

Materials and methods

Sera and placental tissue samples

The collection and use of human sera and placental tissues was approved by
the institutional review boards of Hokkaido University, Kobe University,
Kyoto University, Dohgo Spa Hospital, and Osaka University. Written in-
formed consent was obtained from all participants according to the relevant
guidelines of the institutional review boards. The diagnosis of APS was based
on the preliminary classification criteria for definite APS." Sera from 63 of
the 120 APS patients were derived from patients with secondary APS com-
plicated by systemic lupus erythematosus. Sera from 50 healthy controls were
purchased from George King Bio-Medical, Inc.

Measurement of anticardiolipin antibody, anti-B2GPI antibody,
and lupus anticoagulant

Anticardiolipin (aCL) antibody was detected by using CL complexed
with serum phospholipid-binding protein, and anti-B2GPI antibody was de-
tected by using B2GPI bound to negatively charged plates as previously
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reported.?**? Normal ranges of aCL antibody-IgG (< 18.5 IgG phospholipid)
and anti-B2GPI antibody-IgG (<2.2 U) were established previously by using
132 healthy controls with 99th percentile cutoff values.”> Lupus anticoag-
ulant was measured by 3 clotting tests as previously reported.*?

Plasmids

Complementary DNAs (cDNAs) prepared from pooled human peripheral
blood mononuclear cells (3H Biomedical) were cloned into the pME18S or
pCAGGS expression vectors. cDNA sequences for HLA class II were based
on information contained in the Immunogenetics/ HLA Database (http://
www.ebi.ac.uk/imgt/hla/index.html). HLA-DRB1#04:04 containing a co-
valently attached HLA-Cw4 peptide (GSHSMRYFSTSVSWPGR) was gen-
erated as previously described.** Domain I-deleted B2GPI cDNA (acid
residues 80-345) were cloned into the pCAGGS expression vector containing
a human signaling lymphocytic activation molecule signal sequence.
293T cells were transiently transfected by using Polyethylenimine Max
(Polyscience) and were analyzed 2 days after transfection.

Antibodies

HLA40 (EXBIO), L243 (American Type Culture Collection), FL-254 (Santa
Cruz Biotechnology), and TAL.1B5 (Dako) were used to detect HLA-DR
by flow cytometry, immunoprecipitation, western blotting, and immunohis-
tochemistry, respectively. Anti-FLAG monoclonal antibody (mAb) (M2,
Sigma-Aldrich), anti-His mAb (Wako), and rabbit anti-B2GPI antibody
(specific to domains IV and V; HPA001654; Atlas Antibodies) were used for
flow cytometry and western blotting. EY2C9, a human aPL mAb derived
from an APS patient,** was purified from EY2C9-producing cells. Stained
cells were analyzed on a FACSCalibur flow cytometer (Becton Dickinson).

Immunoprecipitation and immunoblotting

Immunoprecipitation and immunoblotting were performed as described
previously.*® Briefly, cells were lysed in buffer containing 0.5% NP-40. The
immunoprecipitates were separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and were blotted. Total cell lysates were also ana-
lyzed by immunoblotting.

Immunohistochemistry and in situ proximity-ligation
assay (PLA)

Paraffin-embedded tissue sections from APS patients (n = 6) and individuals
without APS (n = 6) were stained with anti-B2GPI and anti-HLA-DR
antibodies, followed by Alexa 647- or Alexa 555-conjugated goat anti-rabbit
IgG or mouse IgG antibodies (Molecular Probes). A Duolink was used
for PLA according to the manufacturer’s instructions (Olink Bioscience).
The assayed tissue sections were analyzed by Axioplan 2 fluorescence
microscopy (Zeiss).

Effect of exogenous B2GPIl on EY2C9 mAb binding to HLA
class ll-expressing cells

Primary endothelial cells (human dermal microvascular endothelial cells;
Lonza) were stimulated with interferon y (IFN-y; 500 U/mL; Miltenyi
Biotec) and tumor necrosis factor o (TNF-a; 20 ng/mL; Miltenyi Biotec) for
24 hours. Thereafter, B2GPI (GenWay) was added to the medium at the
concentration found in serum (200 pwg/mL). HLA-DR?7, invariant chain (Ii),
and HLA-DM were transfected into 293T cells, and 32GPI (200 pg/mL) was
added to the transfectants 24 hours later. Cells cultured in the presence of
32GPI for 48 hours were stained with EY2C9 mAb and anti-HLA-DR mAb
(L243).

