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Abstract
Circulating antiphospholipid antibodies (aPL) are associ-
ated with a syndrome of thrombosis, recurrent fetal loss, and
thrombocytopenia. Wehave demonstrated the activation of
cultured human umbilical vein endothelial cells (HUVEC)
by IgG from patients with anticardiolipin antibodies (aCL).
Incubation of HUVECfor 4 h with purified IgG (100 jig/
ml) from patients with high-titer aCL induced a 2*3-fold
increase in monocyte adhesion over that seen in HUVEC
incubated with IgG's from normal subjects. The effect of
aCL was not attributable to LPS contamination, Fc recep-
tors, or immune complexes. Monocyte adhesion was not in-
duced when the aCL were added in serum-free media but
was restored by the addition of purified (32GP1, previously
described as a necessary cofactor for aCL reactivity. Puri-
fied rabbit polyclonal IgG raised against f2GP1 also induced
monocyte adhesion when incubated with HUVEC. Pread-
sorption of patient serum with cardiolipin reduced mono-
cyte adhesion by 60%. Immunofluorescent microscopy dem-
onstrated that endothelial cells incubated with patient IgG
expressed cell adhesion molecules, including E-selectin, vas-
cular cell adhesion molecule-i, and intracellular adhesion
molecule-i. These data support the hypothesis that aPL
activate vascular endothelial cells, thereby leading to a pro-
thrombotic state. (J. Clin. Invest 1995. 96:2211-2219.) Key
words: adhesion * anticardiolipin * 1upus * monocytes
thrombosis

Introduction
The presence of circulating antiphospholipid antibodies (aPL)1
is associated with a clinical syndrome characterized by venous
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1. Abbreviations used in this paper: AECA, anti-endothelial cell anti-
bodies; aCL anticardiolipin antibody; aPL, antiphospholipid antibody;
fl2GP1, /32 glycoprotein-l; BI, binding index; GPL, gammaphospholipid
unit; HUVEC, human umbilical vein endothelial cells; ICAM-1, inter-
cellular adhesion molecule-i; MM6, Mono Mac 6; PAPS, primary anti-
phospholipid antibody syndrome; VCAM-1, vascular cell adhesion mol-
ecule-1.

and arterial thrombosis, recurrent fetal loss, thrombocytopenia,
and neurologic disease (1). The thrombotic disease can occur
at an early age and can be associated with devastating clinical
sequelae. The antiphospholipid antibody syndrome is most often
seen in patients with SLE, but also occurs in patients without
other evidence of collagen vascular or autoimmune disease (pri-
mary antiphospholipid syndrome [PAPS]) (2). aPL autoanti-
bodies, including lupus anticoagulant and anticardiolipin anti-
body (aCL), are reactive with negatively charged phospholip-
ids. Reactivity of aCL in vitro depends on the presence of a
protein cofactor, i2-glycoprotein 1 (32GP1, apolipoprotein H)
(3), a 50-kD plasma protein, which may form a complex with
cardiolipins to confer specificity for aCL (4).

Epidemiologic studies have demonstrated an increase in
thrombosis in SLE patients who have measurable aPL, as well
as an increase in thrombotic events in patients with aPL and no
other underlying disease (5, 6). In addition, studies of the lupus-
prone MRLmouse and animals passively immunized with aPL
IgG demonstrate aPL-associated thrombosis and spontaneous
abortion (7, 8). Although these represent strong evidence that
aPL may be pathogenic, the molecular basis of the prothrom-
botic phenotype associated with these antibodies is unknown.

Numerous studies have attempted to demonstrate an effect
of aPL on fluid phase coagulation enzymes or inhibitors (1). It
is clear that while these antibodies often inhibit plasma thrombin
generation in in vitro assays, they are not associated with a
clinical anticoagulant effect. While no consistent evidence of
interference with antithrombin HI or with the fibrinolytic system
has been found, some studies have shown that IgG fractions
from patients with SLE may interfere with thrombomodulin-
mediated protein C activation or with phospholipid-dependent
protein C activity (9, 10). These results have not been shown
to correlate with clinical thrombosis.

Most recent attention has therefore focused on the possible
interaction of aPL with cellular regulators of hemostasis, espe-
cially platelets and endothelial cells. Work in our laboratory
and others has failed to demonstrate platelet activation by aPL,
although aPL has been shown to bind to previously activated
platelets ( 11). Platelets opsonized by aPL may be cleared more
rapidly from the circulation, and may account for the thrombo-
cytopenia associated with aPL syndrome, although it is difficult
to explain the clinical hypercoagulability on this basis.

