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Abstract

Background: The presence of lupus anticoagulant (LA) is an independent risk factor
for thrombosis. This laboratory phenomenon is detected as a phospholipid-dependent
prolongation of the clotting time and is caused by autoantibodies against beta2-
glycoprotein | (32GPI) or prothrombin. How these autoantibodies cause LA is unclear.
Obijective: To elucidate how anti-p2GPI and anti-prothrombin antibodies cause the
LA phenomenon.

Methods: The effects of monoclonal anti-B2GPI and anti-prothrombin antibodies on
coagulation were analyzed in plasma and with purified coagulation factors.

Results: Detection of LA caused by anti-B2GPI or anti-prothrombin antibodies re-
quired the presence of the procofactor factor V (FV) in plasma. LA effect disappeared
when FV was replaced by activated FV (FVa), both in a model system and in patient
plasma, although differences between anti-p2GPI and anti-prothrombin antibodies
were observed. Further exploration of the effects of the antibodies on coagulation
showed that the anti-p2GPI antibody attenuated FV activation by activated faxtor
X (FXa), whereas the anti-prothrombin antibody did not. Binding studies showed
that B2GPI--antibody complexes directly interacted with FV with high affinity. Anti-
prothrombin complexes caused the LA phenomenon through competition for phos-
pholipid binding sites with coagulation factors as reduced FXa binding to lipospheres
was observed with flow cytometry in the presence of these antibodies.

Conclusion: Anti-2GPI and anti-prothrombin antibodies cause LA through different
mechanisms of action: While anti-B2GPI antibodies interfere with FV activation by
FXa through a direct interaction with FV, anti-prothrombin antibodies compete with
FXa for phospholipid binding sites. These data provide leads for understanding the
paradoxical association between thrombosis and a prolonged clotting time in the an-

tiphospholipid syndrome.
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1 | INTRODUCTION

Antiphospholipid syndrome (APS) is a rare autoimmune disease that
is defined by recurrent arterial and venous thrombosis or pregnancy-
related complications in combination with the laboratory detection

of antiphospholipid (aPL) antibodies.*

aPL are a heterogeneous
but overlapping group of autoantibodies, which include anti-beta2-
glycoprotein | (32GPI) and anti-cardiolipin antibodies, and antibodies
that prolong the plasma clotting time in vitro in a phospholipid-
dependent manner, a phenomenon known as lupus anticoagulant
(LA).* The persistent presence of one or more of these aPL in pa-
tients with thrombosis or pregnancy morbidity is sufficient for the
diagnosis of APS.13

Of all aPL, only the presence of LA is an independent risk factor
for thrombosis and adverse pregnancy outcomes.>® Although the
laboratory tests for LA do not allow identification of the respon-
sible antibodies, LA has been attributed to autoantibodies against
the phospholipid-binding plasma proteins 2GPI or prothrombin.””?
Antibodies causing LA induce an in vitro prolongation of the clotting
time, which is corrected after the addition of an excess of phospho-
lipids.? The clear association of LA with thrombosis represents a par-
adox, as prolonged clotting times are usually indicative of a bleeding
tendency. In order to solve this paradox, we need to understand how
these autoantibodies cause LA.

Up to now, the underlying mechanism of LA caused by aPL has
not been elucidated. The general assumption is that aPL induce
LA through competition with coagulation factors for binding sites
on anionic phospholipids. Addition of an excess of phospholipids
would dilute the aPL, thereby lowering the likelihood that they will
compete with clotting factors.’®'! However, this explanation is too
simple for the LA phenomenon. Although competition might play a
role for anti-prothrombin antibodies, this is less likely for anti-p2GPI
antibodies, because the affinity of p2GPI for anionic phospholipids
at physiological calcium ion concentrations is much lower than the
affinity of the vitamin K-dependent coagulation factors. While an-
tibody binding enhances the avidity of B2GPI substantially, this is
unlikely to cause competition with the high affinity binding of the
vitamin K-dependent coagulation factors.*%*?

To obtain a better understanding of how anti-B2GPI and
anti-prothrombin antibodies cause LA, we need to understand
the minimal requirements to detect LA. LA is detected with
phospholipid-sensitive coagulation assays, including the dilute
Russell's viper venom time (dRVVT). This test is based on the ac-
tivation of coagulation factor X (FX) by the venom of the Russell's
viper, thereby bypassing the intrinsic and extrinsic coagulation path-
ways.i’2 This shows that antibodies causing LA have an effect on
the common pathway of coagulation. Coagulation reactions initiated
with Russell's viper venom involve three phospholipid-dependent

Essentials

e How antibodies against f2GPI and prothrombin cause
lupus anticoagulant is unclear.

e Effects of anti-p2GPI and prothrombin antibodies on co-
agulation were compared.

e Anti-p2GPI antibodies bind to FV, interfering with FXa-
mediated FV activation.

e Anti-prothrombin antibodies compete for binding sites

on phospholipids.

reactions: The activation of coagulation factor V (FV) by activated
FX (FXa), the assembly of the prothrombinase complex, and the ac-
tivation of prothrombin by the prothrombinase t:omplex.13 Here, we
investigated the mode of action of anti-p2GPI and anti-prothrombin
antibodies.

