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RAP receptor-associated protein
SAPS secondary antiphospholipid syndrome
SCR short consensus repeat
SD standard deviation
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tPA tissue-type plasminogen activator
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The antiphospholipid syndrome

The term ‘antiphospholipid syndrome’ (APS) refers to patients with arterial or venous
thrombosis, pregnancy loss, and thrombocytopenia, in which so-called antiphospholipid
antibodies (aPL) are repeatedly detected in their plasmas. The antiphospholipid syndrome
was originally described in patients with systemic lupus erythematosus (SLE), a systemic
autoimmune disorder. The association between SLE with APS is called secondary
antiphospholipid syndrome (SAPS). Over the years, APS in the absence of an underlying
autoimmune disease has been recognized in many more patients (defined as primary
antiphospholipid syndrome (PAPS)).

The antiphospholipid antibodies can be detected in an enzyme-linked immuno-
sorbent assay (ELISA) and in in vitro coagulation assays. Traditionally, antibodies against
the anionic phospholipid cardiolipin (aCL) are detected by ELISA. Using in vitro coagulation
assays, antibodies are detected by their ability to prolong phospholipid-dependent clotting
assays. These antibodies are termed lupus anticoagulants (LAC).

Historical background
The history of antiphospholipid antibodies started about 50 years ago with the

observation that some SLE patients showed a biologically false-positive tests for syphilis,
without having syphilis 1-3. Positive reactions were found in tests, such as the VDRL-
flocculation test, in which the main antigen is a phospholipid that could be extracted from
beef heart, and therefore was named cardiolipin 4. In a large retrospective study of these
biologically false-positive plasmas, a group with a transient false positive reaction and a
group with a chronic false positive reaction were defined 1. In this latter group, the incidence
of autoimmune disorders, notably SLE, was high, whereas transient positive reactions related
to infectious diseases. These chronic false positive reactors are at present known as auto-
immune anticardiolipin antibodies.

In 1952, a peculiar circulating anticoagulant was described in two SLE patients. This
anticoagulant was able to prolong the prothrombin time, even when the plasma was diluted
with normal plasma to correct for coagulation factor defiencies 5. Surprisingly, it was not
associated with a bleeding tendency. This anticoagulant was mainly found in SLE patients
and therefore termed lupus anticoagulant 6. Later, it became clear that lupus anticoagulant
was not restricted to SLE patients alone, but that it was also found in association with certain
drugs, infections, malignancies, and even in healthy individuals 7-10. However, the name
lupus anticoagulant is still in general use. The clinical importance of anticardiolipin and LAC-
inducing antiphospholipid antibodies only became clear in the 1980s, when it was
demonstrated that the presence of LAC is associated with thrombosis, thrombocytopenia
and fetal loss 11.

In 1988, it became evident that anticardiolipin antibodies and antibodies with LAC
activity are not necessarily the same antibodies, as was demonstrated by separating both
types of antibodies from a single plasma 12-14.
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Antiphospholipid antibodies
In 1990, it was shown that autoimmune anticardiolipin antibodies were not directed

against negatively charged phospholipids directly, but against the phospholipid-binding
protein β

2
-glycoprotein I (β

2
GPI)15-17. It was shown that β

2
GPI, found in the fetal calf serum

(FCS) used as blocking reagent in the anticardiolipin ELISA, contained the epitopes recognized
by the antibodies.

Lateron, it was also shown that antibodies with LAC activity are dependent on the
presence of either β

2
GPI 18,19 or prothrombin 20, which are able to bind to negatively charged

phospholipids, like cardiolipin and phosphatidylserine. Nowadays, antibodies against a variety
of phospholipid-bound proteins have been described, such as high and low molecular weigth
kininogens in complex with phosphatidylethanolamine 21-23, protein C 24, protein S 24-26, annexin
V 27-29, factor XII 30-34 and plasminogen 35. However, the relevance of these antibodies is
unclear. Therefore, at present it is generally accepted that β

2
GPI (see chapter 2) and

prothrombin (see section prothrombin and anti-prothrombin antibodies) are the most impor-
tant antigens in the antiphospholipid syndrome. It should be noted that the term
antiphospholipid antibodies is quite confusing, since these autoantibodies are not directed
against phospholipids. However, it is difficult to change these established names.

Detection of antiphospholipid antibodies
aCL are usually detected with an ELISA setup using immobilized cardiolipin as

surface to bind the antigen β
2
GPI, which is present in the fetal calf serum used for blocking 36.

At present, attempts to standardize this assay have not been very successful, although
improvements have been made over the past years regarding background binding and
quantification 37-40.

LAC activity can be detected using various in vitro phospholipid-dependent
coagulation assays. The complexes of the LAC positive antibody and its antigen are able to
bind with high affinity to the negatively charged phospholipid used in the assay, thereby
competing with coagulation factors for these catalytic phospholipids. Since these
phospholipids, needed as cofactor in coagulation, are ‘consumed’ by the antigen-antibody
complexes, the result is a prolongation of the clotting times 41. The criteria to detect LAC
activity are as follows: (1) platelet-poor (platelet count should be less than 10 x 109/L) patient
and normal plasma, prepared by a double centrifugation step at 2000 g for 10 min, should be
used, (2) prolongation of clotting time should be present in at least one phospholipid-dep-
endent coagulation assay, (3) the prolongation of clotting time should not disappear upon 1:1
dilution with pooled normal plasma, (4) phospholipid-dependency should be demonstrated
by either neutralization of the effect upon the addition of increasing concentrations of
phospholipids or enhancement of the prolongation in the presence of lower concentrations
of phospholipids, (5) and finally the presence of a specific coagulation factor inhibitor should
be excluded 41-44.

Many coagulation assays have been described sensitive to detect LAC activity.
The activated partial thromboplastin time (aPTT), dilute Russell’s viper venom time (dRVVT),
the kaolin clotting time (KCT), and the dilute prothrombin time (dPT) are the most commonly
used assays. Both the aPTT and the KCT activate the intrinsic route of coagulation, the
dRVVT starts with the activation of factor X and factor IX, while the dPT activates the



12

extrinsic route (see section haemostasis). The sensitivity and the specificity of a test to
detect LAC activity depends on the use of carefully prepared platelet poor plasma, the
composition and concentration of phospholipids, the reagents, the device used, the proce-
dure, and the type of antibody. No LAC test shows 100% specificity and sensitivity due to
the heterogeneous nature of antiphospholipid antibodies. Therefore, the advised method to
measure LAC activity is to perform at least two coagulation assays that start at different
levels of the coagulation cascade, e.g. a sensitive aPTT and a dRVVT 44,45. Although most of
these tests are commercially available, the variation in the detection of LAC activity between
laboratories is large 46. Le Querrec et al. suggested a method that enables quantification of
LAC activity. To do so, plasmas spiked with monoclonal antibodies against β

2
GPI and

prothrombin were used 47, which should improve the standardization of LAC activity in the
future.

 At present, anti-β
2
GPI and anti-prothrombin antibodies can be measured by coating

the proteins directly on irradiated (‘high binding’) ELISA plates. Anti-prothrombin antibodies
are also detected by immobilizing phosphatidylserine vesicles, which are then able to bind
prothrombin. However, since there is a large variability in these tests, they are mostly used for
research purposes.

Prothrombin and anti-prothrombin antibodies
Prothrombin is a vitamin K-dependent plasma protein, which is synthesized in the

liver 48,49. It has a molecular weight of 72 kDa and its plasma concentration is 100 µ g/mL. Prior
to its secretion, ten glutamic acid residues at the N-terminus are specifically converted into γ -
carboxyglutamic acid (Gla) by a vitamin K-dependent carboxylase. These Gla residues are
essential for prothrombin to bind to negatively charged phospholipids. Besides the region in
which the Gla residues are located, prothrombin consists of two kringle domains and a serine
protease domain (catalytic domain). The kringle domains have a function in the interaction
with other proteins, such as activated factor X, activated factor V, and factor XI 50-53. Upon
activation of the coagulation cascade, prothrombin can associate with activated factor X,
activated factor V, phospholipids and calcium, together forming the prothrombinase complex
(see section haemostasis)48,49. In this complex activated factor X is able to cleave prothrombin
at positions Arg273-Thr274 and Arg322-Ile323. This cleavage results in the generation of
fragment 1+2 and α -thrombin (fig. 1).

Antibodies to prothrombin can be found in the plasma of APS patients. However,
the clinical relevance of these antibodies is not clear. Most in vitro studies have been focused
on the effects of anti-β

2
GPI antibodies. Now, the in vitro models developed to measure the

effects of anti-β
2
GPI antibodies are also used to determine the effects of anti-prothrombin

antibodies. It has been shown that anti-prothrombin antibodies were able to increase the
affinity of prothrombin for endothelial cells and immobilized phospholipids in vitro 54. Recently,
it became clear that prothrombin forms a bivalent complex with the anti-prothrombin antibodies
55,56, which is comparable to the mechanism of induction of LAC activity described for the
interaction between β

2
GPI-anti-β

2
GPI antibodies (see chapter 2).
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FIG. 1. The activation of prothrombin to thrombin. The proteolytic cleavage of prothrombin at
Arg273-Thr274 by activated factor X results in fragment 1+2 and prethrombin 2. Further cleavage of
prethrombin 2 at Arg322-Ile323 leads to the formation of  α -thrombin. When prothrombin is first cleaved
at Arg322-Ile323 and then at Arg273-Thr274, the formation of α -thrombin occurs via the intermediate
meizo-thrombin.

Anti-β
2
GPI versus anti-prothrombin antibodies

There is no consensus on the clinical relevance of anti-prothrombin and anti-β
2
GPI

antibodies. Three groups found an association between the presence of anti-prothrombin
antibodies and venous thrombosis 57-59, and two of these studies reported also that the
presence of anti-β

2
GPI antibodies is associated with an increased risk for thrombosis 57,58. A

retrospective study by Pengo et al. and a meta-analysis by Galli et al. did not show an
association between the presence of anti-prothrombin antibodies and thrombosis 60,61,
although Pengo et al. did find a correlation between the presence of anti-β

2
GPI antibodies

and thrombosis 61. However, the strongest association is found between LAC activity and
thrombosis 57,62-64, suggesting that antibodies have to be ‘functional’ (LAC positive) in order
to be pathogenic.
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Haemostasis

Upon vessel injury, a haemostatic plug has to be formed. Plug formation starts with
adhesion and aggregation of platelets onto the exposed connective tissue. During this process,
the coagulation system becomes activated by the exposure of tissue factor (TF). This results
via a cascade of proteolytic reactions in the formation of thrombin 65,66. Thrombin then further
converts fibrinogen to fibrin, which stabilizes the platelet plug. Furthermore, thrombin is able
to activate platelets, endothelial cells, which have procoagulant properties, and the protein C
system, which has an anticoagulant effect 67. Under normal circumstances, the formation of a
haemostatic plug only occurs outside the injured vessel. However, when a vessel wall is
superficially injured, coagulation is activated inside a vessel. In the presence of risk factors
for thrombosis, such as antiphospholipid antibodies, the prothrombotic process can proceed
faster than it is inhibited by the physiological antithrombotic mechanisms, resulting in the
development of a pathological thrombus inside the vessel.

Platelet adhesion and thrombus formation
Platelet adhesion to the damaged endothelium starts with the binding of plasma von

Willebrand factor (vWF) to collagen, present in the exposed subendothelial layer.
Subsequently, glycoprotein Ib (GPIb), which is located on the platelet surface as part of the
glycoprotein Ib-V-IX complex, interacts with the vWF attached to the collagen fibers. This is
a transient interaction, resulting in rolling of the platelet over the collagen surface. This is
followed by the binding of the collagen receptors α

2
β

1
 and glycoprotein VI (GPVI) on the

platelet to collagen, which results in firm attachment and activation of the platelets. Activated
α

IIb
β

3
 is able to bind ligands, such as fibrinogen, vWF and fibronectin (all present in plasma),

which then form a bridge between activated α
IIb

β
3 
molecules, thereby connecting the plate-

lets together. Further activation of the platelets is achieved by signal transduction via receptors,
such as GPVI and the thrombin receptor PAR-1, resulting in the release of granule content.
Adenosine 5’-diphosphate (ADP) and thromboxane are constituents of these granula, which
are able to further activate the platelets, thereby promoting further and stable thrombus
growth (fig. 2) 68-71.