Since the vascular endothelium is a major regulator of he-
mostasis, it is reasonable to speculate that the hypercoagulable
state associated with aPL may be due to interference with nor-
mal endothelial cell function. In patients with SLE and aPL
there is indirect evidence of endothelial cell activation, includ-
ing increased circulating levels of von Willebrand factor (12).
Previous studies have also shown that IgG from patients with
aPL can bind to endothelial cells ( 13, 14). However, endothelial
cell reactivity has not been shown to correlate with aCL activ-
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ity or with the clinical manifestations of the aPL syndrome
(15, 16).

In this manuscript, we report the first evidence that purified
IgG from patients with aPL, even in the absence of clinical or
serologic evidence of SLE, have the capacity to activate vascu-
lar endothelial cells. Weshow that purified IgG induce an adhe-
sive phenotype of vascular endothelial cells, and that this effect
is due to the specific antiphospholipid reactivity of the IgG.

Methods

Antibodies and proteins. Monoclonal antibody to E-selectin (F83) was
a gift of Dr. M. Bevilacqua (University of California San Diego, San
Diego, CA), to class I histocompatibility antigens (W6/32), a gift of
Dr. Luscinskas (Brigham and Women's Hospital, Boston, MA), to
intercellular adhesion molecule-i (ICAM-1) (HU53), a gift of Dr. R.
Steinman (Rockefeller University, New York, NY); monoclonal anti-
body to FcyRII (IV.3) was purchased from Medarex, Inc. (Annandale,
NJ), and vascular cell adhesion molecule-i (VCAM-1) from Amac,
Inc. (Westbrook, ME). Human recombinant TNFa was a gift of Dr. A.
Cerami (Picower Foundation, Manhasset, NY). Humanserum with anti-
HLA class I reactivity was kindly provided by Dr. M. Suthanthiran
(Cornell Medical College, New York, NY). Mouse IgG2A was pur-
chased from Zymed Laboratories, Inc. (South San Francisco, CA).
Rabbit anti-human albumin antiserum was purchased from Boehringer
Mannheim Biochemicals (Indianapolis, IN). BSA was purchased from
Sigma Chemical Co. (St. Louis, MO). Normal goat serum and nonim-
mune mouse and rabbit IgG were purchased from Pierce Chemical Co.
(Rockford, IL). Purified /62GPI was prepared as described (17) with
some modifications (18), by perchloric acid treatment of serum fol-
lowed by ion-exchange chromatography on QAE-Sephadex A-50 (Phar-
macia L.K.B. Biotechnology, Piscataway, NJ). The preparation was free
of contaminating lipids of human origin as determined by chloroform:
methanol extraction followed by high performance thin layer chroma-
tography. Aggregated IgG was prepared as described (19), by covalent
cross-linking of immune complexes with bis-diazotized benzidine
(Sigma Chemical Co.), and sizing by gel-filtration chromatography with
AcA22 (Pharmacia L.K.B. Biotechnology). Polymyxin B agarose and
cardiolipin were purchased from Sigma Chemical Co.

Cell culture and isolation. Human umbilical vein endothelial cells
(HUVEC) were isolated by collagenase treatment of human umbilical
veins as described (20). Cultures were established in Medium 199
(BioWhittaker, Inc., Walkersville, MD) containing 20% fetal bovine
serum (BioWhittaker Inc.), 100 U/ml penicillin, 100 ,g/ml streptomy-
cin, and 2 mML-glutamine (GIBCO, Grand Island, NY). HUVECwere
passaged with 0.2% collagenase and 0.02% EDTA(GIBCO). HUVEC
from passages 2-3 were used in these experiments. Mono Mac 6 cells
(MM6), a human monocytic cell line which has been well-characterized
and exhibits morphological, biochemical, and physiological phenotypes
of mature monocytes, was a gift of Dr. H. Ziegler-Heitbrock (Universitat
Munchen, Germany). These cells express CD 15 (the ligand for E-
selectin), the P2 leukocyte integrins (ICAM ligands), and a4,1 (VCAM
ligand) (21). MM6 cells were cultured in RPMI-1640 medium
(GIBCO) containing 10% fetal bovine serum, 100 U/ml penicillin, 100
pg/ml streptomycin, and 2 mML-glutamine.

