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SUMMARY

It is known that antiphospholipid antibodies (aPL) hamper the anticoagulant activity of the protein C
system, but the mechanism is still obscure. In this study, we demonstrate that anticardiolipin antibodies
(not anti-protein C autoantibodies) can bind protein C viab2-GPI, which bears their binding epitope, in a
fashion dependent on negatively charged phospholipids. We studied the binding of IgG from aPL to
protein C in the presence ofb2-GPI by ELISA (anti-‘protein C’ antibody ELISA), and compared their
binding with those obtained in the absence ofb2-GPI. In the anti-‘protein C’ antibody ELISA system,
47% of 78 aPLþ patients had a positive titre in the presence of cardiolipin (CL) andb2-GPI, but binding
was not found in the absence ofb2-GPI. Highly significant correlations were found between the titre of
anti-‘protein C’ antibody in the presence ofb2-GPI and that of anti-b2-GPI antibody (r ¼ 0·802,
P¼ 0·0001). We further analysed the interaction between protein C, phospholipids,b2-GPI and human
aCL MoAbs established from patients with antiphospholipid syndrome. In a first set of experiments, the
binding of b2-GPI to protein C and its phospholipid dependency were investigated.b2-GPI bound to
protein C in the presence of CL or phosphatidylserine, but not in the presence of phosphatidylcholine or
phosphatidylethanolamine. In a second group of experiments, the binding of three human monoclonal
aCL recognizing the cryptic epitope ofb2-GPI (virtually anti-b2-GPI antibodies) was evaluated in the
presence of cardiolipin andb2-GPI. All three human monoclonal aCL bound to protein C in the presence
of CL andb2-GPI, whereas they did not in the absence of eitherb2-GPI or CL. These data suggest that
protein C could be a target of aCL by making a complex with CL andb2-GPI, leading to protein C
dysfunction.
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INTRODUCTION

Antiphospholipid antibodies (aPL) are being recognized as a
heterogeneous group of antibodies whose specificity is directed
not only towards phospholipids but also towards phospholipid-
binding proteins or phospholipid–protein complexes [1,2]. The
presence of aPL is associated with arterial and venous thrombo-
sis, recurrent fetal loss, neurological disorders, pulmonary
hypertension and thrombocytopenia. The term ‘antiphospholipid
syndrome’ (APS) was coined to link these clinical manifestations
with the persistence of aPL, which is now recognized as one of
the most common causes of acquired thrombophilia [3,4]. In

1990, three groups reported that anticardiolipin antibodies (aCL)
bound to cardiolipin (CL) in the presence of an ‘aCL cofactor’,
namelyb2-GPI [5–7]. b2-GPI is a 50-kD phospholipid-binding
protein with a plasma concentration of about 200mg/ml [8]. It is
formed by five short consensus repeat domains found also in
various proteins of mammalian origin [9,10]. The phospholipid-
binding site is present within the fifth domain ofb2-GPI [11],
whereas the possible epitope for aCL binding seems to be located
in the fourth domain [12]. Matsuuraet al. [13] and Roubeyet al.
[14] showed that aCL recognized this epitope in the absence of
CL if b2-GPI was coated onto polystyrene plates where oxygen
was introduced by radiation, implying that aCL can bind not only
CL–b2-GPI complex but also tob2-GPI alone. Furthermore, it
has been shown that anti-b2-GPI antibodies detected by this
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irradiated plate system are associated with clinical features of
APS [15,16].

Since b2-GPI has strong binding properties to negatively
charged proteins or phospholipids involved in coagulation pro-
cesses, it is likely that aPL may hamperb2-GPI-associated coagu-
lation steps.b2-GPI inhibits ADP-induced platelet aggregation
[17] and factor XII activation [18], therefore the intrinsic clotting
pathway [19] and factor Xa generation [20]. Despite these reg-
ulatory functions, familial deficiency ofb2-GPI is not a risk factor
for thrombosis [21], and decreased levels are not usually associated
with APS [22]. Thereforeb2-GPI deficiency alone cannot account
for thrombosis, but it might play a critical role in a multifactorial
event.