2 | MATERIALS AND METHODS

2.1 | Materials

FV-depleted plasma, affinity purified sheep anti-human FV, and fac-
tor VIII (FVIII) polyclonal antibodies were from Affinity Biologicals.
Phospholipids (Coagulation reagent 1) were from Avanti polar lipids.
Silica microspheres of 1.5 um nominal diameter were from Bangs
Laboratories. Alexa Fluor 546 streptavidin was from Invitrogen.
Horseradish peroxidase (HRP)-conjugated rabbit anti-goat IgG and
goat anti-rabbit IgG were from DAKO. Rabbit anti-FX polyclonal
antibody was from Abcam. Human prothrombin and a-thrombin
were from Enzyme Research Laboratories. Human FV, FVa, FX, and
FXa; biotinylated EGR-chloromethylketone; and monoclonal anti-
FV antibody 5146 against FV heavy chain were from Haematologic
Technologies. Recombinant human FVIII was obtained as pharma-
ceutical formulation from Advate, Baxalta. QUANTA Lite® aPS/PT
IgG/1gM was from Inova Diagnostics. IBL Cardiolipin IgG/IgM ELISA
kit was from IBL International GmbH. IMTEC B2GPI antibodies 1gG/
IgM ELISA kit was from Clindia Benelux BV. Chromogenic substrate
52238 was from Instrumentation Laboratories. Pefabloc TH was
from Pentapharm. dRVVT reagents (screen and confirm) were from
Stago. Protifar was from Nutricia). Immobilon-FL Polyvinylidene
fluoride membrane was from Merck Biochemicals. nuPAGE Tris-
Acetate 3-8% gel was from Thermo Fisher Scientific. Factor V ac-
tivator enzyme (RVV-V) was from ImmBiomed. Human B2GPI was
purified from fresh citrated plasma as described previously;9 pu-
rity was checked with SDS-PAGE and Coomassie blue staining. All
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B2GPI-preparations yielded a single band of 50 kDa and were >99%
pure. Pooled normal plasma (PNP) was prepared from at least 250
healthy hospital workers. Monoclonal anti-p2GPI antibody 3B7 and
anti-prothrombin antibody 3B1 were produced in-house and puri-
fied from hybridoma culture medium with protein G and protein A
Sepharose, respectively. Monoclonal anti-B2GPI antibody 27G7 and
monoclonal anti-prothrombin antibody 28F4 were prepared as pre-
viously described.'* Prothrombin active site mutant (Flli S525A) was
produced in human embryonic kidney 293 cells in the presence of
Vitamin K1 and purified from serum-free medium with a calcium-

dependent monoclonal antibody against prothrombin.

2.2 | LA-positive patient plasma samples

Residual anonymous plasma samples from APS screening diagnos-
tics at the University Medical Center (UMC) Utrecht were used.
These samples were derived from thrombotic APS patients and
had been tested for LA using dRVTT and activated partial throm-
boplastin time (APTT). Samples were mixed with PNP to correct for
coagulation factor deficiencies. Anti-p2GPI antibodies were deter-
mined with the IMTEC p2GPI antibodies IgG/IgM ELISA kit and anti-
cardiolipin antibodies with the IBL Cardiolipin 1gG/IgM ELISA kit.
Samples were deemed positive for anti-p2GPI antibodies when they
were positive for anti-p2GPI antibodies, anti-cardiolipin antibodies,
or both. Anti-prothrombin antibodies were detected using a home-
made ELISA as described before,' following the guidance from
the Scientific Standardization Committee on Lupus Anticoagulant/
Antiphospholipid Antibodies of the ISTH.*® Anti-phosphatidylserine-
prothrombin complex (aPS/PT) IgG and I1gM were measured with a

commercial kit according to the instructions of the manufacturer.

2.3 | Coagulation assays

All coagulation assays were performed on an MC10-plus coagu-
lometer at 37°C. LA activity was measured with dRVTT screen and
confirm reagents. PNP was incubated with different concentra-
tions of monoclonal anti-p2GPI antibodies (3B7 or 27G7) or anti-
prothrombin antibodies (28F4 or 3B1) for 2 minutes at 37°C prior to
the addition of dRVVT screen and confirm reagents. Normalized LA
(nLA) ratios were expressed as: (screen clotting time with antibody/
screen clotting time without antibody)/(confirm clotting time with
antibody/confirm clotting time without antibody). A nLA-ratio >1.2

was considered clinically relevant.