Subjects. After informed consent, venous blood was obtained from
23 patients with SLE, 5 patients with PAPSand no serologic or clinical
evidence of SLE, and 10 normal volunteers, from the Rheumatic Disease
service at the Hospital for Special Surgery (New York, NY). All SLE
patients met American Rheumatism Association Criteria for the diagno-
sis (22). Clinical information, including history of SLE, venous and
arterial thrombosis, thrombocytopenia, or fetal loss, was recorded for
each subject. The study was approved by the appropriate institutional
review boards.

Purification of IgG. IgG from patients or normal subjects was puri-
fied as described ( 18 ), by protein G-Sepharose 4B affinity chromatogra-
phy (Zymed Laboratories, Inc.). All IgG preparations were free of con-

taminating /62GPI as determined by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, and were found to have LPS level < 0.06
ng/ml as determined by limulus lysate assay (Ameolysate; ICN Bio-
chemical, Costa Mesa, CA). Anticardiolipin antibody titer was deter-
mined by ELISA as previously described (23), using purified IgG at a
concentration of 75-100 Mg/ml. The upper limit of linearity of the assay
is 80 gamma phospholipid units (GPL), therefore values exceeding
this level are reported as "> 80". Some patients' sera were incubated
overnight at 40 with cardiolipin liposomes (5 mg/ml), which were
prepared as described (24).

Rabbit polyclonal /2 glycoprotein 1-induced antibodies. Polyclonal
rabbit antiserum with both anti-/62GPl and anticardiolipin reactivity was
produced by immunization of a NewZealand white rabbit with purified
human /62GP1 (25). As previously described, the antibody populations
were non-cross-reactive, and the aCL reactivity 632GPI-dependent.

Adhesion assay. HUVECwere seeded onto 0.1% gelatin-coated
Terasaki plates (Miles Laboratories Inc., Naperville, IL) at a cell density
of 1 x 106 cells/ml, allowed to grow at 370C for 1 d, and then washed
once with M199. Cells were incubated with purified human IgG (100
Mg/ml) diluted in serum-containing medium, which has been shown to
provide cofactor necessary for aCL binding (18), and incubated at 370C
for 4 h or other time points as specified. In some experiments, HUVEC
were incubated for 15 min with purified IgG, washed three times with
M199, and then incubated for various time points in serum-containing
medium. HUVECwere washed in medium three times and MM6cells
(10 ,ul of 1 X 106 cells/ml) were added. Adhesion was allowed to
proceed for 15 min at 37°C and the nonadherent cells were removed by
washing three times with M199. Adherent cells on HUVECwere fixed
with 1% paraformaldehyde (Electron Microscopy Sciences, Ft. Wash-
ington, PA), and manually counted on an inverted phase-contrast micro-
scope using a 10 X 10 mmgrid. The values of four replicates were
averaged, with variations between replicates usually < 10%. Damage
to the endothelial cell monolayers was observed after prolonged incuba-
tions (> 16 h), therefore experiments were performed with incubations
of up to 8 h. Control cells were treated with TNF at 200 U/ml to
determine the maximal induced adhesion level.

Immunofluorescent microscopy. 8-well glass chamber slides (NUNC
Inc., Naperville, FL) were treated for 15 min with 0.1 MNaOH, washed
with Dulbecco's PBS (GIBCO), and coated with 0.1% gelatin, then
seeded with HUVECto near-confluence overnight. The cells were then
incubated with patient IgG or medium as above and then washed twice
with and fixed with 4%paraformaldehyde for 10 min at room tempera-
ture. The cells were incubated with murine monoclonal antibodies to
E-selectin, ICAM- 1, or VCAM-1 for 1 h at room temperature. To control
for specificity, isotype-specific IgG was substituted for the primary anti-
body. Monoclonal antibody to class I histocompatibility antigens was
used as a positive control. After washing in PBS and blocking for 15
min in 1% normal goat serum, cells were incubated with fluorescein-
conjugated goat anti-mouse IgG (Kirkegaard & Perry Laboratories,
Inc., Gaithersberg, MD) for 1 h at room temperature. Coverslips were
mounted using Immunofluor mounting medium (ICN Biochemicals),
dried overnight in the dark, and photographed with an epifluorescence
microscope (Nikon Inc., Melville, NY) using slide film (Ektachrome
ASA 400; Eastman Kodak Co., Rochester, NY).