Coagulation
The coagulation cascade can be activated by two pathways: the extrinsic pathway,

which starts with the exposure of TF to the blood stream 72-74, and the intrinsic pathway,
starting by the activation of factor XII 75-78. Both pathways join each other in the tenase
complex (fig. 3). Nowadays, it is generally accepted that in vivo TF is the only important
activator of coagulation.

Upon vascular damage, tissue factor becomes exposed to the blood stream.
Subsequently, activated factor VII, which is present in trace amounts in the circulation,
interacts with TF, which starts the extrinsic route of coagulation. TF is also able to interact
with factor VII, which can be proteolyzed to activated factor VII by activated factor X 79. This
TF-VIIa complex cleaves factor IX to activated factor IX, which in turn activates factor X in
the presence of its cofactor, activated factor VIII. High concentrations of the TF-VIIa complex
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can also directly activate factor X to activated factor X. This is followed by the assemblage of
the prothrombinase complex, which is formed by activated factor X, its protein cofactor
activated factor V, and prothrombin, resulting in the activation of prothrombin to thrombin 48.
Thrombin then converts fibrinogen into fibrin. Fibrin monomers will polymerize leading to the
deposition of insoluble fibrin, which is able to stabilize the platelet plug 80. Thrombin is also
a potent activator of platelets and endothelial cells. Furthermore, it can activate positive and
negative feedback loops (see section inhibition of coagulation). In the positive loops, thrombin
activates factor XI and the protein cofactors factor V and factor VIII. Activated factor XI then
can activate factor IX and this together with the cofactor activity of activated factor V and
activated factor VIII, results in the formation of  high concentrations of thrombin. For these
reactions the presence of calcium and negatively charged phospholipids, as
phosphatidylserine, are essential. Phosphatidylserine, which is in resting conditions located
at the inner leaflet of the cell membrane, can become exposed to the circulation by a flip-flop
mechanism that occurs after activation of platelets and endothelial cells 81-83.

The intrinsic route is activated by the exposure to negatively charged surfaces,
such as glass, collagen and koalin. This results in the activation of factor XII in the presence
of (pre)kallikrein and high molecular weight kininogen (HMWK). Subsequently, activated

FIG. 2. Platelet adhesion to collagen. Collagen,exposed to the circulation, interacts with vWF. Then
GPIb, located at the platelet surface, binds vWF, resulting in rolling of the platelets over the surface.
Subsequently, the receptors α

2
β

1
 and GPVI on the platelet interact with collagen, which results in firm

attachment and  activation. Activated α
IIb

β
3
 then binds ligands as fibrinogen and vWF, thereby connecting

the platelets together. Further activation of the platelets is achieved by release of the granule content,
which activates other platelets.
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FIG. 3. Schematic representation of the coagulation system. Coagulation is initiated via the TF-VIIa
complex or via the activation of factor XII. Most of the reactions require the presence of phospholipids
and calcium. Coagulation factors are indicated by roman numericals, followed by ‘a’ in case of an activated
coagulation factor. TF denotes tissue factor; PC, protein C; APC, activated protein C; PS, protein S; TM,
thrombomodulin.

TM
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factor XII can activate factor XI, which can activate factor IX and thereby join the extrinsic
coagulation cascade in the tenase complex.

Inhibition of coagulation
The coagulation cascade is controlled by protease inhibitors, of which tissue factor

pathway inhibitor (TFPI) and anti-thrombin (AT) are the most important. TFPI inhibits the TF-
VIIa complex 79,84 and AT 85 is able to inhibit all coagulation factors, except activated factor
VII.

The haemostatic balance is also maintained by the protein C system 86-88. In the
presence of thrombomodulin (a transmembrane protein that is constitutively expressed on
endothelial cells) thrombin activates, as a negative feedback loop, protein C to activated
protein C (APC). This activation of protein C is facilitated by the endothelial cell protein C
receptor (EPCR), which presents protein C to the thrombin/thrombomodulin complex. Then
APC, together with its cofactor protein S, can inactivate the cofactors activated factor V and
activated factor VIII and thereby inhibit coagulation. This mechanism is accelerated in the
presence of negatively charged phospholipids.

Fibrinolysis
Fibrinolysis helps to restore vessel patency and is simultaneously activated with

procoagulant pathways upon vascular damage 89,90. Plasmin, the key enzyme in fibrinolysis,
is formed by the activation of plasminogen. Most important enzymes for this activation are
tissue-type plasminogen activator (tPA), of which the vascular endothelium is the major
source, and urinary-type plasminogen activator (uPA), which is synthesized in the kidney
and released into the urinary tract. Plasmin binds to fibrin and degradates a fibrin clot into
small soluble fragments.

To regulate fibrinolysis, inhibitors are present in the plasma. At high concentrations
of thrombin, factor XIII and thrombin-activatable fibrinolysis inhibitor (TAFI) are activated.
Activated factor XIII stabilizes the fibrin clot by the formation of cross-links between the
fibrin chains. TAFI inhibits fibrinolysis by interfering with the binding of plasminogen to
fibrin, which results in a decrease in plasmin formation. Furthermore, plasminogen activator
inhibitors 1 and 2 (PAI-1 and PAI-2) are able to inhibit tPA and the active form of uPA directly.

An in vitro flow model
To study the interaction between platelets and the vessel wall under flow, similar to

the condition present in blood vessels, a perfusion system, which became more sophistica-
ted during the years, was developed 91-93. Such a system consists of a perfusion chamber, an
infusion pump with syringes, and tubes to connect the chambers and the syringes in the
pump. At present, the mostly used perfusion chambers are the parallel plate chambers. The
thrombogenic surface, which can be purified vessel wall adhesive proteins (e.g. collagen and
fibronectin), cultured cells or endothelial cell matrix, is introduced on a coverslip, which is
then placed on a polycarbonate knob. Subsequently, the chamber is placed into a 37° C
waterbath and the blood is drawn over the surface at a defined flow rate by a syringe (fig. 4).
After the perfusion, the platelets on the coverslip are fixed and stained. Finally, platelet
deposition is evaluated with computer-assisted analysis.



18
FIG. 4. The perfusion system. Coverslips, coated with a thrombogenic surface, are placed on a knob in a
small perfusion chamber (A), which is placed in a holder (B). The perfusion chamber is then placed in a 37β C
waterbath and exposed to flowing whole blood using a syringe pump (C).

The low-density lipoprotein receptor superfamily

The low-density lipoprotein (LDL) receptor family consists of several structurally
related endocytic receptors. The first characterized family member was the LDL receptor,
which function is, as far as known at present, restricted to lipoprotein metabolism. This
receptor binds specifically LDL particles, after which the receptors cluster into coated pits in
the plasma membrane. The final result of this process is the breakdown of LDL and the release
of the lipids into the cytoplasm. Other members of this family include the LDL-receptor-
related protein (LRP), megalin (also named glycoprotein-330), the very-low-density lipoprotein
(VLDL) receptor and the apolipoprotein E receptor-2 (apoER2, also named LRP8). These
receptors all are type I membrane proteins, carrying a single transmembrane domain, a small
cytoplasmic tail and a large extracellular part at the amino terminus. This extracellular domain
contains the ligand binding sites, which are formed by cysteine-rich ligand repeats of ∼  40
amino acids and three internal disulfide bonds. Furthermore, all receptors have epidermal
growth factor (EGF) precursor homology domains, which are formed by EGF precursor type
repeats and spacer regions containing YWTD motifs. These YWTD motifs are responsible
for pH-dependent release of ligands in the endosomal compartments. Finally, all receptors
have one or more copies of a NPxY motif in their cytoplasmic domain, which is important for
directing the receptors into coated pits. In addition, a 600 kDa precursor of LRP is proteolytically
cleaved, resulting in fragments of 515 kDa and 85 kDa, which are non-covalently associated.
The LDL receptor, the VLDL receptor, and the apoER2 receptor contain a region rich in serine
and threonine residues, which is extensively modified with O-linked sugars 94-97.
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FIG. 5. Schematic representation of the structure of members of the LDL-receptor superfamily.
These receptors all have an extracellular domain which consists of ligand binding repeats and EGF precursor
homology domains formed by the EGF precursor type repeats and spacer regions containing YWTD (Tyr-
Trp-Thr-Asp) motifs. The cytoplasmic tail contains one or more copies of a NPxY (Asn-Pro-x-Tyr)
sequence. LDLR denotes LDL-receptor; VLDLR, VLDL-receptor; GP-330, glycoprotein-330.
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A universal feature of the members of the LDL-receptor family is the ability of the 39
kDa receptor-associated protein (RAP) to inhibit the interaction of ligands with these receptors.
Under physiolocal conditions, RAP is an endoplasmic reticulum (ER)-resident protein, that
ensures safe passage through the secretory pathway by preventing premature interaction of
ligands with members of the LDL-receptor family. Furthermore, RAP promotes proper folding
of the receptors 98-100. Below, three members of the LDL-receptor family, that are important for
this study, will be discussed in more detail.

LRP
LRP is most abundantly expressed in the liver, placenta, lung and brain. Furthermore,

it is present on various other cell types. Monocytes are the only blood cells expressing LRP.
Originally, it was thought that LRP was involved in lipoprotein metabolism, but at present a
broader physiological role is proposed. It has been shown to be involved in the regulation of
lipases, proteases and their inhibitors (including coagulation factors), the metabolism of
toxins and transduction of cellular signals. Moreover, LRP is essential for embryonic
development, since LRP-/- knock-out mice die during gestation 96,97,101-103.

Megalin
Megalin is expressed abundantly on the apical surface of the epithelial cells of proximal

tubules in the kidney. There it mediates uptake of carrier complexes of vitamins A and D,
vitamin B

12
-transcobalamin complex and glomerular filter polybasic drugs, such as nephro-

and ototoxic aminoglycosides. It also has been shown that β
2
GPI binds to megalin, and a role

for β
2
GPI in the cellular uptake of phosphatidylserine-exposing particles was proposed 104. In

vitro, it can bind many ligands that are also able to bind to LRP, such as lipoproteins, lipoprotein
lipase, and urokinase. However, the in vivo function of these interactions is not yet clear.
Furthermore, megalin-deficient mice are born alive, but most of them die perinatally from
defects in the development of the forebrain 95,97,101,103,105.