Competitive inhibition assay

B2GPI was purified from the culture supernatants of 293T cells transfected
with FLAG-tagged B2GPI using anti-FLAG M2 affinity gels (Sigma-
Aldrich). B2GPI bound to anti-FLAG M2 affinity gels was eluted by
DYKDDDDK (FLAG) peptide (150 ng/pL; Wako). Purity of the B2GPI was
more than 90% as determined by sodium dodecyl sulfate polyacrylamide
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gel electrophoresis. B2GPI and EY2C9 mAb (1 wg/mL) were incubated for
12 hours at 4°C in the presence or absence of CL (50 pwg/mL; Sigma-Aldrich).
293T cells cotransfected with 32GPI, HLA-DR7, and green fluorescent
protein (GFP) were stained with EY2C9 mAb preincubated with 32GPI
and/or CL. Binding of EY2C9 mAb to GFP-expressing cells was measured
by flow cytometry.

Determination of anti-B2GPI/HLA class Il complex antibody titer

A serum in which aCL antibody titer was high (47 IgG phospholipid) and anti-
B2GPI/HLA-DR7 complex antibody was detectable after 10°-fold dilution
was used as a standard throughout this study. The aB2GPI/HLA-DR7
complex antibody titer of the standard serum was defined as 100 U. B2GPI,
HLA-DR?7, and GFP were transfected into 293T cells. Mean fluorescence
intensities (MFIs) of IgG binding to GFP-positive and -negative cells in
sequentially diluted standard sera (10 to ~10°-fold dilution) were analyzed
by flow cytometry. Specific IgG binding to the 32GPI/HLA-DR7 complexes
was calculated by subtracting the MFI of IgG binding to GFP-negative cells
from the MFI of IgG binding to GFP-positive cells. A standard curve was
generated from the specific IgG binding to B2GPI/HLA-DR7 complexes
in sequentially diluted standard sera. The anti-32GPI/HLA-DR7 complex
antibody titer of each serum was calculated from the standard curve. The
normal range of anti-B2GPI/HLA-DR7 complex antibody titers (<1.8 U)
was established by using 100 healthy controls with 99th percentile cutoff
values.

Complement-mediated cytotoxicity of aPL antibody against
cells expressing 2GPI and HLA-DR7

B2GPI, HLA-DR (HLA-DRA*01:01 and DRB1*07:01), and GFP were co-
transfected into 293T cells, and GFP-expressing cells were purified by using
a cell sorter (FACSAria) 2 days after transfection. The purified transfectants
were mixed with aPL (EY2C9) or control human IgM mAb (Calbiochem)
on ice for 30 minutes followed by incubation with 1:10 diluted rabbit
complement (Cedarlane) at 37°C for 30 minutes. Dead cells were stained
with propidium iodide dye, and their proportions were determined by flow
cytometry.

Statistics

To assess the significance of the correlation, Pearson’s product-moment
correlation coefficient was used and the correlation coefficient (r) and P value
of the linear regression line were calculated. Student ¢ test and Mann-Whitney
U test were used to determine the significance of differences. P values of
<.05 were regarded as statistically significant.

Results

B2GPI complexed with HLA class Il molecules is recognized by
aPL antibody

Free B2GPI has a circular conformation whereas phospholipid-
bound B2GPI has a linear conformation that is accessible by aPL
antibodies (Figure 1A).1%!8 Because B2GPI is a secreted serum
protein, it is not generally detected on the surface of even the cells
that produce it. In order to analyze whether B2GPI is transported to
the cell surface by HLA class II molecules in a manner similar to IgG
heavy chain,®® B2GPI was cotransfected into 293T cells together
with GFP and HLA-DRA*01:01 and DRB1*07:01 (HLA-DR7) or
HLA-DRA*01:01 and DRBI*08:01 (HLA-DRS), and cell surface
expression of B2GPI on GFP-positive cells was analyzed. B2GPI
was not detected on the surface of cells transfected with 32GPI alone
(Figure 1B). In contrast, it was found on the surface of cells co-
transfected with HLA-DR7, an APS susceptibility allele.>*’ Cells
cotransfected with HLA-DRS, an allele not associated with APS