2.4 | Preparation of phospholipid vesicles

Phospholipid vesicles were prepared from coagulation reagent I, a
mixture of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), and 1,2-diol
eoyl-sn-glycero-3-phosphocholine (DOPC) with a 3:2:5 molar lipid

ratio. Dry lipid films were made by evaporation and were hydrated
with HEPES-buffered saline (HBS): 10 mM HEPES, 150 mM NacCl,
pH 7.4. Phospholipid suspensions were incubated in a sonication
water bath to yield unilamellar vesicles. Phospholipid concentration
was determined with a phosphate quantitation assay as described.?’
Phospholipids were stored at -80 °C. Prior to each experiment,
phospholipids were incubated at 37°C in a sonication water bath to

ensure homogeneity and presence of unilamellar vesicles.

2.5 | FXa-initiated coagulation tests

FV-depleted plasma was incubated with 2.5 nM FV or FVa supple-
mented with or without 100 pg/mL anti-p2GPI antibody (3B7) or anti-
prothrombin antibody (28F4). Coagulation was initiated with 250 pM
FXa in HBS, 0.1% bovine serum albumin (BSA), 8.3 mM CaCl, contain-
ing either 4 or 500 uM phospholipids. In some experiments, coagula-
tion was initiated with preformed prothrombinase complex: 250 pM
FXaand 2.5nMFVain HBS, 0.1% BSA, 8.3 mM CaCl, containing either
4 or 500 uM phospholipids was incubated for 10 minutes at 37 °C and
added to FV-depleted plasma with or without antibodies.

2.6 | FV activation with RVV-V

LA-positive patient plasma mixed 1:1 with PNP, and PNP supple-
mented with either 100 pg/mL anti-p2GPI (3B7) or anti-prothrombin
(28F4) antibody, were incubated with the FV-activating snake
venom enzyme RVV-V (5 units/mL plasma) for 3 minutes at 37°C.
Coagulation was initiated using dRVVT screen and confirm reagents.

2.7 | Factor Xa-mediated factor V activation

The effect of FXa-mediated FV activation in the presence of
antibody-p2GPI or antibody-prothrombin complexes was performed
as described.'® Briefly, 0.5 nM FV was activated with 0.1 nM FXa in
coagulation buffer (10 mM HEPES, 140 mM NaCl, 5 mM CaCl,, 0.1%
BSA, pH 7.5) and either 4 or 500 uM phospholipids with or without
50 pg/mL B2GPI or prothrombin active site mutant (prothrombin-
S525A; Flli), and 12.5-100 pg/mL 3B7 or 100 pg/mL 28F4 for 10
minutes at 37 °C. Subsequently, 200 pL (to p2GPI samples) or 400
UL (to prothrombin samples) coagulation buffer was added contain-
ing 0.5 nM FXa, 0.5 uM prothrombin, 10 uM phospholipids, 1 uM
Pefablock TH, and incubated for 3 minutes at 37 °C. p2GPlI, prothrom-
bin, 3B7, or 28F4 were supplemented to FVa samples generated in
the absence of these proteins to correct for confounding effects of
these antibodies on prothrombinase reaction rates. Prothrombinase
reactions were stopped by transferring 50 uL samples to 150 pL stop-
buffer (10 mM HEPES, 175 mM NaCl, 20 mM EDTA, 0.1% BSA, pH
7.7). Thrombin formation was measured by the addition of 100 uL of
this mixture to 100 pL 1 mM chromogenic substrate $2238. Thrombin
concentrations were deduced from a thrombin calibration curve with
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known concentrations. FVa concentration was calculated assuming a
turnover number for prothrombinase of 6000 mole thrombin per min-

ute per mole FXa-FVa'®

2.8 | Western blot of FV

For visualization of FV activation with western blot, 10 nM FV was
activated with 0.1 nM FXa in 10 mM HEPES, 16.6 mM CaCl,, 175 mM
NaCl, 0.1% BSA, pH 7.7, containing 4 uM phospholipids and 50 pg/ml
3B7 with or without 1 uM B2GPI at 37°C. At the indicated time points,
samples were taken, mixed with reducing Laemmli sample buffer, and
put on ice. Samples were heated at 95°C for 5 minutes, subjected to
SDS-PAGE on a nuPAGE Tris-Acetate 3-8% gel, blotted overnight at
4°C onto Immobilon-FL Polyvinylidene fluoride membrane, blocked
with Odyssey blocking buffer, and incubated with mouse anti-FV
heavy chain antibody (4 pg/mL) in Odyssey blocking buffer. After
extensive washing, blots were incubated with IRDye680-conjugated
donkey anti-mouse antibodies in Odyssey blocking buffer and rinsed

thoroughly. Bands were visualized on an Odyssey imager.