ApoER2
ApoER2 is expressed mainly in the brain and testis. A splice variant, which lacks

ligand binding domains 4 to 6 (named LRP8∆ 4-6) can be found in platelets. It was shown that
apolipoprotein E inhibits platelet aggregation via the activation of nitric oxide (NO) synthase.
This suggests that the inhibitory effect of apolipoprotein E is mediated by LRP8∆ 4-6 on
platelets 106.  Furthermore, ApoER2 has an important role in the development of the brain.
Mice deficient in ApoER2 and the VLDL-receptor have cerebellar dysplasia. This phenotype
was identical to that of previously described knock-out mice, namely mice deficient in reelin
or Disabled-1. Now, it is known that ApoER2 and the VLDL-receptor can directly bind reelin
with high affinity, which is followed by the interaction of Disabled-1 with the NPxY motif in
the cytoplasmic tail of these receptors. Subsequently, Disabled-1 is phosphorylated on
tyrosine residues. In turn, Disabled-1 is thougth to activate nonreceptor tyrosine kinases of
the Scr and Abl families, which further transmit signals essential for migration neurons
97,101,103,107.
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Aim

The aim of this thesis is to gain insight into the mechanisms behind the development
of thrombosis in the antiphospholipid syndrome. We have focused on β

2
GPI and anti-β

2
GPI

antibodies. In chapter 2, a review about the current knowledge about this protein and its
relation with the antiphospholipid syndrome is given. To investigate the effects of β

2
GPI and

anti-β
2
GPI antibodies, we intended to develop an animal model for the antiphospholipid

syndrome. We started to make mice transgenic for human β
2
GPI. However, it appeared that in

these mice the plasma levels of human β
2
GPI were too low to enable use of these mice as a

model for the antiphospholipid syndrome. Therefore, we focused on the thrombogenic
properties of β

2
GPI-anti-β

2
GPI antibody complexes. To circumvent problems with making

these complexes, we constructed chimeric dimers of β
2
GPI and the dimerization domain of

coagulation factor XI as a model for β
2
GPI-anti-β

2
GPI antibody complexes (chapter 3). These

dimers were used to investigate their effects on platelet adhesion and aggregate formation in
an in vitro flow system. To extent our observations with dimeric β

2
GPI, the effects of anti-

β
2
GPI antibodies on platelet adhesion were also studied (chapter 4). To investigate whether

anti-prothrombin antibodies have similar effects as anti-β
2
GPI antibodies, these antibodies

were also tested in the perfusion system (chapter 5). In chapter 6, the effects of dimers of
β

2
GPI and β

2
GPI-anti-β

2
GPI antibody complexes on platelet aggregation were described. In

chapter 7, binding experiments using surface plasmon resonance (SPR) were performed to
investigate the ability of dimeric β

2
GPI to bind to different members of the LDL-receptor

family. In chapter 8, the findings of these studies are discussed and placed in the context of
the antiphospholipid syndrome.
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 The plasma protein β
2
-glycoprotein I (β

2
GPI) was first described by Schultze et al. in 1961 1,

but world-wide interest in this molecule, with unknown physiological relevance, only occurred
after its identification as a major epitope in tests that are widely used for the detection of so-
called antiphospholipid antibodies (aPL). These antibodies had been identified as serological
markers of a risk for thrombo-embolic complications, with clinical manifestations in venous,
arterial, and placental vascular beds (the antiphospholipid syndrome, APS). Many research
groups, including ourselves, spent much effort in getting more knowledge on the molecule
β

2
GPI itself, and to get insight into mechanisms by which antibodies directed to β

2
GPI might

promote thrombosis. In this review we will discuss current knowledge on β
2
GPI and the

potential pathophysiological role of anti-β
2
GPI antibodies in relation to thrombosis.

The protein β
2
-glycoprotein I

β
2
-glycoprotein I, also known as apolipoprotein H, is a member of the short consensus

repeat (SCR) or complement control protein (CCP) superfamily 2. Short consensus repeat
domains are present in many proteins functioning in the complement system 3 and consist of
about 60 residues and two fully conserved disulfide bonds. Sequence homology among SCR
domains ranges between 20 and 40 %. β

2
GPI has a molecular weight of 42 kDa and consists of

326 amino acids 2. The glycoprotein is built up out of five SRC domains, of which the fifth
domain is aberrant. This domain has an ‘extra’ six-residue insertion and a C-terminal extension
of 19 amino acids, which is C-terminally cross-linked by an additional C-terminal disulfide
bond.

Many studies conclude that the aberrant fifth domain of β
2
GPI is essential for binding

of β
2
GPI to negatively charged phospholipids 4-8. Both inhibition studies in which synthetic

peptides were used and mutagenesis studies clearly show that the sequence Cys281-Cys288
is very important in phospholipid binding 4,5. Interest in another region in the fifth domain
was raised by the finding that β

2
GPI, cleaved between Lys317 and Thr318, is unable to bind

negatively charged phospholipids 6. More recently, it was shown that a polymorphism in
which Ser316 is mutated into Trp, results in a form of β

2
GPI which has lost its ability to bind

to negatively charged phospholipids 7. Furthermore, site-directed mutagenesis showed that
the hydrophobic sequence at position 313-316 is crucial for phospholipid binding 8.

The elucidation of the crystal structure of β
2
GPI in 1999 9,10 nicely brought these

observations together. As shown in figure 1, the crystal structure of β
2
GPI reveals an extended

chain of SCR domains in a fishhook-like form. The aberrant parts of the fifth domain (the 6
amino acid insertion and the 19 amino acid extension) are essential for phospholipid binding.
The fifth domain constitutes a 2000Å large patch of 14 positively charged amino acids that
can have electrostatic interactions with anionic headgroups of phospholipids. Probably, this
interaction is followed by insertion of the flexible hydrophobic loop (Ser311-Lys317) into the
phospholipid bilayer 9. This positions Trp316 at the interface of the acyl chains and the
phosphate headgroups of phospholipids, thereby anchoring the molecule to the membrane,
a mechanism that is common for membrane binding proteins (figure 2). Studies by Lee et al.
11 suggest that also the first domain interacts with phospholipids. They reported a rapid
binding of the fifth domain of β

2
GPI to phosphatidylserine (PS) at isotonic and low ionic

strength, which is followed by binding of the first domain of β
2
GPI to the negatively charged

phospholipids at low ionic strength.  At this moment, it is not clear if the β
2
GPI molecule is
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able to bind with both the N- and the C-terminus to one membrane or if the β
2
GPI molecule

forms a bridge between two membranes. The latter possibility seems more likely, since the
β

2
GPI molecule is due to the presence of rather small linker regions probably a rather rigid

molecule.

FIG. 1. Ribbon drawing of the structure of β 2GPI.
The consecutive domains are labeled I to V and the
glycans are depicted with ball-and-stick models.

FIG. 2. Cartoon for the proposed mechanism
of binding of β 2GPI to a phospholipid surface.
The positively charged patch in the fifth domain is
indicated with ‘+’, the negatively charged
phospholipids are depicted with ‘-’. The putative
membrane insertion loop Ser311-Lys317 is shown
to insert into the membrane. Position of N-glycans
are indicated with hexagons.
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The physiological role of β 2
GPI

Compared to extensive knowledge on the structure of β
2
GPI, we know very little

about the physiological functions of this molecule. In most human beings the protein circulates
in plasma at a concentration of about 200 µg/mL, of which approximately 40% is bound to
lipoproteins 12. However, complete absence of β

2
GPI is not accompanied by apparent

abnormalities 13. Also in β
2
GPI null mice no clear abnormalities have been found thusfar,

although there is some discussion whether reproductivity and thrombin generation are
somewhat impaired 14. These observations seem to indicate that β

2
GPI is a compound without

any clear function.
As β

2
GPI has been identified as a constituent of chylomicrons, very low density and

high-density lipoproteins, it has been suggested that the molecule may be involved in
lipoprotein metabolism 12. The term apolipoprotein H was given to this compound when the
suggestion had been given that β

2
GPI activates lipoprotein lipase 15. Recently, it was reported

that β
2
GPI inhibits both low-density lipoprotein oxidation and cholesterol accumulation by

macrophages in vitro 16. This inhibition of cholesterol accumulation was a result of a reduction
of cholesterol influx and an increase in cholesterol efflux. This suggests that β

2
GPI may play

an important role in the prevention of atherosclerosis.
It has frequently been suggested that β

2
GPI can have a role as neutralizer of

coagulation as the protein can bind to negatively charged molecules, which are well-known
catalysts of coagulation 17. In vitro data suggest that β

2
GPI can inhibit ADP-induced

aggregation of platelets 18 and that β
2
GPI may act as a modulator of glycoprotein α

IIb
β

3
-

dependent functions of platelet microparticle membranes 19, as this molecule can reduce the
immunoreactivity of glycoprotein α

IIb
β

3 
by binding to these membranes. Furthermore, β

2
GPI

can bind C4b-binding protein (C4BP), which is a physiological carrier of protein S. Unbound
protein S in plasma has a role as cofactor in the inactivation of factor Va and factor VIIIa by
activated protein C (APC). Therefore, binding of β

2
GPI to C4BP increases the plasma levels of

free protein S 20. Other in vitro observations are that β
2
GPI can inhibit tissue factor activity,

the contact activation pathway of coagulation 21, and the activity of activated protein C
activity 22. Apart from the latter observation, which suggests a procoagulant effect of the
compound, most in vitro data suggest that β

2
GPI has anticoagulant effects. Reported effects

of β
2
GPI on coagulation generally suppose competition between β

2
GPI and other proteins

that are able to bind to negatively charged phospholipids. However, although β
2
GPI does

bind to negatively charged surfaces, β
2
GPI does so with an affinity that is far below that of

many other phospholipid binding proteins 23,24. This suggests that the relevance of these in
vitro observations for the situation in vivo is very disputable 21.

A physiological function completely different from that in coagulation has recently
been suggested, namely removal of apoptotic cells  25-27. It was found that β

2
GPI associates

with liposomes containing negatively charged phospholipids. These phospholipids are
normally only found in the interior of cells but become exposed on the outside of cells when
these undergo apoptosis 25. It was shown that β

2
GPI inhibits the procoagulant activity of

liposomes and enhances uptake of these particles by macrophages 27.
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β
2
GPI as the antigen in the antiphospholipid syndrome

The antiphospholipid syndrome (APS) was defined in the mid-eighties based upon
associations found between the persistent presence of the lupus anticoagulant (LAC) and
anticardiolipin antibodies (aCL) with thrombosis, recurrent pregnancy loss and
thrombocytopenia 28. Originally, this syndrome was defined in patients with systemic lupus
erythematosus (SLE), the disorder with the highest frequency of aPL. However, APS was
soon recognized in patients without other overt clinical manifestations of a systemic
autoimmune disease (primary APS). The term LAC refers to antibodies that prolong
phospholipid-dependent coagulation assays, whereas aCL are detected in an enzyme-linked
immunosorbent assay (ELISA) with the negatively charged phospholipid cardiolipin coated
onto microtiter plates. In 1990 three groups independently reported that sera from patients
with APS contain aCL that are not directed against phospholipids per se, but that a cofactor
was involved, namely the plasma protein β

2
GPI 29-31. Soon after this discovery it was shown

that β
2
GPI was also essential in enabling aPL to prolong clotting times in phospholipid

dependent coagulation tests 32. These findings were the starting point for many new findings
on structure and function of this protein and for research on the pathogenic potentials of
anti-β

2
GPI antibodies.

That β
2
GPI is indeed an important antigen in APS is supported by experiments with

animal models. Gharavi et al. induced aPL in mice and rabbits by immunization with purified
human β

2
GPI 33. This was confirmed by Blank et al. 34. This group found that immunization of

mice with β
2
GPI resulted in the production of high levels of aCL. Three months after a boost

injection with β
2
GPI, the mice had a prolonged activated partial thromboplastin time (aPTT),

thrombocytopenia and an increase in fetal resorption (all features of APS). Data obtained in
an experimental in vivo mouse model in which thrombus formation upon an artificially damaged
vessel wall can be studied, clearly suggest that anti-β

2
GPI antibodies induced by immunization

have pathogenic potential as these increase the size and the persistence of formed thrombi 35.
Several studies have been done to elucidate where anti-β

2
GPI antibodies bind on

the β
2
GPI molecule. Two studies, using recombinant domain-deleted β

2
GPI and surface

plasmon resonance respectively, point to domain 1 as the major target of anti-β
2
GPI antibodies

36,37. However, several groups identified different regions of β
2
GPI, scattered all over the

molecule, as possible epitopes for anti-β
2
GPI antibodies 38-41. Taking into account the crystal

structure of β
2
GPI, it seems unlikely that the third and fourth domain are candidates for the

location of the antibody binding site, as these domains are heavily glycosylated and therefore
poorly available for anti-β

2
GPI antibodies. Since the fifth domain is the phospholipids-binding

domain, it seems unlikely that β
2
GPI-anti-β

2
GPI antibody complexes will be able to bind to

phospholipids when the anti-β
2
GPI antibody binds to sequences in the fifth domain close to

those involved in binding to phospholipids, making also this domain a poor candidate. The
crystal structure suggests that the availability for antibody binding of both the first and
second domain is very good.