The protein C system is one of the most important anti-
thrombotic pathways mediated by the vessel wall [23]. Thrombin
immobilized by thrombomodulin on endothelial cells cannot
activate platelets, nor convert fibrinogen into fibrin, but may still
activate protein C [24,25]. Activated protein C (APC) further
inhibits thrombin generation by proteolytic inactivation of factor
Va and VIIIa in the presence of protein S [26,27]. Subjects with
familial protein C deficiency or with APC resistance, a congenital
abnormality where APC cannot inactivate factor Va because of a
mutation of the latter, are exposed to an increased risk of throm-
bosis [28–30].

Several studies have demonstrated an interaction between aPL
and the protein C system [31]. A number of publications have
shown that IgG purified from aPLþ sera inhibit the activity of
protein C [32–35]. However,b2-GPI, one of the most important
targets of aPL, also shows an inhibitory effect on both protein C
activation by thrombin/thrombomodulin [36] and APC activity on
factor Va degradation [37]. These effects of aPL on the protein C
pathway cannot be explained solely by a dysfunction ofb2-GPI in
the affected patients. Some investigators have suggested the
presence of autoantibodies against protein C or against protein
C–phospholipid complex [35], but these antibodies were detect-
able only under certain experimental conditions and their clinical
significance, such as an association with acquired protein C
deficiency, sometimes found in APS patients [38], has not been
established.

In this study, we demonstrate that aPLþ IgG may bind to
protein C in the presence of both CL andb2-GPI. Binding activities
were strongly correlated with anti-b2-GPI antibody titres. To
clarify the interaction between protein C, phospholipid,b2-GPI
and aPL, we employed three human monoclonal aCL raised from
patients with APS, which bound tob2-GPI–anionic phospholipid

complex and tob2-GPI coated on oxygen-induced plastic plates
(virtually anti-b2-GPI antibodies). These properties are represen-
tative of the majority of aCL associated with APS.

PATIENTS AND METHODS

Patients
The study population comprised 78 aPL (aCL and/or LA) positive
patients (67 female, 11 male; mean age 42 years, range 12–
66 years), 32 patients (41%) with primary APS, 27 (35%) with
APS secondary to systemic lupus erythematosus (SLE) and 19
(24%) with SLE without APS, who were selected randomly from
our APS or SLE patient data base, and their clinical records were
carefully reviewed retrospectively. All patients fulfilled the pro-
posed criteria for APS and/or the American College of Rheuma-
tology criteria for the classification of SLE. Clinical profiles of
these patients are given in Table 1.

Anti-‘protein C’ antibody ELISA
Microtitre plates, Immulon 4 (Dynatech Labs, Inc., VA) were
coated with 2·5 U/ml of human protein C (CRST, Lille, France) in
Tris-buffered saline (TBS) at 48C and washed twice in TBS. To
avoid non-specific binding of proteins, wells were blocked with
150ml of TBS containing 10% bovine serum albumin (BSA, A-
7906; Sigma Chemical Co., St Louis, MO). After three washes in
TBS containing 0·05% Tween 20 (Sigma) (TBS–T), 50ml of serum
diluted 1:200 with TBS containing 1% BSA with 0·1 mM of CaCl2
(BSA–Ca) and 30mg/ml of cardiolipin liposome in the presence or
absence of 20mg/ml of humanb2-GPI were added in duplicate
(humanb2-GPI purified from normal human sera by sequential CL-
affinity, ion exchange column and protein A-Sepharose column
chromatography [39] was a generous gift from the Immunology
Laboratory, Diagnostics Division, Yamasa Corp., Japan). Plates
were incubated for 3 h at room temperature and washed three
times with TBS–T. Fifty microlitres/well of the appropriate dilution
of alkaline phosphatase-conjugated goat anti-human IgG (Sigma) in
TBS containing 1% BSA were added. After 1 h of incubation at
room temperature and after four washes in TBS–T, 100ml/well of
1 mg/mlp-nitrophenylphosphate disodium (Sigma) in 1M diethano-
lamine buffer pH 9·8 were added. Following colour development,
optical density at 405 nm (OD405) was measured by a Titertek
Multiskan MC apparatus (Flow Labs, Herts, UK).

The assay was repeated using the IgG fraction of sera from two
patients showing high (IgG (A)) and low (IgG (B))b2-GPI binding
according to the ELISA described in the following paragraph.
Different concentrations of these purified IgG (20, 10, 5 and 2·5mg/
ml) substituted for patients’ sera, and IgG binding was evaluated in
the same manner.