B2-GLYCOPROTEIN I/HLA CLASS Il COMPLEXES IN APS 2837

susceptibility, expressed less surface 32GPI (Figure 1B). Similar
results were obtained by using N-terminus FLAG-tagged 32GPI or
C-terminus His-tagged B2GPI detected with anti-FLAG or anti-His
mADb, respectively (supplemental Figure 1, available on the Blood
Web site). Furthermore, B2GPI of the predicted size was co-
precipitated together with HLA-DR7 from cells expressing both
B2GPI and HLA-DR?7 (Figure 1C). Similarly, HLA-DR was co-
precipitated together with 32GPI from the transfectants. Because
association of full-length IgG heavy chain with HLA-DR was de-
tected in the ER,* full-length B2GPI, but not fragmented B2GPI,
also seems to be associated with HLA-DR in the ER and transported
to the cell surface by HLA-DR (Figure 1A).

APS patients possess autoantibodies that bind to cryptic epitopes
on B2GPI revealed by conformational changes induced by association
with phospholipids.''® We tested the possibility that conformation of
B2GPI bound to HLA-DR?7 is similar to B2GPI complexed with
phospholipids and thus is recognized by aPL antibodies from APS
patients. EY2C9, a well-characterized human aPL mAb derived
from an APS patient, represents binding and procoagulant properties
of anti-B2GPI found in APS patients. EY2C9 mAb binds to $2GPI
complexed with phospholipids but not to B2GPI or phospholipids
alone.*> We found that EY2C9 mAb bound well to cells expressing
both 32GPI and HLA-DR?7, but not 32GPI alone, in the absence
of phospholipids. EY2C9 mAb bound weakly to cells expressing
B2GPI together with HLA-DRS (Figure 1B). Because EY2C9 rec-
ognizes B2GPI associated with phosphatidylserine, we analyzed
cell surface phosphatidylserine on HLA-DR7 and HLA-DRS trans-
fectants by using annexin V, which binds to phosphatidylserine.
There was no difference in annexin V binding to HLA-DR7 and
HLA-DRS transfectants, suggesting that preferential binding of
EY2C9 to B2GPI and HLA-DR?7 transfectants is not due to an in-
crease of cell surface phosphatidylserine on HLA-DR?7 transfectants
(supplemental Figure 2). In addition, an HLA-Cw4 peptide (a pep-
tide naturally bound to HLA-DR4*’) covalently attached to HLA-
DR4 significantly blocked transport of 32GPI to the cell surface and
inhibited the binding of aPL antibody without affecting cell surface
expression of HLA-DR (Figure 1D). These findings indicated that
aPL antibody recognizes 32GPI bound to the peptide-binding groove
of HLA-DR. Furthermore, the EY2C9 mAb binding to B2GPI
complexed with HLA-DR7 was blocked by B2GPI complexed with
CL, but not by B2GPI alone or CL alone (Figure 2A-B). These data
indicate that EY2C9 mAb recognizes an epitope conserved between
B2GPI/HLA-DR7 complexes and 32GPI/phospholipid complexes.
It has been suggested that domains I, IV, and V of B2GPI are in-
volved in EY2C9 mAb binding.**° Indeed, when domain I-deleted
B2GPI and HLA-DR were cotransfected, EY2C9 mAb failed to
recognize the domain I-deleted 32GPI complexed with HLA-DR7,
although the mutant 32GPI complexed with HLA-DR7 was well
recognized by anti-B2GPI domain IV-V antibody (supplemental
Figure 3). These data suggested that domain I plays a critical role
for EY2C9 mAD recognition of the B2GPI/HLA-DR7 complexes
and that domain I is not involved in the association of 32GPI with
HLA-DR7.