2.9 | Binding of antibody-p2GPI and antibody-
prothrombin complexes to coagulation factors V, Va,
VI, X, and Xa

NUNC maxisorp microtiter plates were coated with 10 pg/mL anti-
B2GPI antibody (3B7) or anti-prothrombin antibody (28F4) in 50 mM
carbonate buffer, pH 9.6, overnight at 4°C. Plates were blocked with 1%
milk powder (Protifar) in HBS and incubated with 10 pg/mL p2GPI or
prothrombin in blocking buffer. After washing with 0.1% Tween in HBS,
plates were incubated with several dilutions of PNP. Plates were washed
and incubated with either sheep anti-FV or sheep anti-FVIII antibodies
(1:5000 in blocking buffer), followed by washing and incubation with
HRP-conjugated rabbit anti-goat antibodies (1:5000 in blocking buffer).
After a final washing step, 100 uL TMB was added to each well and col-
orimetric reactions were stopped by addition of 50 uL 0.2 M H,SO,,.
Plates were read at 450 nm in a Spectramax M2e device (Molecular
Devices). Binding of anti-p2GPI complexes to purified coagulation fac-
tors was also studied in which PNP was substituted with FV, FVa, FX,
FXa, and FVIIl diluted in HBS with 0.1% Protifar and 8 mM CaCl,. FX and
FXa were detected with rabbit anti-factor X/Xa antibodies, followed by
incubation with HRP-conjugated goat anti-rabbit 1gG (1:2000).

2.10 | Flow cytometry binding studies on
phospholipids

Competition of antibody-B2GPI or antibody-prothrombin complexes
and FXa on phospholipid binding sites was studied on lipospheres as
described.*??° In short, silica microspheres of 1.5 um nominal diame-
ter (5 x 107 microspheres/mL) were cleaned and incubated with 2 mM
sonicated PS:PC:PE (5:3:2) vesicles for 5 minutes in a sonification
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water bath, followed by a 30-minute incubation without sonification.
Formed lipospheres were washed five times by centrifuging 3 min-
utes at 80xg and resuspending them in TBS/BSA/PLV buffer (0.15 M
NaCl, 50 mM Tris-HCI, 0.1% fatty acid free bovine albumin and 10 uM
sonicated PC vesicles, pH 7.4). Washed lipospheres were incubated
with either 2 uM B2GPI or prothrombin and different concentrations
of 3B7 or 28F4 for 10 minutes at 37°C in TBS/BSA/PLV buffer sup-
plemented with biotinylated-FXa?! and either 5 mM CaCl, or 20 mM
EDTA. Next, beads were incubated with 5 pg/mL Alexa Fluor 546
streptavidin for 10 minutes in dark. FXa binding to lipospheres was
assessed with flow cytometry using a BD FACS Canto Il.

2.11 | Statistical analyses

Results are reported as mean and standard deviation and all data
analyses were performed with GraphPad Prism 8.3 software.
Differences between conditions were analyzed with Student’s
t-tests, or Mann-Whitney tests for non-Gaussian distributed data.

P-values <0.05 were considered statistically significant.

3 | RESULTS

3.1 | The detection of the lupus anticoagulant
phenomenon depends on the presence of factor V

To identify the phospholipid-dependent reactions in the common
pathway in which aPL interfere, clotting was initiated with FXa or
the prothrombinase complex in FV-depleted plasma supplemented
with either FV or activated FV (FVa) in the presence or absence
of aPL. A mouse monoclonal antibody (mAb) against p2GPI (3B7)
and a mAb against prothrombin (28F4) were used as models for
human aPL. In the presence of FV, both the anti-p2GPI (Figure 1A)
and the anti-prothrombin (Figure 1B) mAb caused an increase in
FXa-initiated clotting time at limiting phospholipid concentrations
(4 uM), resulting in an increased clotting time ratio (calculated be-
tween clotting times with and without mAbs). The addition of an ex-
cess of phospholipids (500 uM) normalized the FXa-initiated clotting
times, resulting in an nLA ratio of 2.14 + 0.74 for 3B7 and 2.19 + 0.57
for 28F4, which is indicative of the LA phenomenon. However, the
anti-B2GPI mAb did not prolong FXa-initiated clotting times in the
presence of FVa (nLA ratio of 1.10 + 0.15), or when coagulation
was initiated with preformed prothrombinase complex (nLA ratio
1.01 £ 0.04). Contrary to the anti-B2GPI mAb, the anti-prothrombin
mADb still caused a prolonged clotting time in FV-depleted plasma
supplemented with FVa or when coagulation was initiated with pre-
formed prothrombinase complex, but this prolongation persisted
in the presence of an excess of phospholipids. As a consequence,
the LA phenomenon was not detected under these conditions (nLA
ratio of 1.15 + 0.15 and 1.12 £ 0.08, respectively). Combined, these
data suggest that anti-p2GPI interfere with FV activation, but that
anti-prothrombin antibodies interfere with either FV activation,
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FIGURE 1 Lupus anticoagulant induced by anti-beta2-glycoprotein | (32GPI) and anti-prothrombin antibodies requires factor V (FV). A,