Anti-b2-GPI antibody ELISA
Anti-b2-GPI was detected by ELISA utilizing irradiated ELISA
plates as described previously [16]. Briefly, irradiated microtitre
plates (Sumilon type C; Sumitomo Bakelite, Tokyo, Japan) were
coated with purified humanb2-GPI in PBS at 48C overnight. Wells
were blocked with 3% gelatin for 1 h at 378C. After three washes
with PBS–T, 50ml of serum diluted in PBS containing 1% BSA in
1:50 were added in duplicate. Plates were incubated for 1 h at room
temperature, followed by alkaline phosphatase-conjugated goat
anti-human IgG and substrate. Anti-b2-GPI titre of each sample
was derived from the standard curve according to the dilutions of
the positive control.
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Table 1. Clinical profile of the patients*

aCL (IgG) 54/78 (69%)
aCL (IgM) 18/78 (23%)
Lupus anticoagulant 54/71 (76%)
Thrombosis 49/78 (63%)
Recurrent pregnancy loss 22/67 (33%)
Thrombocytopenia 25/78 (32%)

*All patients had anticardiolipin antibodies
(aCL) and/or lupus anticoagulant, and 59 patients
(76%) had a history of more than one of the
clinical manifestations of antiphospholipid syn-
drome (APS).



Binding of protein C to phospholipids
To clarify the mechanism of the binding of IgG, we first evaluated
the binding of protein C to phospholipids. Fifty microlitres/well of
150mg/ml CL in ethanol or phosphatidylserine (PS), phosphati-
dylcholine (PC) and phosphatidylethanolamine (PE) in 1:4 chloro-
form/methanol were added to the microtitre plates, Immulon I
(Dynatech Labs). After evaporation of the solvent, plates were
blocked with 150ml of TBS containing 1% BSA. Plates were then
washed three times with TBS and 50ml of 12·5 U/ml protein C in
BSA–Ca were added, followed by 2 h incubation at room tem-
perature. Alkaline phosphatase-conjugated polyclonal rabbit anti-
human protein C antibody (50ml; Sigma) in TBS–BSA was added
after three washes with TBS, and the plates were incubated for 1 h
at room temperature. After four washes with TBS, 100ml/well of
the substrate were added and OD405 was measured in the same
way.

Binding ofb2-GPI to protein C in the presence of phospholipids
The binding ofb2-GPI to protein C was tested in the presence of
different phospholipids. Protein C-coated plates were prepared and
blocked as described in the ‘Anti-‘protein C’ antibody ELISA’
section. Fifty microlitres of 5mg/ml b2-GPI in BSA–Ca were
added in the presence of 30mg/ml CL, PS, PC or PE, and the
plates were incubated for 2 h at room temperature. Boundb2-GPI
was detected by rabbit polyclonal anti-humanb2-GPI sera (Diag-
nostica Stago, Asnieres, France), followed by ALP-conjugated
anti-rabbit immunoglobulin and the substrate. The binding
betweenb2-GPI and protein C was also tested by adding different
concentrations of biotinylatedb2-GPI, which had been prepared
with a standard biotinylation protocol (Clontech, Palo Alto, CA),
to the same system in the presence/absence of CL, followed by
ALP-conjugated avidin (Sigma) and the substrate.

Human monoclonal aCL
The establishment of human monoclonal aCL has been described
in detail elsewhere [40]. Briefly, peripheral blood lymphocytes
were obtained from patients with APS. Isolated B cells were
transformed with Epstein–Barr virus, and were fused with
mouse–human heterohybridoma cell line (SHM-D33) (no 1668-
CRL; American Type Culture Collection, Rockville, MD) accord-
ing to a standardized methodology after 3–4 weeks of culture.
Cells producing aCL were detected by a conventional aCL ELISA.
Cloned hybridomas were finally cultured in serum-free medium
(EX-Cell 300; Sera-Lab). MoAbs were precipitated from culture
supernatant using 50% saturated ammonium sulphate, then filtrated
on PD-10 Columns (Pharmacia LKB Biotechnology).

Three human IgM monoclonal aCL (EY2C9, EY1C8 and
GR1D5) and one control monoclonal IgM lacking aCL activity
(TM1B9) were used in this study.

The binding of human monoclonal aCL to protein C
The binding between different concentrations of monoclonal aCL
(10, 5, 2·5, 1·25, 0·63mg/ml) and protein C was investigated by the
anti-‘protein C’ antibody ELISA, in which ALP-conjugated goat
anti-human IgG was substituted with ALP-conjugated mouse anti-
human IgM MoAb. This assay was repeated with 10mg/ml of
EY2C9 and GR1D5 in the presence/absence ofb2-GPI (20mg/ml)
and CL (30mg/ml).