Autoantibodies against B2GPI complexed with HLA class Il
molecules are present in most APS patients

We examined whether B2GPI complexed with HLA-DR is rec-
ognized by autoantibodies from APS patients whose clinical char-
acteristics are provided in Table 1. We found that sera from APS
patients, including aCL-IgG antibody—negative and anti-32GPI-IgG
antibody—negative patients, contained IgG autoantibodies against
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Figure 1. B2GPI complexed with HLA class II
molecules is recognized by aPL antibody. (A)
Possible conformations of B2GPI. Free B2GPI in
serum shows a closed circular conformation, whereas
B2GPI associated with phospholipids (PLs) shows
a linear conformation. Because cellular misfolded

proteins are presented by HLA class Il molecules,®?
B2GPI with a unique conformation might also be
presented by them. (B) B2GPI is displayed on the cell
surface in the presence of HLA-DR. B2GPI was trans-
fected into 293T cells together with GFP in the presence

L
I\
W

or absence of HLA-DR7 or HLA-DRS8, and the trans-
fectants were stained with anti-32GPI, anti-HLA-DR, or
aPL antibody (EY2C9) (red line). Antibody (Ab) binding
to GFP-expressing cells is shown. Cells transfected with
GFP alone were stained as a control (shaded histogram).
(C) Direct association of 32GPI with HLA-DR. B2GPI

\
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B2GPI bound to HLA-DR7, whereas sera from almost all healthy
individuals did not (Figure 3). Cells transfected with HLA-DR7
alone were not recognized by serum IgG from either APS patients or
healthy individuals (supplemental Figure 4). In addition, autoanti-
bodies from APS patients bound more effectively to cells co-
transfected with 32GPI and HLA-DR?7 than to those with B2GPI
and HLA-DRS, similar to EY2C9 mAb (supplemental Figure 5).
Strikingly, anti-32GPI/HLA-DR7 complex IgG antibody titers in
100 (83.3%) of the 120 APS patients examined were above the
normal range (<1.8 U) established by using 100 healthy controls
with 99th percentile cutoff values (Figure 4A-B). Anti-B2GPI/
HLA-DR7 complex antibody titers between APS patients and

Total cell lysate
(Blot: anti-HLA-DRADb)

B2GPI EY2C9 and HLA-DR were cotransfected, and HLA-DR or
Ab mAb B2GPI was precipitated. B2GPI and HLA-DR in the
precipitates were detected by western blotting. HLA-

DR or B2GPI in total cell lysates was also detected.

without HLA-DR4 (D) HLA-DR4 t.:ontaining. a covalently attached le4
with HLA-DR4 peptide (blue lines) or wild-type HLA-DR4 (red lines)
with  Cw4-pep-HLA-DR4 was cotransfected into 293T cells together with B2GPI

and GFP. Cells transfected with B2GPI and GFP alone
were used as a control (black line). B2GPI expression
and aPL antibody binding to GFP-expressing cells were
analyzed. Data are representative of at least 3 inde-
pendent experiments.

=
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healthy controls were significantly different (P = 3.3 X 1072, It is
noteworthy that 60 (51.3%) of the 117 APS patients possessed
autoantibodies that bind to B2GPI/HLA-DR7 complexes but not
B2GPI bound to negatively charged plates (Figure 4C). Similarly,
60 APS patients (50%) whose aCL-IgG antibody titers were within
normal range possessed autoantibodies to B2GPI/HLA-DR7 com-
plexes (Figure 4D). Therefore, B2GPI/HLA-DR7 complexes appear
to possess unique epitopes that are frequently recognized by
autoantibodies in APS, but such epitopes are not present on plate-
bound B2GPI or B2GPI/CL complexes. Conversely, a significant
correlation between anti-B2GPI/HLA-DR7 complex antibody titers
and anti-B2GPI-IgG antibody titers was observed when 52 APS
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Table 1. Patient characteristics

Primary or secondary

Patient Age,y Sex APS (complicated by) Clinical manifestation

APS1 68 F Secondary (SLE) Lacunar infarction
APS2 77 M Secondary (RA) Lacunar infarction
APS3 33 F Secondary (SLE) Deep venous thrombosis
APS4 39 F Secondary (SLE) Lacunar infarction
APS5 69 F Secondary (SLE) Deep venous thrombosis,

pulmonary embolism

APS6 42 F Primary Recurrent spontaneous abortion

F, female; M, male; SLE, systemic lupus erythematosus.

patients (44.4%) with detectable anti-B2GPI-IgG antibody titers
were analyzed (r = 0.57; P = 1.13 X 1079) (Figure 4C). A similar
significant correlation between anti-32GPI/HLA-DR7 complex anti-
body titers and aCL-IgG antibody titers was also observed (r = 0.44;
P = 330 X 10~ %) (Figure 4D). This suggests that 32GPI/HLA-DR
complexes also possess autoantibody epitopes shared by B2GPI
bound to negatively charged plates or B2GPI/CL complexes.