Antiendothelial cell antibodies (AECA). AECAwere determined
by ELISA as described (26). Briefly, HUVECwere seeded on 0.1%
gelatin-coated 96-well tissue culture plates (NUNC Inc.), and allowed
to grow to confluence over 2-3 d. The wells were washed once with
Dulbecco's PBS, then fixed with 2% paraformaldehyde for 20 min.
Wells were washed with a buffer of 25 mMTris, 0.5 MNaCl, and
0.2% Tween 20 (Sigma Chemical Co.), blocked with 100 Ml/well of
2%BSA in PBS for 2 h, then washed. Serial dilutions of patient IgG's
(100 ,l/well) were added in triplicate and incubated for 90 min. After
washing, the cells were incubated with 100 pl/well 1:1,000 alkaline
phosphatase-conjugated goat anti-human IgG (BioRad Laboratories,
Richmond, CA) for 1 h. After washing, 50 ,ul of p -nitrophenylphosphate
(Pierce Chemical Co.) at 5 mg/ml in 1 Mdiethanolamine/0.5 MMgCl2
was then added to each well, and after 7-10 min at room temperature,
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Figure 1. IgG from patients with antiphospholipid antibody syndrome
promotes monocyte adhesion to vascular endothelial cells. HUVEC
monolayers seeded on Terasaki plates were incubated with purified IgG
(100 pg/ml) from normal controls or patients with antiphospholipid
antibody syndrome, for 4 h at 370C. After washing, HUVECwere

incubated with Mono Mac 6 cells (1 106 cells/ml) for 15 min at
370C; nonadherent MM6cells were washed off, and adherent cells on

HUVECwere counted on an inverted phase-contrast microscope. Each
point represents the average of two to four experiments per patient
sample, done in triplicate. Horizontal bars represent the mean. * P
<0.02

kinetic readings of absorbance (mOD/min) at 405 nm, every 9 s over

2 min, was performed using a Thermomax microplate reader (Molecular
Devices Corp., Menlo Park, CA). Each experimental sample was as-

sayed a minimum of nine times, in parallel with a positive control
(purified IgG from a multiply transfused transplant patient) and a nega-

tive control (IgG from a normal subject). To control for variation in
background binding to HUVEC, results are expressed as a binding index
(BI) (26) by the formula BI = 100 X [(mOD/min) test sample -

(mOD/min) blank]/[(mOD/min) positive control - (mOD/min)
blank].

Statistical analysis. Values are expressed as means±SE. Statistical
differences between the values were examined by Student's t tests or

by one-way analysis of variance, with P < 0.05 considered significant.

Results

Induction of monocyte adhesion to vascular endothelial cells by
IgG from patients with anticardiolipin antibodies. Westudied
induction of endothelial cell adhesiveness for monocytes as a

biological assay to detect the activated phenotype induced by
IgG isolated from patients with aPL. Weused Mono Mac 6
(MM6) cells, which have been shown to express ligands for
endothelial cell adhesion molecules and to behave similarly to
isolated human monocytes in adhesion assays with cytokine-
activated endothelium (27). In a series of preliminary studies,
IgG were obtained from 10 patients with clearly identifiable
clinical events and aCL titers exceeding 80 GPL, and from 10
normal subjects. As seen in Fig. 1, HUVECincubated for 4 h
with IgG from patients with aCL were significantly more adher-
ent for monocytes than those incubated with IgG from normal
controls (P < 0.02). The mean increase in adhesion was 2.3,
with a range of up to sevenfold. Preincubation of the monocytes
with patient IgG before the adhesion assay did not induce mono-

cyte adhesion to unstimulated HUVEC, implying that IgG ex-

erted its affect on endothelial cells, and did not directly activate
monocytes.

A time course analysis revealed that incubation of HUVEC
with aCL IgG for 15 min, 1 h, or 2 h was not sufficient to
induce adhesion above background levels (107±66 adherent
cells/mm2, 154±33 cells/mm2, 176±59 cells/mm2, respec-
tively), while increased adhesion was maximal after 4 h
(991±214 cells/mm2) and remained apparent after 8 h
(780±486 cells/mm2). A similar time course of increased adhe-
sion was seen when HUVECwere incubated with five different
aCL patient IgG's for 15 min, then washed and incubated in
medium alone before the adhesion of monocytes. Mean adhe-
sion was 543±111 cells/mm2 at 4 h after washing out the aCL
IgGs, vs 666±217 cells/mm2 after a parallel 4-h incubation
with the same patient IgG.