Inhibition assay
Two high binding serum samples and EY2C9 (monoclonal aCL)

were used in the inhibition assay. Serum samples or EY2C9 were
preincubated with different concentrations of protein C (3·1–25 U/
ml) at 48C overnight, and anti-‘protein C’ antibody ELISA was
performed on these samples. The same concentrations of human
prothrombin (Enzyme Research Laboratory, Swansea, UK) were
used as a control inhibitor.

The effect of monoclonal aCL (EY2C9) on the protein C system
The effect of monoclonal aCL on the protein C system was tested
by a clotting assay. Different concentrations of EY2C9 or TM1B9
in TBS–BSA were added to 90% normal plasma, and activated
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Fig. 1. Binding of antiphospholipid syndrome (APS) patient IgG to protein
C. (a) Diluted serum samples were added to protein C-coated plates with
cardiolipin (CL) in the presence (anti-‘protein C’ antibody/b2-GPI) or
absence ofb2-GPI. In the presence ofb2-GPI, 37 serum samples showed
positive bindings, but in most samples, binding values were markedly
reduced in the absence ofb2-GPI. Horizontal line represents the meanþ 2
s.d. of 23 healthy controls. (b) Association between anti-‘protein C’
antibody/b2-GPI and a history of thrombosis. In this series, patients with
a history of thrombosis showed higher binding to protein C in the presence
of b2-GPI than those without history of thrombotic events.



partial thromboplastin time (APTT) was measured in the presence/
absence of APC utilizing a commercial kit (Coatest APC Resis-
tance; Chromogenix AB, Sweden). ‘Activated protein C resistance
phenomenon’ was expressed as the ratio (APTT with activated
protein C/APTT without).

Statistical analysis
The statistical analysis was performed by Statview II (Apple
Macintosh software). The values of the anti-‘protein C’ antibody
were compared between two groups by the Mann–Whitney non-
parametric test.

RESULTS

Anti-‘protein C’ antibody and itsb2-GPI dependency
Thirty-seven (47%) aPLþ IgG bound to protein C in the presence
of b2-GPI, but only one (4%) of 23 healthy controls did. Without
b2-GPI, OD405 were markedly lower than those withb2-GPI (Fig.
1a). Among the aPLþ sera, OD values of anti-‘protein C’ antibody

in the presence ofb2-GPI (anti-‘protein C’ antibody/b2-GPI) in
patients with previous history of thrombosis (n¼ 49) were sig-
nificantly higher than those of patients without a history of
thrombosis (n¼ 29) (Fig. 1b).
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Fig. 2.Correlation of anti-‘protein C’ antibody/b2-GPI to anti-b2-GPI anti-
body and to conventional anticardiolipin antibodies (aCL). Anti-b2-GPI
antibody titre was determined by ELISA utilizing irradiated ELISA plates.
Anti-‘protein C’ antibody/b2-GPI titres correlated both to anti-b2-GPI
antibody and to aCL titres; the former correlation was greater than the
latter.
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Fig. 3. Binding of purified IgG to protein C. IgG fractions were prepared
from two patients with antiphospholipid antibodies (aPL). IgG (A) showed
the binding tob2-GPI coated on irradiated plates, but IgG (B) did not (data
not shown). Both IgG were added to protein C-coated plate with cardiolipin
(CL) in the presence/absence ofb2-GPI. IgG (A) with b2-GPI bound to
protein C, but IgG (A) withoutb2-GPI, IgG (B) with/without b2-GPI
showed little binding.
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Fig. 4. Binding of protein C, phospholipids andb2-GPI. (a) Binding of
protein C to phospholipids coated on the plates (A), and binding ofb2-GPI
to protein C (B) in the presence of phospholipids. Protein C bound to coated
cardiolipin (CL), phosphatidylserine (PS), phosphatidylcholine (PC) and
phosphatidylethanolamine (PE). However, the binding ofb2-GPI to protein
C depended on the presence of anionic phospholipids (CL and PS) but not
neutral phospholipids (PC and PE). Bound protein C and boundb2-GPI
were detected by rabbit polyclonal anti-protein C antisera or anti-b2-GPI
antisera, respectively. (b) Binding of biotinylatedb2-GPI to protein C.
Biotinylatedb2-GPI bound to protein C in the presence of CL, but not in its
absence.