HLA-DR allele differences influence aPL antibody binding to
B2GPI/HLA-DR complexes

Specific HLA-DR alleles are associated with susceptibility to APS. >

We analyzed the ability of different HLA-DR alleles to transport
B2GPI to the cell surface (Figure 5). In addition to HLA-DR7, HLA-
DR4 (HLA-DRA*01:01 and DRB1%04:02), another APS suscepti-
bility allele, was found to be particularly effective at transporting
high levels of 2GPI to the cell surface, as recognized by the EY2C9
aPL mAbD. In contrast, very little 32GPI was transported to the cell
surface by several other HLA-DR alleles. The Ii associates with na-
scent HLA class Il molecules and blocks their association with other
ER proteins. Similarly, we found that Ii blocked 32GPI binding
by most HLA-DR alleles, whereas HLA-DR7 and HLA-DR4 still
bound significant amounts of B2GPI, even in the presence of Ii
(supplemental Figure 6). These data suggested that interactions
between B2GPI or Ii and HLA-DR might differ among different
HLA-DR alleles. APS susceptibility conferred by certain HLA-DR
alleles might be partially explained by these differences.

B2GPI is complexed with HLA-DR on endothelial cells of
vessels in uterine decidual tissues from APS patients

Because B2GPI bound to HLA-DR is a target for autoantibodies
in APS patients, we tested the hypothesis that 32GPI is bound to
HLA-DR in diseased tissues of APS patients. Accordingly, we ana-
lyzed B2GPI and HLA-DR expression on placental tissues ob-
tained from APS patients with spontaneous abortion (n = 6) by

Figure 3. B2GPI complexed with HLA class Il mole-
cules is recognized by autoantibodies in APS patients.
Autoantibody binding to B2GPI bound to HLA class I
in aPL antibody-positive and -negative APS patients

APS1

aCL: 26.5
ap2GPIl: 18
LA: 1.07
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immunofluorescence staining and PLAs, which detect close prox-
imity (less than 40 nm) between two molecules.’’ B2GPI and HLA-
DR were found to colocalize in endothelial cells of vessels and in
stromal cells in the placental decidua of 4 of the 6 APS patients
examined (Figure 6A-C). Furthermore, PLA signals between
B2GPI and HLA-DR were detected in endothelial cells of vessels in
decidua, but not in stromal cells (Figure 6D). In villous tissues, 32GPI
was expressed in syncytiotrophoblasts (Figure 6F) and stromal cells
around placental stem vessels (Figure 6J), but no colocalization
of B2GPI and HLA-DR was observed (Figure 6G-H, K-L). Con-
versely, B2GPI, but not HLA-DR, was present in endothelial cells
of vessels in decidua of placental tissues from patients without APS
(n = 6) (Figure 6M-0), and no PLA signal was detected (Figure 6P).
These results suggest that HLA class II expression is induced in uter-
ine decidua of APS patients, and thus B2GPI forms complexes with
HLA-DR, which can be targeted by autoantibodies in APS patients.

We analyzed whether 32GPI is complexed with HLA class 11
molecules on primary endothelial cells (supplemental Figure 7A).
Because it has been reported that endothelial cells express B2GPL'>'?
and that [FN-y and TNF-a upregulate HLA class II expression,
we stimulated primary endothelial cell lines (human dermal micro-
vascular endothelial cells) with these cytokines and analyzed EY2C9
mAD binding. HLA class II expression was induced on endothelial
cells upon stimulation with IFN-y and TNF-a.. However, endothelial
cells stimulated with IFN-y and TNF-a were not recognized by EY2C9
mADbD. Conversely, when endothelial cells were stimulated with IFN-y
and TNF-« in the presence of exogenous B2GPI at the concentra-
tion found in serum (200 pg/mL), EY2C9 mAb bound to the endo-
thelial cells. To analyze the role of HLA class Il molecules on EY2C9
mAD binding, we examined 293T cells transfected with HLA-DR
(supplemental Figure 7B). HLA-DR 293T transfectants were also
recognized by EY2C9 mAb in the presence of exogenous 32GPI.
These results suggested that not only intracellular B2GPI but also
extracellular 32GPI can be a target for aPL antibodies upon associa-
tion with HLA class II molecules.