Experiments performed with synthetic peptides that mimic epitopes on different
regions of β

2
GPI, namely the link between domain 1 and 2, domain 3 and domain 4, seem very

informative. These three peptides react specificically with three different monoclonal anti-
β

2
GPI antibodies and were found using a phage display library. It was shown that experimental

APS, induced by immunization with the anti-β
2
GPI antibodies, can be prevented by the
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administration of the synthetic peptide that reacts with the corresponding anti-β
2
GPI  antibody

41. Furthermore, the notion that the structure of these ‘protective’ peptides have homology
with membrane proteins of several bacteria (such as neisseria gonorrhoeae and pseudomonas
aeroginosa) and viruses (such as cytomegalovirus and human immunodeficiency virus)
suggests that infection and molecular mimicry may be important in the induction of anti-
β

2
GPI antibodies in man 42. This is supported by recent findings that one can induce

‘pathogenic’ aPL in mice upon immunization with a cytomegalovirus-derived peptide, which
shares homology with the phospholipid-binding site of β

2
GPI 43. However, the sequence in

the β
2
GPI molecule that shares homology with the cytomegalovirus peptide is hidden inside

the molecule and not exposed to plasma, suggesting that β
2
GPI, to be accessible for the

antibodies, has to undergo a major conformational change or has to be denatured.

Pathophysiological effects of β 2
GPI-anti-β 2

GPI antibody complexes
Recognition of the importance of β

2
GPI as antigen in APS has stimulated research to

elucidate mechanisms by which anti-β
2
GPI antibodies might induce thrombosis. Interesting

observations include the potential of anti-β
2
GPI antibodies to activate endothelial cells and

platelets. It has been reported that anti-β
2
GPI antibodies can upregulate the expression of

adhesion molecules on endothelial cells, increase the secretion of cytokines by endothelial
cells and up-regulate the production of prostacyclin 44. In studies by Blank et al. synthetic
peptides reacting with monoclonal anti-β

2
GPI antibodies could prevent endothelial cell

activation in experimental APS 41, and monoclonal anti-β
2
GPI antibodies increased adhesion

of leucocytes to vessel walls in another animal model 43. In 1981, it was described that LAC
positive IgG from a patient with APS reduced prostacyclin synthesis in bovine endothelial
cells 45, and since then many studies on effects of aPL on prostacyclin synthesis in endothelial
cells and thromboxane synthesis in platelets have been performed 46. Results frequently
suggested that aPL can indeed alter the balance between the antithrombotic effects of
prostacyclin and the prothrombotic effects of thromboxane synthesis in such a way that the
net effect might be prothrombotic, although results were frequently contradictory 46. In a
careful study by Hasselaar et al. 47, a disturbed balance between prostacyclin and thromboxane
production was only found in some APS patients, and if present, this disbalance was unrelated
to a history of thrombosis. However, studies on effects of aPL on prostaglandins and
thromboxane have not been performed specifically with anti-β

2
GPI antibodies. In this respect,

the observation by Forastiero et al. that patients with APS and moderate to increased levels
of anti-β

2
GPI antibodies have high urinary levels of 11-dehydro-thromboxane B

2
 (a stable

metabolite of thromboxane A
2
) compared with controls can be important 48 and may stimulate

further research. Further, several groups have shown that aPL have a stimulatory effect on
platelet aggregation 49-51. Already in 1993, it was shown that monoclonal anti-β

2
GPI were able

to induce aggregation in the presence of subthreshold concentrations of ADP 52.
Recently, another effect of anti-β

2
GPI antibodies was proposed 53. It was found that

incubation of human umbilical vein endothelial cells (HUVEC) with antiphospholipid antibodies
resulted in accumulation of these antibodies at the cell surface and within late endosomes.
However, at this moment it is not clear if these antibodies bind to the phospholipids directly,
or if they bind only to the cells in the presence of β

2
GPI. The authors 53 also showed that

incubation of HUVEC with antiphospholipid antibodies results in a redistribution of the
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cation-independent mannose-6-phosphate receptor (CI-M6PR) from the Golgi apparatus to
late endosomes. This redistribution of CI-M6PR is expected to interfere with its normal function,
namely the transport of lysosomal proteins into lysosome, followed by their secretion. It was
suggested that the lysosomal proteins might activate endothelial cells, resulting in an
inflammatory effect and a procoagulant state.

An important question is how anti-β
2
GPI antibodies might have these cellular effects.

In our current hypothesis, the notion that dimerization of β
2
GPI occurs after interaction with

an antibody and that this is accompanied a significant increase in the affinity of β
2
GPI for

negatively charged surfaces (compared to β
2
GPI) is a central theme 23,54,55. It is now clear that

the high affinity of β
2
GPI-anti-β

2
GPI complexes for negatively charged phospholipids is the

explanation for the prolongation in clotting times that anti-β
2
GPI antibodies induce in functional

in vitro assays, an abnormality that can be corrected by addition of extra phospholipids to
the test system (viz. explain LAC activity) 56. Obviously, β

2
GPI-anti-β

2
GPI complexes, in

contrast to β
2
GPI, can effectively compete with clotting factors for binding to phospholipids.

Although our hypothesis on the importance of dimerization of β
2
GPI to obtain

pathophysiological relevance was recently challenged by the notion that Fab-fragments also
enhance β

2
GPI binding when measured with surface plasmon resonance 57, the hypothesis is

strongly supported by our recent observations with constructs of dimeric β
2
GPI that consist

of two molecules β
2
GPI and the dimerization motif of coagulation factor XI 58. These dimers

have a significantly increased affinity for negatively charged phospholipids compared to
plasma-derived β

2
GPI, have LAC activity and bind to membranes of activated platelets 58. It is

tempting to speculate that competition for binding to appropriate surfaces between β
2
GPI-

anti-β
2
GPI complexes and other phospholipid binding proteins is important to explain at least

some of the before mentioned pathophysiological conditions related to anti-β
2
GPI antibodies.

In this respect, presence of anti-β
2
GPI antibodies could be considered as being ‘gain-of

function’ proteins for β
2
GPI.

More attention should be given to the two cellular receptors that have been described
for β

2
GPI, namely annexin II and megalin. Annexin II is an endothelial cell receptor for tissue-

type plasminogen activator (tPA) and plasminogen 59, whereas megalin is identified as the
renal clearance receptor for β

2
GPI, since high concentrations of β

2
GPI were detected in the

urine of mice with a disrupted megalin gene 60. Dimerization of such receptors by β
2
GPI-anti-

β
2
GPI complexes might very well explain cellular activation. It also has been suggested that

anti-β
2
GPI antibodies can activation of cells via a Fc-receptor-mediated mechanism 61. However,

such mechanism is contradicted by the finding that F(ab)
2
 fragments of anti-β

2
GPI antibodies

(with LAC activity) do promote thrombus formation in a hamster thrombosis model 62.

Conclusions
Although knowledge on β

2
GPI and anti-β

2
GPI antibodies expanded tremendously

over the past decade we are still far from knowing the pathophysiological role of these
proteins in the related thrombotic tendency. Given the heterogeneity of APS, both clinically
and serologically, including the nature of cofactors of different aPL 63, it is possible that more
than one general mechanism is operating. We expect much from the use of our constructs of
dimeric β

2
GPI in in vitro and animal models. Comparison of observations made with these

constructs and those of anti-β
2
GPI antibodies will enable discrimination between direct effects
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of dimerization and effects of Fc-receptor-mediated activation. Also, future studies in β
2
GPI

knock-out mice can be expected to give insights into the function of β
2
GPI.
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Abstract

Anti-β
2
-glycoprotein I antibodies are thought to cause lupus anticoagulant activity

(LAC) by forming bivalent complexes with β
2
-glycoprotein I (β

2
GPI). In order to test this

hypothesis, chimeric fusion proteins were constructed of the dimerization domain (apple4) of
factor XI and β

2
GPI. Both a covalent (apple4-β

2
GPI) and a non-covalent (apple4-C321S-

β
2
GPI) chimer were constructed. As controls, apple2-β

2
GPI and apple4-C321S-β

2
GPI-W316S,

in which β
2
GPI-W316S is not able to bind to phospholipids, were made. In a phospholipid

binding assay, apple4-β
2
GPI and apple4-C321S-β

2
GPI were able to bind to phospholipids

with a 35 times higher affinity than plasma-derived β
2
GPI and apple2-β

2
GPI. Apple4-C321S-

β
2
GPI-W316S did not bind at all. Only apple4-β

2
GPI and apple4-C321S-β

2
GPI were able to

bind to adhered platelets as shown by immunofluorescence. Using the prothrombin time,
which was the most responsive coagulation assay, the clotting time was approximately doubled
when 200 µ g/ml of apple4-β

2
GPI or apple4-C321S-β

2
GPI was added. Addition of 200 µ g/ml

plasma-derived β
2
GPI, apple2-β

2
GPI or apple4-C321S-β

2
GPI-W316S did not affect clotting

time. Clotting time could be corrected with the addition of extra phospholipids, which is
indicative for lupus anticoagulant activity. Extra prolongation of clotting time for apple4-
β

2
GPI and apple4-C321S-β

2
GPI was achieved by the addition of monoclonal antibodies against

β
2
GPI. In conclusion, dimerization of β

2
GPI explains the in vitro observed effects of β

2
GPI-

anti-β
2
GPI antibody complexes.
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Introduction

β
2
-glycoprotein I (β

2
GPI), also known as apolipoprotein H, is a single chain protein

present in plasma at a concentration of approximately 200 µ g/ml. It consists of 326 amino
acids and has a molecular mass of 42 kDa. β

2
GPI is a member of the short consensus repeat

(SCR) or complement control protein (CCP) superfamily. The first four domains of β
2
GPI

consist of ∼  60 amino acids and contain 2 conserved disulfide bonds. The fifth domain,
comprising 84 amino acids, is different with an extra C-terminal tail, resulting in a C-terminal
loop and an extra disulfide bond 1-5. This domain is important for phospholipid binding as has
been shown by several studies. Experiments using mutated forms of β

2
GPI and peptides

spanning the fifth domain of β
2
GPI, indicated that residues Cys281 to Cys288 are important

for phospholipid binding 6-8. Furthermore, analysis of a naturally occurring polymorphism, in
which Trp316 is mutated to a serine 9 showed that Trp316 is essential for phospholipid
binding. Mehdi et al. showed that a hydrophobic sequence at position 313-316 in the fifth
domain is crucial for cardiolipin binding 10. The recent elucidation of the crystal structure of
β

2
GPI 11 showed that a patch of 14 positively charged amino acids in the fifth domain is

important for electrostatic interaction with negatively charged phospholipids. It was also
shown that the amino acids at positions 311-317 form a membrane-insertion loop, which
yields specificity for lipid bilayers. At present, the in vivo function of β

2
GPI is unknown. In

vitro, it has been shown to influence coagulation (both procoagulant and anticoagulant)12-19,
platelet function 20-23, lipoprotein metabolism 24-27, and apoptosis 24.

The persistent presence of antiphospholipid antibodies in plasma is a risk factor for
thrombosis, pregnancy loss and thrombocytopenia. These clinical and serological
observations together are termed the antiphospholipid syndrome 28-33. Initially it was thought
that the antiphospholipid antibodies were directed against phospholipids directly, but now it
is generally accepted that these antibodies are directed against phospholipid-bound proteins,
such as β

2
GPI 34-36 and prothrombin 37. Antiphospholipid antibodies are a very heterogeneous

group of antibodies, which can be subdivided into lupus anticoagulants (LAC) and
anticardiolipin antibodies (aCL), of which the latter can bind to β

2
GPI immobilized on cardiolipin

surfaces 38,39. Antibodies with LAC activity are detected by their ability to prolong phospholipid
dependent coagulation assays 40,41. The prolongation can not be corrected by the addition of
normal pool plasma, but can be corrected by the addition of extra phospholipids. Some of
these lupus anticoagulants depend on prothrombin to prolong clotting time in vitro 42, but
most of them depend on β

2
GPI 43,44.

Two possible explanations for the mechanism of action of β
2
GPI-anti-β

2
GPI antibody

complexes are suggested. First, β
2
GPI undergoes a conformational change when it interacts

with anti-β
2
GPI antibodies 45-50. Second, β

2
GPI is able to form bivalent complexes when it

interacts with an anti-β
2
GPI antibody 51-53. The final result is a strongly increased affinity of

β
2
GPI for negatively charged phospholipids. Due to the increased affinity, β

2
GPI is then able

to compete with clotting factors for the phospholipid surface, resulting in the in vitro
prolongation of coagulation 54.