The 4-h time lag required for the development of the adhe-
sive phenotype suggests the synthesis and expression of new
adhesion proteins by HUVEC. Wetherefore performed immu-
nofluorescence microscopy on HUVECwhich had been incu-
bated for 4 h with patient IgG, using antibodies to known cell
surface adhesion molecules. Wefound, as shown in Fig. 2, that
endothelial cells incubated with aCL IgG expressed surface E-
selectin, VCAM-1, and ICAM-1, while endothelial cells incu-
bated with normal patient IgG expressed only low levels of
ICAM-1. Wethen performed the adhesion assay in the presence
of blocking monoclonal antibodies to cell adhesion molecules.
Antibody to E-selectin blocked 80% of monocyte adhesion;
the combination of all three antibodies blocked all monocyte
adhesion to the endothelial cells (P < 0.05) (Fig. 3). Although
the antibody to VCAM-1 is known to have blocking activity
(28), it did not block monocyte adhesion to endothelial cells
in our system (Fig. 3). Nonimmune mouse IgG was used as a
negative control, and had no effect. These data show that the
adhesive phenotype produced by endothelial cell exposure to
aCL was due to new expression of specific adhesion receptors.

Specificity of aCL effect on HUVEC. LPS contamination
did not account for the effects of aCL on the endothelial cells.
All of IgG preparations had undetectable levels of LPS (< 0.06
ng/ml) by limulus lysate assay. Furthermore, incubation of
three aCL-positive patient IgGs with polymyxin B-coated agar-
ose to remove any potentially contaminating LPS did not abro-
gate the adhesion induced by these samples (Fig. 4).

To exclude the possibility that Fcy receptor interactions
accounted for the proadhesive activity of IgG from patients with
aCL, we performed adhesion studies in the presence of blocking
antibodies. Immunofluorescence and flow cytometric analysis
revealed that MM6expressed FcyRII. Although they did not
react with a panel of FcyRI antibodies, the MM6exhibited low
levels of binding to murine IgG2A, suggesting FcyRl activity
(Lo, S.K., and J.E. Salmon, unpublished observations). Saturat-
ing concentrations of anti-FcyRII monoclonal antibody (IV.3)
or IgG2A (50 ,pg/ml) that block the ligand binding sites of
Fc-yRll and FcyRI, respectively, had no effect on adhesion
mediated by IgG from three PAPSpatients and two SLE patients
with aCL (Fig. 4). Incubation of HUVECwith aggregated IgG
(100 Ag/ml) did not lead to monocyte adhesion (331+276
cells/mm2), nor did aggregated IgG affect aCL-induced adhe-
sion (985±171 vs 891±92 cells/mm2). Monocyte adhesion was
also not caused by incubation of HUVECwith a combination
of rabbit anti-human albumin (100 Ag/ml) with 50-200 Ag/
ml human serum albumin (90±84 cells/mm2), arguing against
an immune complex-mediated effect.
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Figure 3. Inhibition of monocyte adhesion to aCL-activated endothelial
cells by monoclonal antiadhesion receptor antibodies. HUVECwere
incubated with aCL IgG as in Fig. 1 and monocytes were added in the
presence of murine monoclonal antibodies to E-selectin (F-83), ICAM-
1 (HU53), or VCAM-1, or a combination of the three, at concentrations
of 10 ,ug/ml. Adhesion was measured as in Fig. 1. Each bar represents
the mean of duplicate experiments, with four replicates per experiment.
* P < 0.02

Endothelial cell reactivity of patients IgGs. Wefound that
all of the IgG preparations from patients with SLE and PAPS
bound to endothelial cells, as determined by enzyme-linked
immunoassay. Wequantitated these AECAfor 21 of our pa-
tients, and showed that binding of the IgG to HUVECwas not
sufficient to induce the expression of an activated phenotype.
As shown in Table I, many patient IgG's with high levels of
antiendothelial cell reactivity did not induce increased adhesion.
Furthermore, purified IgG from a multiply transfused patient
with known anti-HLA class I reactivity, which bound to endo-
thelial cells and was used as a positive control in the AECA
assay (BI = 100), did not lead to monocyte adhesion when
incubated with HUVEC, nor was adhesion induced by a mono-
clonal antibody to class I histocompatibility antigens expressed
by resting endothelial cells. The mean BI of five normal IgG's
tested was 16±8; none of the normal IgGs induced increased
monocyte adhesion. Finally, AECAreactivity did not correlate
with aCL titer, level of monocyte adhesion, or with clinical
manifestations. These data suggest that the endothelial cell acti-
vation by aPL was distinct from the previously described AECA
found in patients with autoimmune disease (26).