52,53

Complement-mediated cytotoxicity of aPL antibody against
cells expressing 2GPI and HLA class Il molecules

Because 32GPI associated with HLA class Il molecules is a target for
autoantibodies in APS patients, we analyzed whether aPL antibodies
are cytotoxic for cells expressing 32GPI and HLA-DR (Figure 7A-B).
aPL mAb EY2C9, but not control mAb, exhibited complement-
mediated cytotoxicity against cells expressing 32GPI together with
the APS susceptibility allele HLA-DR7, but not HLA-DRS. Cells
expressing 32GPI alone were not killed. These results suggest that
expression of HLA class II on B2GPI-expressing cells might play
a crucial role in the pathogenesis of APS (supplemental Figure 8).

APS2

aCL: 34
ap2GPIl: N.D.
LA:

APS3

aCL: 47
ap2GPI:50
LA: 1.03

APS4
aCL: 4.6
ap2GPl: 8
LA: 1.10

APS5

aCL: N.D.
ap2GPI: N.D.
LA: 1.68

APS6

aCL: N.D.
ap2GPI: N.D.

1.08 LA: 1.66

and healthy controls. Diluted sera were mixed with
cells transfected with 32GPI and HLA-DR7, and IgG
Ab binding to the cells was assessed (open histogram).
Cells transfected with GFP alone were stained as a

APS
patients

N

AN i\

control (shaded histogram). Levels of aCL antibody-

19G, anti-B2GPI antibody-IgG, and lupus anticoagulant H1

H2 H3 H4 H5 H6

(LA) of each sample are indicated. Levels above the
normal ranges (aCL antibody-IgG, 18.5 1gG phospho-
lipid; anti-B2GPI antibody-IgG, 2.2 U; LA, 1.3) are in-
dicated in bold underlined numbers. N.D., not detected.

Healthy
controls

0\

AL H A

Data are representative of at least 3 independent

Serum IgG

experiments.
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. - - Figure 4. Autoantibodies against 32GPI/HLA class II
A APS patlents (n_120) B Healthy controls (n_100) complex are detected in most APS patients. (A-B)
100 Distribution of serum anti-32GPI/HLA-DR7 complex
% 2 antibody titers in APS patients and healthy controls.
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individuals did not bind to IgG heavy chain/HLA class Il complexes,
Discussion suggesting that IgG heavy chain complexed with HLA-DR is a

Although HLA class II molecules are well recognized to present
peptide antigens to T cells, recently we found that ER misfolded
proteins are transported to the cell surface by HLA class Il molecules
when they are associated with the peptide-binding groove of HLA
class IT molecules.*? Furthermore, intact IgG heavy chain is
transported to the cell surface by HLA class II molecules via
association with the peptide-binding groove, and IgG heavy chain/
HLA class II complexes are recognized by autoantibodies in
rheumatoid factor—positive sera from RA patients.>* In contrast,
autoantibodies in rheumatoid factor—positive sera from non-RA

specific target for autoantibodies from RA patients. Of note, a strong
correlation between autoantibody binding to IgG complexed with
certain HLA-DR alleles and the odds ratio for association of these
alleles with RA was observed.*® These findings suggested that
misfolded ER proteins complexed with certain HLA class II alleles
might affect susceptibility to other autoimmune diseases as a specific
target for autoantibodies.

Here, we found that intact 32GPI protein, not peptide, is also
transported to the cell surface by HLA class II molecules. Because
both ends of the peptide-binding groove of HLA class II molecules
are open, it is structurally possible that large proteins, including

= mm 32GPI _8
S =
@ I EY2C9 mAb
=
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il o
L § =3
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Figure 5. aPL antibody binds to B2GPI complexed Q - . >~
with different HLA-DR alleles. N-terminal His-tagged L
B2GPI and GFP were cotransfected into 293T cells
together with different HLA-DR alleles. The trans- I I I I
fectants were stained with anti-His mAb (B2GPI, solid . ul N = I I mi o 1 [ . o
bars) or aPL antibody (EY2C9 mAb, open bars), N N B D ONN O WD ONN O NN NN NG N0 B NG5
followed by APC-labeled anti-mouse IgG or anti- RS o R R R S S N N O S R R R S
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human IgM Ab, respectively. MFIs of APC on GFP- b T M T e B M R e o e e A
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independent experiments.
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Figure 6. B2GPI is complexed with HLA-DR in
endothelial cells of vessels in uterine decidual
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APS patients Non-APS patients