Here, a covalent and a non-covalent chimeric dimer of β
2
GPI are constructed to

determine the role of bivalent β
2
GPI complexes without the intervention of antibodies. It is

shown that chimeric dimers of the dimerization domain of coagulation factor XI (apple4)55,56
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and β
2
GPI are able to induce a strongly increased binding to phospholipids resulting in a

LAC activity.

Materials and Methods

Construction of expression vectors
Human β

2
GPI cDNA, kindly provided by Dr. T. Kristensen (University of Aarhus,

Aarhus, Denmark) was subcloned into the BamHI site of pUC18. The non-phospholipid
binding form β

2
GPI-W316S 9 was constructed by site-directed mutagenesis (Quickchange

site-directed mutagenesis kit, Stratagene, La Jolla, CA, USA) of pUC18-β
2
GPI with the primers

β
2
GPI-f (CA GTT CTC TGG CTT TTT GCA AAA CTG ATG CAT CCG ATG) and β

2
GPI-r (CAT

CGG ATG CAT CAG TTT TCG AAA AAG CCA GAG AAC TG). The sequences in italic
indicate the mutated codon. The sequence encoding the mature β

2
GPI protein was amplified

with the primers β
2
GPI-XhoI (C CCT CGA GGA CGG ACC TGT CCC AAG CC) and β

2
GPI-

XbaI (GC TCT AGA AAA CAA GTG TGA CAT TTT ATG TGG A) in a PCR reaction. To
construct chimeric fusion proteins of the dimerization domain of factor XI (apple4) and β

2
GPI

the PCR product was cloned with XhoI and XbaI (underlined in β
2
GPI-XhoI and β

2
GPI-XbaI,

respectively) into the vectors apple4-tissue-type plasminogen activator (tPA)-S478A and
apple4-C321S-tPA-S478A56. In this way apple4-β

2
GPI and apple4-C321S-β

2
GPI were

constructed. As controls, the chimers apple2-β
2
GPI and apple4-C321S-β

2
GPI-W316, in which

β
2
GPI-W316S is not able to bind to phospholipids, were made. For apple2-β

2
GPI, the PCR

product was cloned into apple2-tPA-S478A with XhoI and XbaI 56. For apple4-C321S-β
2
GPI-

W316S the PCR product was cloned into apple4-C321S-tPA-S478A 56. Sequence analysis was
performed to confirm correct amplification of the β

2
GPI cDNA.

Cell culture, transfection, expression and purification of fusion proteins
Transfection of baby hamster kidney cells was performed as described previously

55. Expression of all fusion constructs was performed in conditioned serum-free medium
(DMEM F12 supplemented with 1% UltroserG; Life Technologies, Inc., Paisley, U.K.). Protein
expression was measured using a total β

2
GPI-ELISA as described before 9.  Apple-β

2
GPI

fusion proteins were purified using a monoclonal antibody to β
2
GPI (21B2) bound to CNBr-

activated Sepharose (Amersham Pharmacia Biotech, Uppsala, Sweden)9. Bound fusion
proteins were eluted with 0.1 M glycine (pH 2.7). The purified proteins were immediately
neutralized with 1 M Tris, pH 9. Apple4-β

2
GPI, apple4-C321S-β

2
GPI and apple4-C321S-β

2
GPI-

W316S containing fractions were dialyzed against 50 mM Na
2
HPO

4
, pH 7.0, containing 50

mM NaCl and were subjected to further purification on a mono S column using FPLC
(Amersham Pharmacia Biotech, Uppsala, Sweden). Fusion proteins were eluted with a linear
salt gradient from 50 mM NaCl to 1 M NaCl. All chimers were dialyzed against tris-buffered
saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.4). Protein concentrations were determined
using a bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL, USA) according to the
instructions of the manufacturer, and with bovine serum albumin (BSA) as a standard. The
yield varied from 5 to 10 µ g protein per ml culture medium. Purified constructs were analyzed
by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
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Purification of proteins
β

2
GPI was isolated from freshly frozen citrated human plasma as described previously

33. In short, dialyzed human plasma was applied to a DEAE-Sephadex A50 column, subsequently
followed by protein G-Sepharose, S-Sepharose and finally heparin-Sepharose chromatography
(all Sepharoses were obtained from Amersham  Pharmacia Biotech, Uppsala, Sweden). Bound
proteins were eluted with a linear salt gradient. Afterwards, β

2
GPI was dialyzed against TBS.

Purity of the protein was checked with SDS-PAGE analysis. Fab fragments of the monoclonal
anti-β

2
GPI-antibody 23H9, which is directed against domain 2, were generated using an

ImmunoPure Fab Kit according to the instructions of the manufacturer (Pierce, Rockford IL,
USA) . In short, IgG was incubated with papain-coated beads overnight at 37° C and Fc
fragments and uncut IgG were removed on a protein-A sepharose column. After SDS-PAGE
23H9 Fab appeared as one band with a molecular weight of 25 kDa under reducing conditions.
Concentration of the proteins was determined using a BCA protein assay.

Gel filtration studies
Apple-β

2
GPI fusion proteins and β

2
GPI were applied to Superdex 200 gel filtration

column using FPLC equipment. The column was equilibrated with TBS, pH 7.4, at a flow rate
of 0.5 ml/min. The absorbance of the eluent was monitored at 280 nm. Molecular weights were
determined by comparison to a standard curve of chymotrypsinogen A (Mr 25 kDa), ovalbumin
(43 kDa), BSA (67 kDa), aldolase (158 kDa) and thyroglobulin (669 kDa).

Preparation of phospholipid vesicles
Phospholipid vesicles containing 20% phosphatidylserine (PS)/40% phosphatidyl-

choline (PC)/40% phosphatidylethanolamine (PE) or 20% PS/80% PC (Sigma, St. Louis, MO,
USA) were prepared according to Brunner et al. 57 with some modifications as described by
van Wijnen et al. 58. The phospholipid content of the fractions was determined by phosphate
analysis 59.

Binding of apple-β
2
GPI fusion proteins to phospholipids

To measure binding of apple-β
2
GPI chimers and β

2
GPI to phospholipids a solid

phase binding assay according to Horbach et al. 9 with some modifications was used. In
short, 25 µ M of phospholipids (20% PS/80% PC and 20% PC/40% PC/40% PE vesicles) were
coated in 96-well ELISA plates (Costar, Cambridge, MA, USA) overnight at 4° C. Wells were
blocked with TBS/0.5% gelatin for 2 hours at 37° C, followed by successive incubations with
apple-β

2
GPI chimers or β

2
GPI (50 µ L/well) for 1.5 hours at 37 ° C, and monoclonal antibody 2B2

(3 µ g/mL; 50 µ L/well; 1.5 hours at 37° C). Afterwards, wells were incubated with a rabbit-anti-
mouse peroxidase-conjugated antibody (1:1000 diluted; 50 µ L/well; Dako, Glostrup, Denmark)
and developed using o-phenylenediamine. All samples were diluted in TBS/0.5% gelatin and
after each incubation step, wells were washed three times with TBS. Non-specific binding
was determined in wells where phospholipids were absent.



48

Spraying of coverslips
Glass coverslips (18 x 18 mm; Menzel Gläser, Braunschweig, Germany) were soaked

overnight in chromosulfuric acid, rinsed thoroughly with deionized water, and air-dried. Human
placenta collagen type III (Sigma, St Louis, MO, USA) was solubilized in 50 mM acetic acid (1
mg/mL) and sprayed on glass coverslips at a final density of 30 µ g/cm2 with a retouching air-
brush (Badger model 100; Badger Brush Co, Franklin Park, IL, USA).

Perfusions
Perfusions were performed in a single pass perfusion chamber. The perfusions were

performed under non-pulsatile flow conditions using a parallel plate perfusion with a slit
height of 0.1 mm and a slit width of 2 mm. Experiments were done with a flow rate of 58 µ L/min
(shear rate 300 s-1)60 and a perfusion time of 3 min with collagen type III as a surface. Prewarmed
(5 min 37° C) citrated blood (1/10 vol 3.2% trisodium citrate) was drawn through the perfusion
chamber by a Harvard infusion pump (pump 22, model 2400-004; Natick, MA, USA). Afterwards,
the coverslips were removed and rinsed with 10 mM HEPES buffer, containing 150 mM NaCl,
followed by fixation with 3% paraformaldehyde/0.005% glutardialdehyde in phosphate-
buffered saline (PBS), pH 7.4 for 30 min at room temperature. Fixed glass coverslips were
stored till use in PBS/1% paraformaldehyde/0.002% glutardialdehyde, pH 7.4.

Immunofluorescence studies
Coverslips were washed three times with PBS and blocked for 10 min with PBS/1%

BSA/0.1% glycine, pH 7.4. After this, the coverslips were incubated for 1 h at 37° C with apple-
β

2
GPI fusion proteins (10 µ g/mL) diluted in PBS/1% BSA/0.1 % glycine, pH 7.4, followed by

three times washing with PBS and 10 min blocking with PBS/1% BSA/0.1% glycine, pH 7.4 at
room temperature. Then the coverslips were incubated for 45 min with the monoclonal anti-
β

2
GPI antibody diluted in PBS/1% BSA/0.1% glycine, pH 7.4 (10 µ g/mL) at 37° C, followed by

three times washing with PBS and 10 min blocking with PBS/1% BSA/0.1% glycine, pH 7.4 at
room temperature. Afterwards, the coverslips were incubated with a fluorescein isothiocyanate
(FITC)-labeled goat-anti-mouse antibody (Becton Dickinson, San Jose, CA, USA), diluted
1:20 in PBS/1% BSA/0.1% glycine, pH 7.4 for 45 min at 37° C, followed by three times washing
with PBS. Lastly, the coverslips were mounted in MOWIOL 4-88 (Calbiochem, La Jolla, CA,
USA) and 0.1% PPD (para-phenylene diamine; Sigma, St Louis, MO, USA).

β
2
GPI-deficient plasma

β
2
GPI-deficient plasma was made using a monoclonal antibody to β

2
GPI (21B2)

coupled to CNBr-activated Sepharose (Amersham  Pharmacia Biotech, Uppsala, Sweden)9.
Pooled normal plasma (10 mL) was applied to the column and the flow through plasma was
collected in fractions of 0.5 ml and directly frozen in liquid nitrogen and stored at -70° C.
Levels of β

2
GPI were determined using a total-β

2
GPI ELISA as described previously 9 and

fractions containing less than 10% β
2
GPI were considered deficient.

Coagulation assays
All assays were performed in a KC-10 coagulometer (Amelung, Lemgo, Germany).

For prothrombin time (PT), 25 µ L of pooled normal plasma and 25 µ L of apple-β
2
GPI fusion
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protein or plasma-derived β
2
GPI (final concentration 0-200 µ g/mL) were incubated for 30 min

at 4° C followed by an incubation of 1.5 min at 37° C. Clotting was initiated by the addition of
50 µ L of Innovin (Dade Behring, Marburg, Germany).

Activated partial thromboplastin time (aPTT) was measured with a test which has
been sensitized to aid the detection of lupus anticoagulants, the PTT-LA (Diagnostica Stago,
Asnieres-sur-Seine, France).  25 µ L of pooled normal plasma and 25 µ L of apple-β

2
GPI fusion

protein or plasma-derived β
2
GPI (final concentration 0-200 µ g/mL) were incubated for 30 min

at 4° C. After addition of 50 µ L of PTT-LA reagent, the samples were incubated for 3 min at
37° C. Clotting was initiated by the addition of 50 µ L of 25 mM CaCl

2
.