aCL IgG activation of endothelial cells requires /2 glyco-
protein-l. Binding of aCL to anionic phospholipids is dependent
on the presence of a normal plasma protein, /32GP1 (4). Bovine
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Figure 4. Specificity of aCL effect on HUVECactivation. (A) Serum
from patients with aCL was preadsorbed with cardiolipin liposomes for
16 h at 40C, or with Polymyxin B agarose for 1 h at 40C before incubation
with HUVECas in Fig. 1. Monocyte adhesion was then measured. (B)
IgG from patients with aCL was incubated with HUVECas in Fig. 1.
MM6cells were then added in the presence of blocking antibody to
FcyRII (mAb IV.3) or excess murine IgG2A (50 jtg/ml) to block
FcyRl; adhesion was then measured as above. Each bar represents the
average±standard error of five experiments using purified IgG from two
patients with high-titer aCL. * P < 0.01

serum, which contains /32GP1, has been shown to have cofactor
activity for human aCL as well (18). Wetherefore sought to
determine if the endothelial activation effect mediated by the
aCL IgG was similarly dependent upon the presence of ,/2GP1.
As shown in Fig. 5, aCL IgG's did not induce monocyte adhe-
sion to HUVECwhen the IgG was added in serum-free medium,
which lacks bovine f2GP1. When exogenous purified human
,62GP1 (20 pg/ml) was added to the serum-free system, how-
ever, the adhesive phenotype was restored, suggesting that the
effect of aCL IgG was /62GP1 dependent.

To assess further the anticardiolipin specificity of our IgG
fractions in promotion of monocyte adhesion to endothelial
cells, we incubated serum from two aCL patients with cardio-
lipin liposomes. Preadsorption with cardiolipin decreased the
level of anticardiolipin antibody in the remaining preparation
as assayed by ELISA (> 80 vs 12 GPL; > 80 vs 16 GPL), but
had no effect on other SLE-related autoantibodies, including
ANAand anti-DNA (data not shown). As seen in Fig. 4, when
endothelial cells were incubated with these preadsorbed patient
sera, we observed a significant reduction in the level of mono-
cyte adhesion (P < 0.01). This is further evidence for the

Figure 2. Incubation of HUVECwith aCL IgG induces the expression of cell adhesion molecules. HUVECseeded on chamber slides were incubated
with aCL IgG (A, C, E, and G), control IgG (B, D, and F), or IgG from a patient with SLE without aCL (H) at a concentration of 100 Mg/ml
for 4 h at 370C. After washing and fixing with 4%paraformaldehyde, cells were incubated with murine monoclonal antibodies to E-selectin (F83)
(A, B, and H), ICAM-1 (HU53) (C and D), VCAM-1 (E and F), or nonimmune mouse IgG (G). Bound antibody was determined with fluorescein-
labeled goat anti-mouse IgG. x400 (A-D, G, and H) x100 (E and F).
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Table 1. Patient Characteristics and Antibody Titers

Patient Sex Diagnosis Complication aCL titer AECA Adhesion

BI±SE cells/mm2

Fetal loss
Venous thrombosis
Fetal loss
Venous thrombosis
Fetal loss
Venous thrombosis
Fetal loss
Fetal loss
Fetal loss
Fetal loss
Fetal loss
Fetal loss
Fetal loss
None
None
Venous thrombosis
None
Venous thrombosis
Cardiac disease
Cerebrovascular disease
Arterial thrombosis cerebrovascular

disease thrombocytopenia
Fetal loss
None
Fetal loss cerebrovascular disease
Cerebrovascular disease thrombocytopenia
Thrombocytopenia
Cerebrovascular disease thrombocytopenia

cardiac valvular disease
Fetal loss cerebrovascular disease
None
Cerebrovascular disease
None

> 80

> 80

> 80

>80
>80
>80
>80
>80
>80
>80

5
2

78
12
4

>80
51
72

80
3

46
>80

43
54

>80
8
6*
4

N.D. 1,090

N.D.

N.D.

1,100

970

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

40±11
34±3
47±5
36±4
53±12
80±8
35±9
76±19

64±15
24±15
28±8
52±4
72±13
19±4

1,200
985
990
800

1,400
760
620
570
290
790
720
580
900
670
610

1,040
520
710
880
860

1,070

38±6
79±7
55±16
61±14

940
610
560
740

Purified IgG from patients with SLE and PAPS was assayed for aCL, expressed as GPL and AECA, expressed as a binding index (BI)±standard
error, as described in the Methods. Values above 80 GPL, the upper limit of linearity of the assay, are reported as "> 80." Patient IgG were

incubated with HUVECand adhesion of MM6cells, expressed as cells/mm2, was determined as described in the Methods. Adhesion values are the
mean of two to three experiments, each done in triplicate. N.D., not done. * Patient had positive lupus anticoagulant.

specific role of aCL, rather than other SLE-related autoantibod-
ies, in activation of endothelial cells.