tissues obtained from APS patients. (A-C, E-G, I-K,
M-O) B2GPI and HLA-DR are coexpressed in en-
dothelial cells of vessels in uterine decidual tissues of
APS patients, but not patients without APS. Tissue
sections of (A-D) uterine decidua, (E-H) chorionic villi,
and (I-L) villous core from APS patients and (M-P)
decidua from APS-free patients were costained with
anti-HLA-DR Ab (red, A, E, I, M) and anti-32GPI Ab
(green, B, F J, N). The images were merged to show
colocalization of 32GPI and HLA-DR (C, G, K, O). PLA
signals (red) between HLA-DR and B2GPI were ana-
lyzed in tissues of APS patients and those without APS
(D, H, L, P). Scale bars, 50 pm. Data are represen-
tative of 3 independent experiments.

HLA-DR
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assay
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B2GPI, associate with the peptide-binding groove of HLA class II
molecules. Although the structure of B2GPI complexed with HLA
class I molecules has not yet been determined, it is likely that linear
epitopes exposed on misfolded or structurally altered 32GPI pro-
teins associate with HLA class II molecules, because all of the
proteins that we have shown to associate with HLA class II mole-
cules are not correctly folded proteins.>*>3 It is noteworthy that
83.3% of APS patients, including aCL-IgG antibody-negative and
anti-B2GPI-IgG antibody—negative patients, were found to possess
autoantibodies against B2GPI complexed with HLA class II
molecules in the absence of phospholipids. In contrast, autoanti-
bodies against 32GPI complexed with HLA class I molecules were
rarely detected in healthy individuals. These results suggest that
B2GPI/HLA-DR complexes are a major target in APS and that anti-
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B2GPI/HLA-DR complex autoantibodies might be a novel and
useful diagnostic marker for APS.

B2GPI is a serum lipoprotein produced mainly by hepatocytes,
although some endothelial cells of blood vessels and placental
villous tissue also express it.'!3 A circular conformation of B2GPI
in plasma is changed to linear conformation by association with
negatively charged phospholipids or negatively charged plates,

resulting in the exposure of an epitope visible to aPL antibodies.'*'®

Because misfolded cellular proteins, but not correctly folded pro-
teins, are transported to the cell surface by HLA class Il molecules,*
B2GPI complexed with HLA class Il molecules appears to exhibit
a similar linear conformation and is thus recognizable by autoanti-
bodies from APS patients. The significant correlation between anti-
B2GPI/HLA-DR antibody titers and anti-CL antibody or anti-32GPI

B2GPI+HLA-DR7

Figure 7. APL antibodies exert complement-mediated
cytotoxicity against cells expressing 2GPI/HLA-DR7
complexes. Complement-mediated cytotoxicity by (A)
aPL antibody (EY2C9 mAb) or (B) control mAb against
cells transfected with 32GPI and HLA-DR7 or HLA-DR8.
Percentage specific cytotoxicity is shown as mean = SD
of triplicates. Data are representative of 3 independent

0.1 1 10

GFP B GFP
807 - p2GPI 607 o p2GPI
-o HLA-DR7 -o HLA-DR7
504 -o HLA-DRS 507 - HLA-DR8
- B2GPI+HLA-DR7 5
oy 401 -= B2GPI+HLA-DRS oy 40| -+ B2GPI+HLA-DRS
= £
E 30 E 30
o
X L0 2 5
104 107
04 b 0
0.001 0.01 0.1 1 10 0.001 0.01
EY2C9 mAb concentration
(ug/mi)

(ug/ml)

experiments.
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antibody titers suggests that there are common autoantibody epi-
topes shared between B2GPI/HLA-DR complexes and 2GPI
bound to phospholipid on negatively charged plates. However,
about half of APS patients (whose autoantibody titers against 32GPI
bound to phospholipid or negatively charged plates were within
normal range) possess autoantibodies that bind to 32GPI/HLA-DR7
complexes. These results indicate that 32GPI/HLA-DR7 complexes
also possess unique autoantibody epitopes for APS that are not present
on phospholipid-bound B2GPI or plate-bound 32GPI. It has been
reported that domains IV and V of 32GPI are involved in EY2C9 mAb
binding.***° Conversely, mutational analyses of domain I suggested
that domain I is also involved in EY2C9 mAb recognition of B2GPL>
Our analyses of domain I deletion mutants also suggest that domain I
plays an important role in recognition of 32GPI/HLA-DR complexes
by EY2C9 mAb. These observations support our hypothesis that
pathogenic epitopes on 32GPI that are recognized by autoantibodies in
APS are exposed by association with HLA-DR.