Dilute Russell’s viper venom time (dRVVT) was measured with LA-screen (Gradipore
LTD, North Ryde, Australia). 25 µ L of pooled normal plasma and 25 µ L of apple-β

2
GPI fusion

protein or plasma-derived β
2
GPI (final concentration 0-200 µ g/mL) were incubated for 30 min

at 4° C, followed by an incubation of 1.5 min at 37° C. Clotting was initiated by addition of 50
µ L of LA-screen.

Correction of clotting time was performed using PT and extra addition of cephalin.
25 µ L of pooled normal plasma and 25 µ L of a mixture of apple-β

2
GPI fusion protein (final

concentration 0-200 µ g/mL) and cephalin (final concentration was 3.2 times the concentration
used in an aPTT according to the instructions of the manufacturer; aPTT reagent, Boehringer
Mannheim, Mannheim, Germany) were incubated for 30 min at 4° C followed by an incubation
of 1.5 min at 37° C. Clotting was initiated by the addition of 50 µ L of Innovin.

The effect of monoclonal antibodies against β
2
GPI on clotting time in the presence

of plasma-derived β
2
GPI or apple-β

2
GPI dimeric chimers was determined using PT. Two

monoclonal anti-β
2
GPI antibodies with LAC activity were used. One was directed against

domain four (19H9) and one was directed against domain two (23H9) of β
2
GPI 52. 25 µ L of

β
2
GPI-deficient plasma and 25 µ L of a mixture of plasma-derived β

2
GPI or apple-β

2
GPI fusion

protein (final concentration 0 or 200 µ g/mL) and a monoclonal antibody against β
2
GPI (final

concentration 100 µ g/mL) or the Fab fragment of the monoclonal antibody 23H9 (final
concentration 100 µ g/mL were incubated for 30 min at 4° C, followed by an incubation of 1.5
min at 37° C. Clotting was initiated by the addition of 50 µ Lof Innovin (Dade Behring, Marburg,
Germany).

Results were indicated in clotting time (s; mean ±  SD, n = 3). Clotting times ≥  mean
clotting time + 20% we considered being positive. For the coagulation assays using
monoclonal antibodies against β

2
GPI only one representative experiment was shown.

Results

Expression and purification of fusion proteins
To study the effect of dimeric β

2
GPI on phospholipid binding and clotting time,

chimeric constructs of β
2
GPI fused to the C-terminus of the dimerization domain, apple4, of

factor XI were made (fig. 1A). Both a covalent (apple4-β
2
GPI) and a non-covalent (apple4-

C321S-β
2
GPI) chimeric dimer were made. As controls, apple2-β

2
GPI and apple4-C321S-β

2
GPI-

W316S, in which β
2
GPI-W316S is not able to bind to phospholipids, were constructed. Baby

hamster kidney cells were transfected with expression vectors containing chimeric apple-
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β
2
GPI constructs. Protein expression was confirmed with a total β

2
GPI-ELISA. The proteins

were affinity purified with a monoclonal antibody against β
2
GPI. Apple4-β

2
GPI, apple4-C321S-

β
2
GPI and apple4-C321S-β

2
GPI-W316S were further purified by FPLC with a mono S column.

After purification, the fusion proteins were applied to 10% SDS-PAGE under reducing and
nonreducing conditions and stained by Coommassie Brilliant Blue (fig.1B and C). Under
nonreducing conditions apple4-C321S-β

2
GPI and apple4-C321S-β

2
GPI-W316S migrated as

monomers with an apparent molecular weight of 47 kDa. Apple2-β
2
GPI migrated slightly

A

B C

FIG. 1. SDS-PAGE analysis of apple-β 2GPI fusion proteins. A, schematic representation of used
proteins. Purified plasma-derived β

2
GPI (lanes 1), apple2-β

2
GPI (lanes 2), apple4-β

2
GPI (lanes 3), apple4-

C321S-β
2
GPI (lanes 4), and apple4-C321S-β

2
GPI-W316S (lanes 5) were analyzed on 10% polyacrylamide

gels under reducing (B) and nonreducing (C) conditions. The proteins were visualized by Coommassie
staining. The molecular masses of prestained markers are indicated in kilodaltons.

apple4-C321S-β 2GPI apple4-C321S-β 2GPI-W316S

β 2GPI apple2-β 2GPI apple4-β 2GPI
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slower than apple4-C321S-β
2
GPI and apple4-C321S-β

2
GPI-W316S at 49 kDa, which is probably

caused by glycosylation of apple2. Apple4-β
2
GPI migrated as a dimer under nonreducing

conditions with a molecular weight of approximately 110 kDa. Plasma-derived β
2
GPI migrated

with a molecular weight of 42 kDa under nonreducing conditions. Upon reduction, all fusion
proteins migrated as monomers with a molecular weight of 59 kDa for apple2-β

2
GPI and 57

kDa for the other fusion proteins. Plasma-derived β
2
GPI migrated with a molecular weight of

49 kDa under reducing conditions. Western blot analysis with polyclonal anti-β
2
GPI and anti-

factor XI antibodies showed reactivity with all apple-β
2
GPI fusion proteins (results not shown).

Gel filtration studies
To determine whether apple4-C321S-β

2
GPI was dimeric in the native state, gel filtration

studies were performed. Apple4-β
2
GPI eluted with a molecular weight of 115 kDa, indicating

that it was a dimer, as was also shown by SDS-PAGE analysis. Apple4-C321S-β
2
GPI eluted

with molecular weight of 115 kDa demonstrating that apple4-C321S-β
2
GPI was also a dimer

under a non-denaturating condition. Apple2-β
2
GPI eluted with a molecular weight of 61 kDa,

indicating that it was indeed a monomer. These results were consistent with the findings of
Meijers et al.56 for chimeric apple-tPA constructs. Plasma-derived β

2
GPI eluted with a molecular

weight of 49 kDa, which is consistent with its known molecular weight.

Binding of apple-β
2
GPI chimers to immobilized phospholipids

The phospholipid binding features of apple-β
2
GPI fusion proteins were tested in a

solid phase binding assay. Phospholipid vesicles (25 µ M, 20% PS/80% PC or 20% PS/40%
PC/40% PE) were immobilized on 96-well ELISA plates and binding of plasma-derived β

2
GPI

and apple-β
2
GPI chimers was measured. As shown in fig. 2A, half maximal binding of apple4-

β
2
GPI and apple4-C321S-β

2
GPI to phospholipid vesicles (20% PS/80% PC) occurred at

concentrations as low as 0.9 and 3.7 µ g/mL, respectively. For all proteins binding of apple-
β

2
GPI fusion proteins to 20% PS/40% PC/40% PE vesicles (fig. 2B) was stronger than binding

to 20% PS/80% PC vesicles (fig. 2A). Half maximal binding of apple4-β
2
GPI and apple4-C321S-

β
2
GPI to 20% PS/40% PC/40% PE vesicles was observed at concentrations of 0.3 µ g/mL and

1.4 µ g/mL, respectively. Binding of apple4-C321S-β
2
GPI at concentrations of 0.5-16 µ g/mL

was lower than binding of apple4-β
2
GPI at these concentrations for both 20% PS/80% PC and

20% PS/40% PC/40% PE vesicles. For both vesicle types, plasma-derived β
2
GPI and apple2-

β
2
GPI only showed little binding to phospholipid vesicles at a concentration of 32 µ g/mL.

Apple4-C321S-β
2
GPI-W316S was not able to bind to phospholipid vesicles (both 20% PS/

80% PC and 20% PS/40% PC/40% PE vesicles) at concentrations as high as 32 µ g/mL, which
was expected, since β

2
GPI-W316S is not able to bind to phospholipid vesicles 9. To determine

if plasma-derived β
2
GPI and apple2-β

2
GPI were able to bind to phospholipids (20% PS/80%

PC vesicles) at higher concentrations, concentrations to 100 µ g/mL were used. As shown in
figure 2C, plasma-derived β

2
GPI and apple2-β

2
GPI were able to bind to phospholipids at a

concentration of 100 µ g/mL. Half maximal binding of plasma-derived β
2
GPI occurred at 32 µ g/

mL (results not shown). Even at a concentration of 100 µ g/mL, apple4-C321S-β
2
GPI-W316S

was unable to bind to immobilized phospholipids (fig. 2C). These results demonstrated that
apple4-β

2
GPI and apple4-C321S-β

2
GPI were able to bind to phospholipids with increased

affinity compared to plasma-derived β
2
GPI and apple2-β

2
GPI.
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Binding of apple-β
2
GPI fusion proteins to platelets

Platelets expose phosphatidylserine immediately after adhesion to collagen 61. To
test the binding of apple-β

2
GPI chimers to physiological phospholipid membranes, perfusion

experiments were performed. Whole blood was perfused over collagen type III-coated glass
coverslips at a shear rate of 300 s-1 to allow platelets to bind to collagen. After fixation of the
adhered platelets, plasma-derived β

2
GPI or apple-β

2
GPI fusion proteins (10 µ g/mL) were allowed

to bind to the platelets. Binding of fusion proteins was determined by immunofluorescence.
As shown in fig. 3, apple4-β

2
GPI and apple4-C321S-β

2
GPI were able to bind to the platelets,

while plasma-derived β
2
GPI, apple2-β

2
GPI and apple4-C321S-β

2
GPI-W316S were unable to

bind.

FIG. 2. Binding of apple-β 2GPI chimers to
immobilized phospholipids. 20% PS/80% PC
vesicles (A and C) or 20% PS/40% PC/40% PE
vesicles (B) were coated on 96-well ELISA plates.
A and B, increasing concentrations (0-32 µ g/
ml) of purified plasma-derived β

2
GPI (black

squares), apple2-β
2
GPI (open squares), apple4-

β
2
GPI (black dots), apple4-C321S-β

2
GPI (open

dots), and apple4-C321S-β
2
GPI-W316S (crosses)

were assayed for phospholipid binding. C, binding
of 1 and 100 µ g/mL of plasma-derived β

2
GPI

(white bar), apple2-β
2
GPI (lined bar), apple4-

β
2
GPI (grey bar), apple4-C321S-β

2
GPI (black

bar), and apple4-C321S-β
2
GPI-W316S (shaded

bar) to phospholipids.
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Effect of apple-β
2
GPI fusion proteins on in vitro coagulation tests

To study the effect of apple-β
2
GPI chimers on coagulation, several coagulation

assays were performed. Increasing concentrations of plasma-derived β
2
GPI and apple-β

2
GPI

fusion proteins (50-200 µ g/mL), diluted in TBS, were mixed 1:1 with pooled normal plasma and
incubated for 30 min at 4ºC, which was followed by measurement of PT, PTT-LA or dRVVT.
The most pronounced effect was seen with PT (table 1). In this assay prolongation of clotting
time was already seen for apple4-β

2
GPI and apple4-C321S-β

2
GPI at a concentration of 50 µ g/

ml. The observed effect was concentration dependent as shown in table 1. At a concentration
of 200 µ g/mL, which is the plasma concentration, apple4-β

2
GPI and apple4-C321S-β

2
GPI

showed clotting times of 31.0 ±  4.2 and 25.8 ±  3.9 s, respectively. This corresponds for apple4-
β

2
GPI to a prolongation of clotting time of 15.9 s and for apple4-C321S-β

2
GPI of 10.7 s. Plasma-

derived β
2
GPI, apple2-β

2
GPI, and apple4-C321S-β

2
GPI-W316S did not induce prolonged clotting

times. With PTT-LA a concentration of 200 µ g/mL of apple4-β
2
GPI was able to prolong the

clotting time from 45.2 ±  1.6 s (mean clotting time of pooled normal plasma) to 66.1 ±  8.1 s
(table 2). For apple4-C321S-β

2
GPI also prolongation of clotting time was observed. At a

FIG. 3. Binding of apple-β 2GPI
chimers to platelets adhered to
collagen type III.  No protein (A),
plasma-derived β

2
GPI (B), apple2-β

2
GPI

(C), apple4-β
2
GPI (D), apple4-C321S-

β
2
GPI (E) or apple4-C321S- β

2
GPI-

W316S (F) at a concentration of 10 µ g/
mL was bound to adhered platelets.
Binding was determined using immuno-
fluorescence.