B, FV-depleted plasma was reconstituted with FV, activated FV (FVa), or preformed prothrombinase complex in the presence or absence

of monoclonal anti-B2GPI (3B7) (A) or anti-prothrombin (anti-Fll; 28F4; B) antibodies. Clotting was initiated with activated factor X (FXa)

and CaCl, at 4 uM or 500 uM phospholipids. Clotting time ratios at low (4 uM) and high (500 uM) phospholipids were calculated between
clotting times with and without monoclonal antibodies (mAbs; n = 4-5). Significant differences were determined between clotting times with
and without mAbs using an unpaired Student’s t-test. C, D, Pooled normal plasma was supplemented with the FV-activating snake venom
enzyme RVV-V in the presence or absence of mAbs. Clotting times were obtained using dilute Russell's viper venom time (dRVVT) screen

(C) and confirm (D) reagents and ratios were calculated between clotting times with and without mAbs (n = 3). Significant differences were
determined between clotting time ratios with and without RVV-V using an unpaired Student’s t-test. E, Similar experiments were performed
with mixed lupus anticoagulant (LA)-positive patients plasma (n = 11) positive for anti-p2GPI (n = 9) or anti-prothrombin antibodies (n = 11).
Results are shown as individual LA ratios of patients’ plasma incubated with or without RVV-V and were calculated as described in the
Method section. Connected lines represent paired data. Significant differences were determined using a paired sample t-test. *P-value<0.05,
**P-value<0.01, ***P-value<0.005
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assembly of the prothrombinase complex, prothrombin conversion,
or a combination of these processes.

To confirm that detection of the LA phenomenon requires the pres-
ence of the procofactor FV in plasma, clotting tests were performed
with dRVTT screen (low phospholipid concentrations) and confirm (high
phospholipid concentrations) reagents in PNP, before and after treat-
ment with the FV-activating snake venom enzyme RVV-V. As expected,
addition of the anti-B2GPI or anti-prothrombin mAb to PNP caused a
prolonged clotting time measured with screen reagent (Figure 1C), but
not when clotting time was measured with confirm reagent (Figure 1D;
nLA ratio of 1.54 + 0.23 for 3B7 and 1.67 + 0.09 for 28F4). Activation
of FV with RVV-V attenuated the effects of the anti-B2GPI and the anti-
prothrombin antibodies on the screen clotting time (Figure 1C), support-
ing the observations in FV-depleted plasma (nLA ratio of 1.09 + 0.03
for 3B7 and 1.20 + 0.11 for 28F4). Next, we assessed whether FV
activation interferes with LA detection in plasma from APS patients
(n = 11). Hereto, dRVVT clotting times were determined in plasma from
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nine patients with LA that had IgM or IgG anti-p2GPI and IgM or IgG
anti-prothrombin antibodies (of which five patients were positive for
anti-cardiolipin, anti-p2GPI, and anti-prothrombin antibodies), and two
patients with LA that only had IgM or IgG anti-prothrombin antibodies
(Figure 1E). Activation of FV with RVV-V strongly reduced the strength
of the LA phenomenon in patients with anti-B2GPI or anti-prothrombin
antibodies. No differences in nLA ratio were observed between the
two plasma samples of patients that only had anti-prothrombin anti-
bodies and plasma samples of patients that had both anti-p2GPI or anti-
prothrombin antibodies.

3.2 | Anti-p2GPI antibodies but not anti-prothrombin
antibodies, attenuate FXa-dependent FV activation

To determine whether anti-p2GPI and anti-prothrombin antibodies
interfere with FXa-mediated FV activation, we activated purified FV

300 7 -0 B,GPI
050 - M Venicle
~ 200
S
=
= 150
(8]
S
. 100
50
0 1 i 7 I
0 50 100
Anti-B,GPI antibody (ug/mL)
=1 Fui
I Vehicle