Specific HLA-DR alleles are associated with susceptibility to
APS**2" and DQBI%06:04/5/6/7/9-DRB1*13:02 haplotypes are
also reported to be involved in APS susceptibility.>* However,
DRA1#01:01/DRBI%*13:02 transported 32GPI to the cell surface less
efficiently than HLA-DR7 and HLA-DR4. Therefore, certain HLA-
DP or HLA-DQ alleles that are closely linked to the DRBI*13:02
haplotype or certain autoantigens for APS other than 32GPI, such as
prothrombin,”* might be involved in APS susceptibility caused by
the DQB1*06:04/5/6/7/9-DRB1 *13:02 haplotypes.

The mechanisms of thrombosis production in patients with APS
are not completely defined. aPL antibodies are thought to induce
perturbation and/or damage in endothelial cells, which results in
a prothrombotic and proinflammatory response and subsequently
thrombosis.”*® It has been suggested that anti-B2GPI autoantibodies
mediate nuclear factor kB—dependent activation of endothelial cells
via annexin A2 and toll-like receptor 4, which form multiprotein
complexes with B2GPL ¢ Conversely, a recent study suggested
that activation of platelets by aPL antibodies is associated with
thrombosis formation.”” In these ways, aPL antibodies seem to be
a major contributor to the pathogenesis of APS.®® HLA class II ex-
pression is induced on endothelial cells after exposure to cytokines
such as IFN-y and TNF-a..*>*" Although expression of B2GPI on
endothelial cells has remained controversial, EY2C9 mAb bound
to IFN-y and TNF-a stimulated endothelial cells in the presence
of exogenous 32GPI. Similarly, HLA-DR transfected cells were
recognized by EY2C9 mAD in the presence of exogenous 32GPI.
Therefore, cytokines produced in response to inflammatory stimuli,
such as those resulting from viral infection, might induce the
formation of B2GPI and HLA class II complexes on endothelial
cells. Complement deposition on decidual endothelial cells is de-
tected in APS patients and thus complement activation is suggested
to be involved in the production of thrombosis and pregnancy mor-
bidity in patients with aPL antibodies.>®%° Therefore, complement-
mediated cytotoxicity of endothelial cells expressing both 32GPI
and HLA class II by autoantibodies, in addition to nuclear factor
kB-dependent activation of endothelial cells, might target tissues
affected by APS. This may explain why symptoms in some patients
are mainly thrombosis, whereas others mainly suffer recurrent
spontaneous abortion despite the presence of aPL antibodies in
both pathologies.

Because misfolded proteins associated with MHC class II
molecules efficiently stimulate antigen-specific B cells,>* B2GPI
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complexed with HLA-DR might be involved in autoantibody
production in APS patients. Furthermore, autoantibodies against
B2GPI/HLA class II complexes are detectable in some patients with
unexplained recurrent pregnancy loss who are negative for both aPL
antibodies and lupus anticoagulant (K. Tanimura, H.Y., and H.A.,
unpublished observation). Therefore, the presence of autoantibodies
against B2GPI/HLA-DR complexes might help to understand as yet
uncharacterized immune disorders. Conversely, it is well known that
aPL antibodies are often detected in patients with leprosy regardless
of the absence of clinical manifestations of APS. Further studies
are needed to determine whether these aPL antibodies are different
from autoantibodies against 32GPI/HLA-DR complexes. In addi-
tion to those in APS and RA, autoantibodies in Graves’ disease and
Hashimoto thyroiditis also recognize self-antigens complexed with
disease-susceptible HLA class II molecules (H.J., L.L.L., and H.A.
unpublished observation), suggesting that self-antigens complexed
with HLA class II molecules might be general targets for autoanti-
bodies produced in many autoimmune diseases. Further analyses of
misfolded protein transport by HLA class II molecules will help us
better understand autoimmune diseases.
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