Furthermore, IgG isolated from a rabbit immunized with
purified /32GP1, that was previously shown to react with cardio-
lipin in a 32GPI-dependent manner (25), also activated HU-
VEC. As seen in Fig. 6, HUVECincubated with this IgG ac-

quired the capacity to bind monocytes in a concentration-depen-
dent fashion. In addition, this effect was diminished when the
IgG preparation was preadsorbed with f32GP1 (1,230±237 vs

583 ±299 cells/mm2). Normal rabbit IgG did not increase adhe-
sion above control (Fig. 6), indicating a specific effect of the
f2GP1 antibody.

Relationship of endothelial cell activation by aCL to SLE.
To determine if the presence of SLE in patients with aCL con-

tributed to these findings, we studied IgG from five patients
with primary antiphospholipid syndrome, five patients with anti-

phospholipid antibody syndrome and concomitant SLE, and
eight patients with SLE but no detectable aCL. As shown in
Fig. 7 and Table I, IgG derived from patients with either PAPS
or from patients with SLE and aCL induced significantly more

adhesion as compared to IgG from normal subjects. The highest
mean level of adhesion was induced by IgG from patients with
PAPS, although there was no statistically significant difference
between this and adhesion induced by IgG from patients with
antiphospholipid antibody syndrome and concomitant SLE. IgG
from patients with SLE but without detectable aCL induced a

low level of monocyte adhesion, which was not statistically
significant compared with control. Because some patients have
antiphospholipid antibodies that do not react with cardiolipin
(1), we performed activated partial thromboplastin times on all
patients with negative anticardiolipin antibody titers to detect
the presence of lupus anticoagulant. Wefound that only one of
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Figure 5. Induction of monocyte adhesion by aCL IgG is dependent on

the presence of /32-glycoprotein 1. HUVECwere incubated with aCL
or control IgG in serum-free medium for 4 h at 370C in the presence

(hatched bar) or absence (open bar) of purified 632-glycoprotein. Cells
were then washed and monocyte adhesion was measured as in Fig. 1.

the eight SLE patients without detectable aCL had a positive
lupus anticoagulant (patient 27, Table I). This did not change
the statistical significance of our findings.

Discussion

The vascular endothelium is the major site of preservation of the
nonthrombogenic state. This state is maintained by constitutive
expression of natural anticoagulant systems, including thrombo-
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Figure 6. Rabbit anti-,62-glycoprotein 1 IgG induces monocyte adhe-

sion to HUVEC. HUVECwere incubated with rabbit anti- 032-glycopro-
tein 1 antibody at varying concentrations, and monocyte adhesion was

measured as in Fig. 1. Each bar represents the mean±standard error of
five experiments, with four replicates in each experiment.
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Figure 7. Relationship of endothelial cell activation by anticardiolipin
IgG to diagnosis of SLE. HUVECwere incubated with IgG (as in Fig.
1), from normal subjects (n = 5), patients with SLE and no evidence
of aCL (n = 8), SLE with high titer aCL (n = 5), and patients with
PAPS(n = 5). The first two bars show the negative control of medium
alone, and the positive control of TNF (200 U/ml). Each bar represents
the average±standard error of five experiments, with each sample done
in four replicates per experiment.

modulin, heparan sulfate proteoglycans, plasminogen activators,
and specific binding sites for fibrinolytic enzymes. Conversion
of the normal antithrombotic endothelial phenotype to a pro-

thrombotic state may be the primary pathophysiological event
in many acquired hypercoagulable states. For example, in-
flammatory cytokines such as TNFa and interleukin-l, and bac-
terial products such as LPS have been shown to induce an

activated endothelial phenotype characterized by expression of
tissue factor procoagulant, plasminogen activator inhibitor, and
leukocyte adhesion molecules, with concomitant loss of throm-
bomodulin expression (29, 30). In this manuscript, we show
that the antiphospholipid antibody syndrome, a hypercoagulable
state associated with high circulating titers of autoantibodies
against anionic phospholipids, may be the result of such endo-
thelial activation by a unique antibody-dependent mechanism.