Anti-b2-GPI antibody was detected in 40 (51%) patients. A
highly significant correlation was found between the titres of anti-
‘protein C’ antibody/b2-GPI and those of anti-b2-GPI antibody,
more than the correlation between the former and the titres of the
standard aCL (Fig. 2).

IgG fraction binding to protein C and itsb2-GPI dependency
IgG (A) which boundb2-GPI on irradiated ELISA plate (data not
shown) showed protein C binding in a dose-dependent manner
only in the presence ofb2-GPI with CL. However, IgG (B), lacking
b2-GPI binding, showed little binding to protein C both in presence
and absence ofb2-GPI (Fig. 3).

Binding between phospholipids and protein C, and between
protein C andb2-GPI in the presence of phospholipids
Protein C bound to all four phospholipids tested in these experi-
mental conditions.b2-GPI, however, bound protein C only in the
presence of anionic phospholipids (CL and PS) (Fig. 4a). The
binding between protein C andb2-GPI with CL was confirmed by

another experiment, in which biotinylatedb2-GPI showed binding
to protein C only in the presence of CL (Fig. 4b).

Binding of human monoclonal aCL to protein C
The characteristics and specificity of these monoclonal aCL were
described previously [40]. In summary, all monoclonal aCL that
were used in this experiment (EY2C9, EY1C8 and GR1D5) were
IgM and had aCL activity in the presence of calf serum containing
bovineb2-GPI, or of purified humanb2-GPI. They also bound to
other anionic phospholipids in the same condition. In the absence
of b2-GPI, however, they did not bind to phospholipids. Further-
more, they boundb2-GPI coated on irradiated ELISA plates in the
absence of CL, but did not bindb2-GPI coated on plain ELISA
plates, norb2-GPI in a liquid phase.

All three monoclonal aCL bound to protein C in the presence of
b2-GPI/CL in a dose-dependent manner, but control monoclonal
IgM did not (Fig. 5a). Ten micrograms/ml of EY2C9 and GR1D5
bound protein C in the combined presence ofb2-GPI and CL, but
did not bind protein C in the presence ofb2-GPI alone or CL alone
(Fig. 5b).

In all experiments, the bindings of monoclonal aCL to negative
control wells (i.e. bindings to blocked plates without protein C)
were always negligible (OD405< 0·055).

Inhibitory effect of liquid-phase protein C
The inhibition assay was performed using two high binding sera
and EY2C9. Liquid-phase protein C or prothrombin were added as
inhibitors, and the binding was inhibited by protein C but not by
prothrombin (Fig. 6).

The effect of monoclonal aCL on the protein C system
One of monoclonal aCL, showing the highest binding to protein C,
was investigated for its effect on the protein C system. ‘APC
resistance’ was tested in a normal plasma containing different
concentrations of EY2C9 or TM1B9. High concentrations of
EY2C9 markedly reduced the ratio (APTT with APC/APTT
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without), but the ratio remained high in a plasma containing the
control monoclonal IgM (Fig. 7), implying that EY2C9 inhibited
the function of APC leading to the ‘APC resistance phenomenon’.

DISCUSSION

All three human monoclonal aCL bound to protein C only in the
presence of CL andb2-GPI, suggesting that aCL may bind to
protein C, which traps CL andb2-GPI on the ELISA plates. This
might imply that aCL can affect protein C via anionic phospholi-
pids andb2-GPI, leading to a dysfunctional protein C pathway.

Those monoclonals are of IgM isotype. In general, IgM
autoantibodies are not driven by specific antigen, but previous
papers have shown the specificity and the characteristics of those
monoclonal aCL [12,40,41]. Polyclonal IgG aCL prepared from
APS patients competed with those monoclonal IgM forb2-GPI
binding [40]. Recently it has been shown that those monoclonals
activate cultured endothelial cells in ab2-GPI-dependent fashion
as polyclonal IgG aCL do [41]. Thus, those monoclonals may
represent the majority of aCL (¼ anti-b2-GPI). As far as we have
investigated, those monoclonals show no cross-reactivity against
other antigens, such as negatively charged phospholipids, protein S
(in the absence ofb2-GPI), prothrombin, anti-thrombin III and
heparan sulphate.