A B

DC

FE
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concentration of 200 µ g/mL the clotting time was 65.2 ±  13.4 s. As expected, no prolongation
of clotting times was observed for plasma-derived β

2
GPI, apple2-β

2
GPI and apple4-C321S-

β
2
GPI-W316S. dRVVT showed prolonged a clotting time for apple4-β

2
GPI  and apple4-C321S-

β
2
GPI with  57.1 ±  5.9 and 56.2 ±  6.3 s, respectively at a concentration of 200 µ g/mL (table 2).

The mean clotting time of pooled normal plasma using dRVVT was 44.5 ±  1.7 s. Plasma-
derived β

2
GPI, apple2-β

2
GPI, and apple4-C321S-β

2
GPI were not able to induce prolongation

of clotting times. So, these results suggest that dimeric apple-β
2
GPI chimers were able to

induce LAC activity.
To confirm that the increased clotting time were caused by the binding of dimeric

apple-β
2
GPI chimers to the catalytic phospholipids, correction experiments were done. Here,

extra phospholipids were added to increasing concentrations of apple4-β
2
GPI or apple4-

C321S-β
2
GPI (50-200 µ g/mL) diluted in TBS, which was afterwards mixed 1:1 with pooled

normal plasma and incubated for 30 min at 4ºC. After this incubation PT was measured. As
shown in table 1, the prolonged clotting times disappeared by the addition of extra
phospholipids. For both apple4-β

2
GPI and apple4-C321S-β

2
GPI clotting time was reduced to

normal values at protein concentrations of 50 and 100 µ g/mL. At a concentration of 200 µ g/
mL, clotting times were reduced to 25.1 ±  6.4 for apple4-β

2
GPI and 17.8 ±  0.9 s for apple4-

C321S-β
2
GPI. This was a reduction of 60 % and 72% for apple4-β

2
GPI and apple4-C321S-

β
2
GPI, respectively. This strongly suggests that the prolonged clotting times were caused by

the binding of dimeric apple-β
2
GPI fusion proteins to phospholipids.

TABLE 1. Effect of apple-β 2GPI fusion proteins on clotting assays. Plasma-derived β
2
GPI and apple-

β
2
GPI chimers were diluted 1:1 with pooled normal plasma (mean PT 15.1 ±  1.2 s, n=20), with or without

the addition of extra phospholipids, followed by the measurement of the PT. Results represent mean
clotting time ±  SD in s (n=3). Samples with a clotting time ≥  18.1 s (mean PT + 20%) were considered to
be positive.

* protein concentration (µ g/mL)
# considered to be positive
n.d. not done

remihc TP sdipilohpsohp+TP

*05 001 002 05 001 002

β
2

IPG 7.0±4.71 7.0±3.61 9.0±7.61 .d.n .d.n .d.n

-2elppa β
2

IPG 9.1±6.51 0.1±7.51 5.1±8.51 .d.n .d.n .d.n

-4elppa β
2

IPG 1.0±8.81 # 9.3±0.52 # 2.4±0.13 # 2.1±3.51 8.1±5.71 4.6±1.52 #

-S123C-4elppa β
2

IPG 0.1±3.81 # 3.1±1.12 # 8.0±8.52 # 4.0±0.41 2.0±6.41 9.0±8.71

-S123C-4elppa β
2

S613W-IPG 9.0±9.51 9.0±0.51 5.0±8.41 .d.n .d.n .d.n
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To determine if addition of LAC-inducing monoclonal antibodies against β
2
GPI were

able to induce extra prolongation of clotting time in the presence of apple4-β
2
GPI or apple4-

C321S-β
2
GPI, coagulation assays using PT were performed. Two different monoclonal anti-

β
2
GPI antibodies were used: 19H9, which is directed against domain four and 23H9, which is

directed against domain two of β
2
GPI. First, the effect of the monoclonal anti-β

2
GPI antibodies,

at a concentration of 100 µ g/mL, on clotting time in β
2
GPI-deficient plasma was determined.

Both antibodies did not prolong clotting time, as was expected (fig. 4). Second, the effect of
the monoclonal antibodies (concentration 100 µ g/mL), in the presence of plasma-derived
β

2
GPI or apple-β

2
GPI fusion proteins (concentration of 200 µ g/mL), on clotting time in β

2
GPI-

deficient plasma was determined. As shown in fig. 4, both monoclonal anti-β
2
GPI antibodies

were able to prolong clotting time in the presence of plasma-derived β
2
GPI or apple2-β

2
GPI,

indicating that both monoclonal antibodies indeed were able to induce LAC activity. In the
presence of apple4-β

2
GPI or apple4-C321S-β

2
GPI, the monoclonal anti-β

2
GPI antibodies were

able to induce an extra prolongation of clotting time. For apple4-β
2
GPI clotting time was  48.7

s in the absence of a monoclonal antibody and 74.9 and 93.3 s in the presence of 19H9 and
23H9, respectively. Addition of apple4-C321S-β

2
GPI showed a clotting time of 40.0 s, which

was prolonged to 72.1 and 62.2 s when 19H9 and 23H9 were added, respectively. When the
Fab fragment of monoclonal antibody 23H9 was added (concentration 100 µ g/mL) no
prolongation of clotting time was observed compared to the clotting time in the presence of
200 µ g/mL plasma-derived β

2
GPI or apple-β

2
GPI fusion proteins (fig. 4). These observations

suggest that multimerization of apple-β
2
GPI chimeric dimers induces an extra prolongation of

clotting time.

TABLE 2. Effect of apple-β 2GPI fusion proteins on clotting assays. Plasma-derived β
2
GPI and apple-

β
2
GPI chimers were diluted 1:1 with pooled normal plasma (mean dRVVT 44.5 ±  1.7 s and mean PTT-LA

45.2 ±  1.6 s, n=15) followed by the measurement of dRVVT or PTT-LA. Data represent mean ±  SD (n=3).
Samples with clotting times ≥  53.4 s for dRVVT and ≥  54.2 s for PTT-LA were considered to be positive
(mean clotting time pooled normal plasma + 20%).

* protein concentration (µ g/mL)
# considered to be positive

remihc TVVRd
AL-TTP

*05 001 002 05 001 002

β
2

IPG 4.1±4.54 6.0±9.54 9.1±8.54 0.2±6.34 0.1±8.54 2.3±0.84

-2elppa β
2

IPG 9.1±8.44 9.2±2.64 4.2±4.54 4.1±1.64 5.0±3.44 2.6±7.24

-4elppa β IPG2 7.1±2.05 6.3±4.25 9.5±1.75 # 6.2±8.94 6.3±4.75 # 1.8±1.66 #

S123C-4elppa β−
2

IPG 7.4±7.94 8.2±4.15 3.6±2.65 # 9.3±5.05 8.2±3.05 4.31±2.56 #

S123C-4elppa β−
2

S613W-IPG 0.2±5.44 9.1±9.24 9.1±8.34 7.1±5.34 8.1±7.34 9.4±7.64
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Discussion

In the antiphospholipid syndrome persistently elevated levels of antiphospholipid
antibodies can be detected. These antibodies are in most cases directed against phospholipid-
binding proteins such as β

2
GPI and prothrombin 34-37. It is known that when β

2
GPI interacts

with anti-β
2
GPI-antibodies it acquires a much higher affinity for phospholipid membranes.

One of the postulated mechanisms of action for anti-β
2
GPI-antibodies is that when anti-

β
2
GPI-antibodies interact with β

2
GPI, β

2
GPI is able to form bivalent complexes with these

antibodies, which results in a strongly increased affinity for phospholipid membranes 51-53.
Another explanation is that β

2
GPI undergoes a conformational change when it interacts with

such antibodies, resulting also in a strongly increased affinity for phospholipid membranes
45-49. Here, the role of bivalent β

2
GPI complexes, without the intervention of antibodies, is

determined by the construction of dimeric chimers of the dimerization domain (apple4) of
coagulation factor XI and β

2
GPI. Introduction of the apple4 domain at the N-terminus of

β
2
GPI resulted in the formation of a covalent dimer of β

2
GPI. A non-covalent dimer was made

by fusion of a mutated apple4 domain, apple4-C321S, to β
2
GPI. Gel filtration studies

demonstrated that both recombinant chimers formed dimers, as had also been shown for tPA
56. As controls, apple2-β

2
GPI, a monomer, and apple4-C321S-β

2
GPI-W316S, in which β

2
GPI-

W316S is not able to bind to phospholipids, were made. We showed that dimeric apple-β
2
GPI

fusion proteins bind with a 35 times increased affinity to phospholipid vesicles (fig. 2).
Apple4-β

2
GPI dimers bind also spontaneously to collagen type III adhered platelets and

dimeric apple-β
2
GPI chimers were able to induce LAC activity when added to normal plasma.

Thus, the in vitro observed effects of anti-β
2
GPI antibodies can be explained by dimerization

of β
2
GPI.

For apple4-β
2
GPI, half maximal binding to 20% PS/80% PC vesicles was achieved at

a 35-fold lower concentration than for plasma-derived β
2
GPI, which indicates a strong increase

of affinity for phospholipids of the dimeric apple-β
2
GPI chimers. Half maximal binding for the

dimeric chimers apple4-β
2
GPI and apple4-C321S-β

2
GPI to 20% PS/80% PC vesicles was

achieved at concentrations of 0.9 and 3.7 µ g/mL, respectively (fig. 2A). The difference in
concentrations for half maximal binding between these two chimeric proteins could be caused

FIG. 4. Effect of addition of monoclonal anti-
β

2
GPI antibodies on clotting time. No protein

(white bar), plasma-derived β
2
GPI (lined bar), apple2-

β
2
GPI (grey bar), apple4-β

2
GPI (black bar), apple4-

C321S-β
2
GPI (shaded bar), or apple4-C321S-β

2
GPI

(hatched bar) were added to β
2
GPI-deficient plasma

in the absence (no MoAb) or in the presence (19H9
and 23H9) of anti-β

2
GPI monoclonal antibodies or

the Fab fragment (Fab 23H9) of the monoclonal anti-
β

2
GPI antibody 23H9. This was followed by

measurement of PT.no MoAb 19H9 23H9 Fab 23H9
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by the fact that apple4-C321S-β
2
GPI is a non-covalently associated dimer, which dissociates

more easily than the covalently associated dimer apple4-β
2
GPI. No large differences between

binding of plasma-derived β
2
GPI and apple-β

2
GPI fusion proteins to phospholipid vesicles

with and without PE were observed, since half maximal binding of apple4-β
2
GPI was achieved

at 0.9 and 0.3 µ g/mL for 20% PS/80% PC and 20% PS/40% PC/40% PE vesicles, respectively.
The binding of β

2
GPI to negatively charged phospholipids appears to be relatively independent

of the presence of PE. This finding is in contrast with the observation that PE plays an
important role in the inhibition of activated protein C activity by antiphospholipid antibodies
62. β

2
GPI does not discriminate between PE-containing and PE-free phospholipid surfaces

and therefore inhibits pro- and anticoagulant reactions independent of the composition of
the negatively charged phospholipid surfaces.

The dimeric chimers were able to induce LAC activity without the intervention of
anti-β

2
GPI antibodies. Three different coagulation assays were used, an activate partial

thromboplastin time-based assay, a prothrombin time-based assay and a dilute Russell’s
viper venom time. The most responsive coagulation assay was the prothrombin time, which
showed a doubling of the clotting time. The difference in responsiveness of the different
coagulation assays may be the result of different sensitivities of the assays for our dimeric
chimers, for instance due to differences in phospholipid composition of the tests. Since in
these clotting assays a plasma system and in the phospholipid binding assays a purified
system is used, the effects of the dimeric apple-β

2
GPI constructs are lower in the coagulation

assays. When the results of the coagulation assays are compared to what is observed in
patients, the results are quite impressive. A patient with a clotting time that is 20% prolonged
is considered to be LAC positive when no other abnormalities are observed (e.g. coagulation
factor deficiencies). A patient with a clotting time that is doubled is considered to be strongly
LAC positive. Extra prolongation of clotting time was achieved by the addition of monoclonal
anti-β

2
GPI antibodies, which are able to induce LAC activity by themselves, in the presence

of apple-β
2
GPI chimeric dimers. When the Fab fragment of monoclonal anti-β

2
GPI-antibody

23H9 was added no prolongation of clotting time was observed. To all probability, the effect
of the antibodies is caused by multimerization of the dimeric apple-β

2
GPI fusion proteins. The

difference between dimerization and multimerization of β
2
GPI may be an explanation for the

observed differences in LAC activities found in patients. When weak LAC activity is observed,
a patient may have monoclonal anti-β

2
GPI-antibodies that dimerize β

2
GPI. When strong LAC

activity is observed, a patient may have polyclonal anti-β
2
GPI-antibodies directed towards

different epitopes, which makes multimerization of β
2
GPI possible.