FIGURE 2 Antibody-beta2-glycoprotein | (32GPI) but not antibody-prothrombin complexes attenuate activated factor X (FXa)-
dependent factor V (FV) activation. A, B, FV was activated with FXa at either 4 (A) or 500 (B) uM phospholipids, with or without 2GPI and
a monoclonal anti-p2GPI antibody (3B7). C, FV was activated with FXa at either 4 or 500 uM phospholipids, with or without prothrombin
active site mutant (FIli) or a monoclonal anti-prothrombin antibody (28F4). Data are expressed as relative FV activity compared to the
conditions without antibodies (n = 3-5). Significant differences were determined between samples with and without 2GPI or Flli using a

Mann-Whitney test. *P-value<0.05, **P-value<0.01
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with FXa in the presence or absence of the model anti-p2GPI or anti-
prothrombin mAbs and their antigens. f2GPI or 3B7 alone had no effect
on FV activation at 4 uM phospholipids, but 3B7 inhibited FV activa-
tion in a dose-dependent manner in the presence of B2GPI (Figure 2A).
Consistent with data obtained in clotting experiments, 3B7-p2GPI com-
plexes had no effect on FXa-mediated FV activation in the presence of
500 uM phospholipids (Figure 2B). In contrast to 3B7-p2GPI complexes,
28F4-prothrombin complexes had no effect on FXa-dependent FV ac-
tivation at limiting phospholipid concentrations (Figure 2C). Analysis of
FV cleavage products over time indicated a delay in formation of the
105 kDa band of the FVa-heavy chain in the presence of both anti-
B2GPI antibody and p2GPI, confirming the inhibitory effect of these im-
mune complexes on FV activation (Figure 3A-C). These results suggest
that anti-p2GPI antibodies cause the LA phenomenon through interfer-
ence with FV activation, while anti-prothrombin antibodies affect the

common pathway through a different mechanism.

3.3 | Antibody-$2GPI complexes bind to FV with
high affinity

The observation that anti-B2GPI antibodies interfere with FXa-
dependent FV activation suggests a direct interaction between
antibody-B2GPIl complexes and the individual components of the
prothrombinase complex: FV(a) or FXa. Therefore, the interac-
tion between antibody-2GPIl complexes and FV, FVa, FX, and

FXa was investigated with solid phase binding assays. Binding
experiments with immobilized 3B7-2GPl complexes and FV
and FVa showed that both proteins interacted with 3B7-p2GPI
complexes with high affinity: The Ky was 17 + 3 nM for FV and
46 + 10 nM for FVa (Figure 4A). No binding was observed on im-
mobilized 3B7 in the absence of B2GPI, or between 3B7-p2GPI
complexes and FX or FXa (data not shown). Interestingly, FVIII,
which is homologous to FV, also bound with high affinity (K was
2.7 £ 0.3 nM) to 3B7-B2GPI complexes. However, as plasma con-
centrations of FVIII are estimated to range from 0.3 to 1 nM, this
interaction is not likely to be meaningful under physiological con-
ditions. This was supported by binding experiments in plasma:
Whereas plasma FV (20-30 nM) interacts with immobilized 3B7-
B2GPI complexes, FVIII does not (Figure 4B). In addition, no in-
teraction was found between 28F4-prothrombin complexes and
FV (data not shown).

As FV has a much lower plasma concentration than B2GPI
(3-4 pM), we investigated whether the stoichiometry of the
antibody-antigen complexes supports indirect inhibition of coag-
ulation through inhibition of FV activation (Figure 4C,D). While
the effect of two different anti-p2GPI mAbs (3B7 and 27G7) on
the LA-ratio reached a plateau phase long before p2GPI was satu-
rated, two anti-prothrombin mAbs (28F4 and 3B1) had a maximal
effect on the LA ratio at saturating prothrombin concentrations,
or higher. These data further support a role for FV in LA induced
by anti-B2GPI antibodies.

Time (min) 0 05 1 2 3 5 10 15 20 30 45 60
A
----------—~<FL-FV
—— W e M B e e B e - .
250 kDa
AR SR e SRR SRR g e e e e
150kDa| —||™ ™
100 kDa | ww - TS == s w» == | { FV-HC
75 kDa | o
B ot S G s G S SR SRR S . - - |« FL-FV
L - . s 4 s o4
250 kDa | =« q_-,..‘-qm—”o—ma-—
150 kDa | w»
- e RS e ww e @D | FV-HC
100 kDa | w=
75kDa |
¢ - e = e o= | FL-FV
250 kDa e TR AR AR RN TR AR e At s e
150 kDa S - . 3 D - o
100 kDa | <« FV-HC
75kDa!