Since the first data regarding a correlation between aPL and the
protein C system in 1983 [42], many studies have demonstrated
their interactions. The fact that protein C and its cofactor protein S
are phospholipid-binding plasma proteins has made this system
one of the most likely to be involved in the pathophysiology of
thrombosis in APS. APL may inhibit phospholipid-dependent
reactions of the protein C pathway in different ways. First, they
can interfere with the activation of protein C by the thrombin–
thrombomodulin complex. Thrombin formation inhibited by aPL
could paradoxically cause a prothrombotic tendency due to insuf-
ficient protein C activation [31,43]. It has also been shown that
LAþ IgG inhibit the activation of purified protein C by thrombin on
endothelial cells [44,45], or by thrombin and purified thrombomo-
dulin [46]. Other studies, however, failed to confirm this phenom-
enon [36,47], possibly due to different experimental conditions
such as the available amount of thrombomodulin expressed on cell
surface and components of phospholipids present in the system.
Second, the proteolytic effect of APC on factor Va/factor VIIIa can
be inhibited by aPL. Several studies have supported this hypoth-
esis. Marciniak & Romond [32] reported that factor Va degrada-
tion was reduced in plasma from patients with LA. Maliaet al.[33]
confirmed the inhibitory effect of IgG purified from aPLþ patients

on factor Va degradation by APC, regardless of the presence of
protein S in some of such plasma samples, and Borrellet al. [34]
showed that purified IgG/M from patients with aPL disturb the
anti-coagulant activity of APC on cultured human endothelial
cells. Finally, the cofactor effect of protein S in the protein C
pathway can be affected by aPL. A number of papers have shown a
decreased plasma level of free protein S, the active form of protein
S in patients with APS [48–50]. Oostinget al. reported that some
of the IgG which inhibited factor Va degradation were directed not
only against phospholipid-bound protein C but also against phos-
pholipid-bound protein S [35].

According to the concept that aPL are directed not against
phospholipids but against phospholipid-binding proteins or their
complex with phospholipids [1], the most plausible concept is the
presence of anti-protein C or antiphospholipid-protein C complex
autoantibodies. Mitchellet al. [51] described a patient with mas-
sive thrombosis who presented an acquired protein C deficiency.
Although they failed to prove a direct recognition of protein C by
the patient’s antibodies with Western blotting or immunoprecipita-
tion, the IgG fraction of the plasma inhibited the functional anti-
coagulant activity of APC, suggesting the presence of anti-protein
C as an inhibitor. Oostinget al. [35] showed that the inhibitory
effect of IgG on the protein C system was adsorbed by CL vesicles
bound to protein C in some aPLþ plasmas, implying some of the
IgG were directed to protein C–phospholipid complex. Ruiz-
Argüelleset al. [52] showed the protein C binding of immunoglo-
bulin in some patients with SLE by ELISA, but they could not
correlate the presence of this antibody to protein C deficiency, nor
to thrombotic events.

Initially, we tested the IgG binding from our serum samples to
protein C in the presence of CL liposome by ELISA. Although
some IgG bound to protein C, the binding values of aPLþ patients’
samples were not impressive compared with those of healthy
controls, and the number of high binding IgG was quite small.
However, when purifiedb2-GPI was added to the sample diluent,
the binding of IgG was markedly increased. In this system, sample
sera contained small amounts of endogenousb2-GPI (< 1mg/ml).
When the binding of purified IgG was tested, theb2-GPI depen-
dency of this binding was confirmed. Furthermore, the binding
values to protein C strongly correlated with those of anti-b2-GPI
titres on irradiated ELISA plates, suggesting the association
between antibodies binding to protein C and aCL (¼ anti-b2-GPI
antibodies). Our experiments with human monoclonal aCL, whose
binding epitopes exist onb2-GPI, confirmed the binding of aCL to
protein C in the presence of CL andb2-GPI. Since the bindings of
monoclonal aCL to negative control wells (blocked wells without
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protein C) were negligible, it was not possible that aCL bound to
wells exposed to CL andb2-GPI without the interaction of protein
C in these experiments. The binding was inhibited by excess of
liquid-phase protein C, solidifying the (indirect) binding to protein
C. There are two possible interpretations of these results. The first
is that CL/b2-GPI forms a complex with protein C and aCL
recognizes the epitope onb2-GPI bound to CL and protein C.
The second is that aCL recognizes CL/b2-GPI in liquid phase and
subsequently the CL–b2-GPI–aCL complex binds to protein C.
The former is more likely, because the binding persisted when (i)
CL, (ii) b2-GPI and (iii) aCL were added to protein C-coated plates
independently in this order (the plates were washed after each
step), but binding was lost if the sequence was changed to (i)b2-
GPI, (ii) CL and (iii) aCL (data not shown). In any case, these data
suggest that aCL could make a complex with protein C–CL–b2-
GPI.