Weused induction of endothelial cell adhesiveness for MM6
cells as a biologic assay to detect the activated phenotype in-
duced by IgG purified from patients with aCL. The adhesive
phenotype was shown to be the result of induced expression of
specific adhesion molecules, including E-selectin, VCAM-1,
and ICAM-1. Adhesion was not attributable to contaminating
endotoxin, immune complexes, or to Fc receptor interactions,
but rather was mediated by the specific anticardiolipin reactivity
of the IgG. The endothelial-activating capacity of the IgG's
was blocked by adsorption with cardiolipin liposomes, and was

dependent on the presence of f2GP1, a protein cofactor pre-

viously shown to be necessary for aCL reactivity. Furthermore,
rabbit IgG with anticardiolipin reactivity that was raised by
immunization with purified ,32GPI also produced a similar acti-
vation of cultured endothelial cells.

Weshowed that IgG's from patients with aCL bind to HU-
VEC as determined by enzyme-linked immunoassay, however
activation of endothelial cells was not dependent upon the level
of endothelial cell reactivity of our IgG preparations. In addi-
tion, binding by control antibodies with endothelial cell reactiv-
ity was not sufficient to induce activation. As others have pre-
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viously shown, we found that aPL antibodies were distinct from
the AECAdescribed in patients with autoimmune disease ( 13-
16). Wedemonstrated that the effect of aPL in activating endo-

thelial cells was independent of the level of endothelial cell
reactivity. AECA did not correlate with clinical events, aCL
titer, or with the level of endothelial cell activation as measured
by adhesion. Weconclude, therefore, that endothelial cell acti-
vation by IgGs from patients with aPL is dependent on specific
antiphospholipid reactivity, and not on other antiendothelial cell
reactivities.

The molecular mechanism by which aPL activate vascular
endothelial cells is not known. Our data suggest that exogenous
02GP1, a circulating glycoprotein, is necessary, and previous
work has suggested that aCL recognize a complex antigen that
includes 162GPI and anionic phospholipid (4). It is likely that
the interaction of circulating 32GP1 with endothelial cell anionic
phospholipid induces formation of a neoepitope that confers
recognition specificity for aCL. Although ,62GPl has been
shown to be necessary for the anticardiolipin-mediated patho-
physiological effect, we cannot exclude the possibility that a
protein other than 632GP1 can serve as a cofactor for aCL binding
to endothelial cells. Wedoubt that an endothelial cell membrane
protein acts as a cofactor, however, because the aCL did not
activate HUVECin a serum-free system. Furthermore, although
/32GP1 has been shown to bind to HUVEC(31 ), we found no
evidence by Northern analysis or Western blot that HUVEC
express endogenous 162GPI mRNA or antigen (data not
shown).

While we studied leukocyte adhesion as a convenient
marker for endothelial activation, it is also highly likely that
monocyte adhesion to the vascular endothelium may contribute
to a hypercoagulable state. Several mechanisms could account
for this. Wehave shown recently that upon adhesion of mono-
cytes to E-selectin expressed on activated endothelium, the
monocytes undergo a phenotypic transformation that includes
surface expression of tissue factor procoagulant (27). Further-
more, activated endothelial cells also secrete inflammatory me-
diators, such as interleukin-1, that may in turn activate mono-
cytes and induce expression of tissue factor (30). aPL may
also bind to adherent monocytes and activate them via an Fc
receptor-mediated mechanism. Some experimental evidence
suggests that aCL may directly activate monocytes. Kornberg
et al. have shown that a monoclonal anticardiolipin antibody
induced procoagulant activity (32).

Thus far, there has been no reliable predictor of thrombotic
events in patients with aCL. Recent studies have reported that
aPL may interfere with the protein C anticoagulant pathway,
inhibiting phospholipid-dependent activated protein C activity
(10). However, not all patients with aPL develop thrombotic
complications, and the clinical manifestations of aCL in SLE
and non-SLE patients are heterogeneous (1, 6). It is likely,
therefore, that a constellation of activities of antiphospholipid
antibodies, including effects on coagulation enzymes and endo-
thelial cells, is necessary to tip the balance toward the clinical
phenotype. It is possible that these patients have ongoing endo-
thelial cell activation, and clinically relevant events may occur
when the patients are subjected to an additional factor, which
then leads to vascular thrombosis or fetal loss in certain settings.
It remains to be seen whether the level of endothelial cell activa-
tion in vitro correlates with clinical thrombotic events. In our
study, the highest level of endothelial cell activation was in-
duced by aCL from patients with PAPS, however further work

needs to be done to more accurately predict the risk of thrombo-
sis in patients with aPL.
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