FIGURE 3 Antibody-beta2-glycoprotein | (32GPI) complexes delay activated factor X (FXa)-dependent factor V (FV) activation over time.
10 nM FV was activated with 0.1 nM FXa in the presence of phospholipids and CaCl, and anti-p2GPI antibody (3B7; A), p2GPI (B), or both (C)
at 37°C. Samples were taken at the indicated time points and subjected to SDS-PAGE and western blot
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FIGURE 4 Antibody-beta2-glycoprotein | (32GPI) complexes bind to factor V (FV) with high affinity and have an indirect effect on lupus
anticoagulant. 3B7 was immobilized on a microtiter plate and saturated with 2GPI. A, Plates were incubated with purified FV, factor VIII
(FVIII), or activated FV (FVa) at the indicated concentrations and binding was assessed with polyclonal antibodies (n = 2). B, Plates were
incubated with several dilutions of pooled normal plasma and binding of FV or FVIII was assessed (n = 3). Data were analyzed with non-linear
regression assuming a 1:1 interaction. C, D, Normalized lupus anticoagulant (nLA) ratios were obtained with dilute Russell's viper venom time
(dRVVT) screen and confirm reagents in pooled normal plasma supplemented with increasing concentrations of monoclonal anti-B2GPI (3B7
or 27G7; C) or anti-prothrombin (28F4 or 3B1; D) antibodies (25, 50, 100, and 150 pug/mL; n = 3). Antibody concentrations were expressed

relative to the concentrations of 2GPI or prothrombin in plasma

3.4 | Antibody-prothrombin complexes compete
with coagulation factors on phospholipid binding sites

Competition for binding sites on phospholipids could explain the ef-
fects of anti-prothrombin antibodies on clotting. Moreover, the direct
interaction between p2GPIl-antibody complexes and FV cannot rule
out contribution of competition for phospholipid binding sites to the
LA phenomenon induced by anti-p2GPI antibodies. To investigate
if competition for phospholipid binding sites contributes to the LA
phenomenon induced by aPL, we labeled FXa in its active site with
biotinylated EGR-chloromethylketone and assessed its binding to
silica microspheres coated with PS:PC:PE membranes (lipospheres)

with flow cytometry (Figure 5). Binding of FXa to lipospheres was
Ca?*- and phospholipid-dependent, as no binding to lipospheres was
observed in the presence of EDTA, or when the silica beads were
coated with PC only (data not shown). Antibody-prothrombin com-
plexes caused a strong dose-dependent reduction of FXa binding to
lipospheres, with a 66 + 17% reduction in FXa binding at 100 pg/mL
mAb. In contrast, the anti-p2GPl mAb caused a 31 + 19% reduction
of FXa binding at the same concentration. As the anti-p2GPI antibody
almost completely attenuated FXa-mediated FV activation at this
concentration, these data suggest that competition for phospholipid
binding sites plays a minor role in the attenuation of FV activation by
anti-B2GPI antibodies.
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FIGURE 5 Antibody-prothrombin complexes compete with
coagulation factors on phospholipid binding sites. Biotinylated
activated factor X (FXa) was incubated with lipospheres and
competition with antibody-beta2-glycoprotein | (32GPI) or
antibody-prothrombin complexes was assessed with flow
cytometry. Significant differences were determined between
baseline FXa binding at O ug/mL and other concentrations of
monoclonal antibodies using an unpaired Student’s t-test (n = 3).
*P-value<0.05

4 | DISCUSSION

Here we provide evidence that anti-B2GPI and anti-prothrombin an-
tibodies cause the LA phenomenon through different mechanisms
of action: While antibody-B2GPI complexes bind to FV and interfere
with FXa-dependent FV activation, anti-prothrombin antibodies
prolong clotting times through competition with coagulation factors
on phospholipid binding sites.

Several studies showed that antibodies against p2GPI and pro-
thrombin enhance the binding of these proteins to negatively charged
phospholipids.®1122-26 Consequently, it has always been assumed that
aPL induce LA through competition with coagulation factors for bind-
ing sites on anionic phospholipids. However, only anti-prothrombin
antibodies have been shown to actually compete with coagulation fac-
tors for phospholipid binding sites.?” Data presented here indicate that
competition with coagulation factors can explain LA caused by anti-
prothrombin antibodies, but not LA caused by anti-p2GPI antibodies.

Our data indicate that anti-p2GPI antibodies inhibit the initiation
phase of the coagulation reaction. During the initiation of coagu-
lation, the procofactor FV is activated through limited proteolysis
by FXa, leading to assembly of the prothrombinase complex and
subsequent thrombin generation.28 The activation of FV by FXa is
much less efficient than the activation of FV by thrombin, but min-
ute amounts of FVa are sufficient for substantial thrombin forma-
tion. By binding to FV, antibody-p2GPI complexes interfere with the
activation of FV by FXa. Although our binding experiments show
that antibody-p2GPI complexes bind to both purified coagulation FV
and FVa, binding to FVa is much weaker than binding to FV, which
explains why anti-p2GPI antibodies do not prolong the clotting time

when the prothrombinase complex has already been formed. The
inhibitory effect of anti-p2GPI antibodies on the clotting time is
only apparent at limiting phospholipid concentrations, not when the
phospholipid concentration is high. It has been shown that p2GPI
cannot bind to phospholipids and the lipoprotein receptor ApoER2
simultaneously.?? We hypothesize that a similar mechanism applies
here. When phospholipids are present in excess, 2GPI distributes
over the entire phospholipid surface, lowering the likelihood that
B2GPI binds FV.