Protein C requires phospholipids to function, and this effect
was believed to depend on anionic phospholipids such as PS or
CL [53,54]. Recently it was reported that PE had a stronger effect
on this system than PS or CL [55]. Our data showed that protein
C bound not only to PS or CL but also to PC or PE, in keeping
with the reported multiple phospholipid dependency of protein C
function.

b2-GPI bound to protein C in the presence of CL or PS, shown
by polyclonal anti-humanb2-GPI sera as a detector of boundb2-
GPI, and confirmed by biotinylatedb2-GPI. In this binding
between protein C andb2-GPI, CL or PS might have a ‘bridging’
role. On the other hand, this binding did not occur in the presence
of PE or PC, nor in the absence of phospholipids.b2-GPI binds to
anionic phospholipids but not to neutral ones, thusb2-GPI does not
bind to protein C–PE nor to protein C–PC complexes.b2-GPI was
reported to inhibit protein C activation by thrombin/thrombomo-
dulin complex with CL vesicles [36], although a negligible effect
was found on protein C activation on endothelial cells [47]. This
discrepancy may be explained by the heterogeneous phospholipid
dependency of protein C activation [31]. Furthermore, it was
reported thatb2-GPI inhibited the APC function on factor Va,
which might occur by competitive inhibition ofb2-GPI in the
binding of APC to the phospholipid surface [37]. Therefore the
effect ofb2-GPI on protein C may be complex and heterogeneous.
On the other hand, when phospholipid/b2-GPI binds to protein C
and exposes the epitope for aCL, regardless of the function ofb2-
GPI on protein C, aCL could bind tob2-GPI accompanied with
protein C, which might lead to protein C dysfunction. Our study
clearly explains the paradox why bothb2-GPI and anti-b2-GPI
antibodies can have inhibitory effects on the protein C system.

However, aCL did not show the binding to prothrombin,
another phospholipid-binding protein, in the presence of phospho-
lipid/b2-GPI (data not shown), and prothrombin did not inhibit the
binding of aCL to protein C/phospholipid/b2-GPI (Fig. 6). This
inconsistency may be due to the differences in the way phospho-
lipids interact with protein C and prothrombin, and further studies
may be needed to clarify this characteristic behaviour of protein C.

Since several studies have already shown the effect of poly-
clonal antibodies containing aPL on the protein C system, we
showed the effect of EY2C9, a monoclonal aCL used in this study,
only in a crude functional experimental system. We found that
normal plasma containing EY2C9 shows a reduced prolongation of
APTT by APC, mimicking in an acquired fashion the congenital
resistance of factor V to APC inactivation, due to the mutation in
factor V (factor V:R506Q).

Despite considerable studies on the function ofb2-GPI in vitro,
the physiological role ofb2-GPI is still uncertain. However, at least
in the pathophysiology of the vascular events of APS,b2-GPI
might play a role in binding cells or functional proteins with
anionic phospholipids, thereby stimulating exposure of the epitope
for aCL. In this case, irrespective of the function ofb2-GPI itself,
aCL might affect theseb2-GPI-bound cells or proteins. IgG
containing aCL bound to cultured endothelial cells in the presence
of b2-GPI, and induced cell adhesion molecules such as E-selectin,
vascular cell adhesion molecule-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1) [56], which may lead to a procoa-
gulant state. It is also known that aPL induce procoagulant
substances such as tissue factor [57,58], plasminogen activator
inhibitor-1 [59] and thromboxane A2 [60], in which processes aPL
are likely to affect cells viab2-GPI or other phospholipid-binding
proteins [61]. In terms of the binding mechanism of aPL, the
binding of aCL to protein C with a combination of phospholipids
andb2-GPI might be a similar phenomenon.

Recently Smirnovet al. [62] reported the crucial role of PE in
the inhibitory effect of aPL on activated protein C activity. Our
data show a second mechanism, and may in part explain the protein
C dysfunction seen in patients with aCLþ APS.
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