How B2GPI interacts with FV is currently unclear. Our data
show that antibody-2GPl complexes bind to both FV and FVa,
suggesting that the binding site for p2GPI resides on either the
light or the heavy chain of FV. However, as the affinity for FV
differs from the affinity for FVa, we cannot completely rule out
that the B-domain of FV contributes to the binding site for p2GPI.
Surprisingly, we found that antibody-B2GPI complexes also bind to
the FV-homologue FVIII, although our data suggest the strength
of this interaction is not relevant under physiological conditions.
This suggests that the epitope on FV to which p2GPI binds is con-
served in both proteins. Further experiments are required to iden-
tify the exact binding epitope.

FV activation strongly reduced the inhibitory effect of anti-
prothrombin antibody on clotting at limiting phospholipid con-
centrations, while the effect of the anti-p2GPI antibodies was
completely abrogated. The observation that most plasma samples
from LA-positive patients showed incomplete correction of LA after
FV activation with RVV-V, suggests that anti-prothrombin antibod-
ies contribute substantially to the LA phenomenon. This is in line
with a recent report showing that the LA phenomenon in plasma
from LA-positive patients with antibodies against cardiolipin, f2GPI,
and prothrombin is large attributable to the anti-prothrombin anti-
bodies.?° Whether anti-prothrombin antibodies are also responsible
for the prothrombotic phenotype associated with LA remains to be
determined. In our study, we did not investigate how antibodies di-
rected against other phospholipid-binding proteins cause LA. One
can assume that these antibodies cause LA through similar mech-
anisms as described here. However, it remains to be determined
whether these antibodies contribute to thrombosis observed in APS
patients.

The data presented here were obtained with model mAbs
against 2GPI (3B7) and prothrombin (28F4). As the majority of the
experiments are performed with only one mAb against p2GPI and
one mAb against prothrombin, it remains to be determined to what
extent these results can be applied to other mAbs directed against
B2GPI or prothrombin and whether the polyclonal heterogeneous
antibody population found in patients with APS induce LA in a simi-
lar manner. In support of the applicability of our data to patients with
a p2GPI-dependent LA, the mAb we used binds to the first domain
of B2GPI, similar to pathogenic aPL antibodies.®*%% Moreover, the
mechanism described here does not seem to be limited to mAbs,
as similar results were obtained in plasma from 11 patients positive
for LA and anti-p2GPI or anti-prothrombin antibodies treated with
RVV-V.
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Despite the clear inhibitory effects of anti-p2GPI and anti-
prothrombin antibodies on coagulation in vitro, patients with APS
suffer from thrombosis. The central role of FV in the LA phenom-
enon caused by anti-B2GPI antibodies might explain this increased
risk of thrombosis as FV has a dual role in coagulation. It has pro-
coagulant properties as the cofactor for FXa in the prothrombinase
complex during thrombin formation, and anticoagulant properties as
the binding site for tissue factor pathway inhibitor (TFPI)-a during

34,35

prothrombinase inhibition and, together with protein S, as the

cofactor for activated protein C (APC) during FVllla inactivation.3¢
One can hypothesize that the binding of antibody-p2GPI complexes
to FV impairs its function in its anticoagulant role. However, this
does not explain thrombosis caused by anti-prothrombin antibodies.
The increased affinity of prothrombin for phospholipids in the pres-
ence of its antibody might result in an accumulation of prothrombin
at the site of vascular injury and thereby enhances platelet activation
and a pro-coagulant endothelial phenotype. As shown in an in vitro
flow model, anti-prothrombin antibodies concentrate prothrombin
on the phospholipid surface resulting in increased thrombin produc-
tion.2>?¢ In addition, high levels of prothrombin cause interference
with the anticoagulant protein C pathway by inhibiting protein S
function.”” It is conceivable that antibody-mediated accumulation of
prothrombin on the phospholipid surface interferes with protein S
function in a similar manner. In addition, antibody-prothrombin com-
plexes can cause acquired protein C resistance through interference
with the protein C anticoagulant pathway by inhibiting APC or pro-
tein S function. How the interactions described here contribute to

thrombosis in APS patients remains to be determined.
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