With the recombinant dimeric β
2
GPI constructs, it will be possible to discriminate

between cellular activation caused by the interaction of an antibody with a Fcγ RII receptor
and by dimerization of β

2
GPI caused by binding of the antibody to β

2
GPI. In this way, the

dimeric apple-β
2
GPI fusion proteins will be very helpful to use in animal models to investigate

whether dimerization of β
2
GPI explains also the in vivo observed complications.

In conclusion, we showed that dimerization itself is enough to mimic the effect of
anti-β

2
GPI antibody-β

2
GPI complexes in vitro. This indicates that a conformational change of

β
2
GPI is not needed to induce an increased affinity of β

2
GPI for phospholipids. We cannot

exclude, however, that a conformational change of β
2
GPI can also induce an increased affinity

of β
2
GPI for phospholipids.
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Abstract

Patients with prolonged clotting times caused by lupus anticoagulant (LAC) are at
risk for thrombosis. This paradoxal association is not understood. LAC is frequently caused
by anti-β

2
-glycoprotein I (β

2
GPI) antibodies. Antibody-induced dimerization of β

2
GPI increases

the affinity of β
2
GPI for phospholipids, explaining the observed prolonged clotting times. We

constructed dimers of β
2
GPI which mimic effects of β

2
GPI-anti-β

2
GPI antibody complexes and

studied their effects on platelet adhesion and thrombus formation in a flow system.
Dimeric β

2
GPI increased platelet adhesion to collagen with 150% and increased the

number of large aggregates. We also observed increased platelet adhesion to collagen when
whole blood was spiked with patient-derived polyclonal anti-β

2
GPI or some, but not all,

monoclonal anti-β
2
GPI antibodies with LAC activity. These effects could be abrogated by

inhibition of thromboxane synthesis. A LAC positive monoclonal anti-β
2
GPI antibody, which

did not affect platelet adhesion, prevented the induced increase in platelet adhesion by β
2
GPI

dimers. Furthermore, increased platelet adhesion disappeared after preincubation with receptor-
associated protein (RAP), a universal inhibitor of interaction of ligands with members of the
low-density lipoprotein (LDL) receptor family. We show that dimeric β

2
GPI induces increased

platelet adhesion and thrombus formation, which depends on the activation of a member of
the LDL-receptor family.
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Introduction

β
2
-glycoprotein I (β

2
GPI), also known as apolipoprotein H, is a single chain protein,

which consists of 326 amino acids and has a molecular weight of 42 kDa. β
2
GPI is present in

plasma at a concentration of about 200 µ g/ml. It is a member of the complement control
protein (CCP) or the short consensus repeat (SCR) superfamily. β

2
GPI contains 5 domains, of

which the first four domains consist of ∼ 60 amino acids and contain 2 disulfide bonds. The
fifth domain is aberrant with an extra C-terminal loop and an extra disulfide bond 1-5. This
domain, in particular the regions Cys281 to Cys288 and Ser311 to Lys317, is important for
phospholipid binding 6-9. Furthermore, a polymorphism in which Trp316 is replaced by a
serine, results in a completely abolished binding of β

2
GPI to phospholipids 10. The elucidation

of the crystal structure of β
2
GPI confirmed these observations 11,12. β

2
GPI has been suggested

to influence coagulation 13-20, platelet function 21-23, lipoprotein metabolism 24-27, and apoptosis
24, however, all these observations were based on in vitro experiments. At this moment, the in
vivo function of β

2
GPI is not known.

Antibodies against β
2
GPI 28,29 can prolong phospholipid-dependent coagulation

assays, an activity called lupus anticoagulant (LAC). The presence of LAC activity is
associated with thrombotic complications. This association is called the antiphospholipid
syndrome 30-35. We previously described that fusion proteins consisting of β

2
GPI and the

dimerization domain of coagulation factor XI, apple4, are able to mimic the in vitro effects of
β

2
GPI-anti-β

2
GPI antibody complexes 36. We showed that apple4-β

2
GPI and apple4-C321S-

β
2
GPI bind with much higher affinity to phospholipid and to platelets adhered to collagen

than plasma-derived β
2
GPI. It was also shown that these dimers have LAC activity.

Here, we use an in vitro flow system in which whole blood is perfused over collagen
or fibronectin to study effects of dimeric β

2
GPI constructs and anti-β

2
GPI antibodies on

platelet adhesion and thrombus formation. We show that dimers of β
2
GPI and anti-β

2
GPI

antibodies are able to sensitize platelets, which results in an increased platelet deposition on
collagen containing surfaces. Our results also suggest that a member of the LDL-receptor
family is involved in this phenomenon.

Materials and Methods

Proteins
Plasma-derived β

2
GPI was purified from human plasma as described by Horbach et

al. 34. The chimeric dimers apple4-β
2
GPI and apple4-C321S-β

2
GPI were constructed as

described previously 36. As controls, the monomer apple2-β
2
GPI and the dimer apple4-C321S-

β
2
GPI-W316, in which β

2
GPI-W316S is not able to bind to phospholipids, were made. The

proteins were expressed by stably transfected baby hamster kidney cells36. Expression of all
fusion constructs was performed in conditioned serum-free medium (DMEM F12 supplemented
with 1% UltroserG; Life Technologies, Inc., Paisley, U.K.). Proteins were purified using a
monoclonal antibody to β

2
GPI (21B2) bound to CNBr-activated Sepharose (Amersham

Pharmacia Biotech, Uppsala, Sweden)10. Bound fusion proteins were eluted with 0.1 M glycine
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β
2
GPI, apple4-C321S-β

2
GPI and apple4-C321S-β

2
GPI-W316S containing fractions were dialyzed

against 50 mM Na
2
HPO

4
, pH 7.0, containing 50 mM NaCl and were subjected to further

purification on a mono S column using FPLC (Amersham Pharmacia Biotech, Uppsala, Sweden).
Fusion proteins were eluted with a linear salt gradient from 50 mM NaCl to 1 M NaCl. All
chimers were dialyzed against TBS (50 mM Tris, 150 mM NaCl, pH 7.4). Fibronectin was
isolated from human plasma by affinity chromatography with gelatin-Sepharose as described
previously 37. Patient anti-β

2
GPI antibodies (MB) were purified using β

2
GPI coupled to CNBr-

activated Sepharose (Amersham Pharmacia Biotech, Uppsala, Sweden). Bound antibodies
were eluted with 3 M KCNS in TBS (50 mM Tris, 150 mM NaCl, pH 7.4) and dialyzed against
TBS. Anti-Fcγ -receptor RII monoclonal antibody IV.3 (ATCC, Manassas, VA) and monoclonal
anti-β

2
GPI antibody 4F3 were purified from hybridoma medium using a protein G column.

Bound antibodies were eluted with 0.1 M glycine, pH 2.7, neutralized with 1 M Tris, pH 9, and
dialyzed against TBS. Receptor-associated protein fused to glutathione S-transferase (GST-
RAP) was prepared as described previously 38. Afterwards, the protein was filtered (0.45 µ m
filter). Protein concentration was determined using a bichinchoninic acid (BCA) protein assay
(Pierce, Rockford, IL, USA) according to the instructions of the manufacturer, and with bovine
serum albumin (BSA) as a standard. Monoclonal anti-β

2
GPI antibodies 22A11, 23H9, 27G7,

and 19H9 were described previously 36,39 and monoclonal anti-β
2
GPI antibodies 1F12 and 2B2

were kindly provided by Dr. A. Tincani (Clinical Immunology Unit, Spedali Civili, Brescia,
Italy).

Patients
Anti-β

2
GPI antibodies were isolated from plasma from three female patients with

antiphospholipid syndrome (MB, KJ and R, with informed consent). Two of these anti-β
2
GPI

antibodies were LAC positive after isolation (MB and R) and one antibody was LAC negative
(KJ; see determination of LAC activity). Patient MB (age 32) was LAC positive and had IgG
class anti-β

2
GPI antibodies 34. She had mild, chronic thrombocytopenia, cerebral infarction

and recurrent first and second trimester pregnancy loss as manifestations of the
antiphospholipid syndrome. Patient KJ (44 years) had lupus like disease and thrombosis of
the distal aorta and patient R (age 46) had primary antiphospholipid syndrome (multiple
cerebral infarctions, chronic mild thrombocytopenia and livedo reticularis). Plasma from both
patient KJ and R were LAC positive, and contained anti-β

2
GPI (IgG isotype) and anti-

prothrombin antibodies (IgG and IgM isotype). Plasma from patient R was also positive for
IgM class anti-β

2
GPI antibodies.

Surfaces
Human fibronectin and fibrinogen (plasminogen, von Willebrand factor and

fibronectin free; Kordia Life Sciences, Leiden, The Netherlands) were coated on ThermanoxR

coverslips (Nunc, Inc., Naperville, IL, USA) at a concentration of 100 µ g/mL for 1 h at room
temperature. Human placental collagen type III (Sigma, St Louis, MO, USA) was solubilized
overnight in 50 mmol/L acetic acid and sprayed onto ThermanoxR coverslips at a density 30
µ g/mL with a retouching airbrush (model 100, Badger Brush Co). For the immunofluoresence
studies glass coverslips (18 x 18 mm; Menzel Gläser, Braunschweig, Germany) were used.
After coating and spraying, the coverslips were blocked for at least 30 minutes at room
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temperature with 1% human serum albumin (ICN Biomedicals, Inc., Aurora, OH, USA) in
phosphate-buffered saline, pH 7.4 (PBS).

Blood collection
Freshly drawn venous blood was collected from healthy donors (with informed

consent) into 1/10 of volume of 3.2% tri-sodium citrate (w/v). These donors denied to have
taken aspirin or other platelet function inhibitors during the previous ten days.

Perfusate
The chimeric apple-β

2
GPI proteins or plasma-derived β

2
GPI were added 5 minutes

before the start of the perfusion at a concentration of 100 µ g/mL to whole blood and incubated
at 37° C (5% of the total volume). As a control, buffer (TBS) was added to whole blood. Anti-
β

2
GPI antibodies were added 5 min prior to the perfusion at a concentration of 50 µ g/mL to

whole blood and incubated at 37° C. Indomethacin (Sigma, St Louis, MO, USA) was added at
a concentration of 30 µ mol/L and incubated for 30 min at room temperature prior to the
addition of chimeric proteins, plasma-derived β

2
GPI or anti-β

2
GPI antibodies. The TxA

2
 receptor

antagonist and thromboxane receptor blocker SQ30741, a kind gift of Bristol-Meyers-Squibb
Co (Maarssen, the Netherlands), was added at a concentration of 10 µ mol/L and incubated
for 30 min at room temperature before the addition of apple-β

2
GPI proteins, plasma-derived

β
2
GPI. RAP, which inhibits the interaction of ligands with all members of the LDL-receptor

family, was added at a concentration of 10 µ g/mL and incubated 5 min at 37° C before addition
of dimeric β

2
GPI or anti-β

2
GPI antibodies. Antibody IV.3, which blocks the Fcγ -receptor RII

but does not activate the receptor, was added at a concentration of 1 µ g/mL and incubated for
10 min at 37° C prior to the addition of anti-β

2
GPI antibodies.

Perfusion studies
Perfusions were performed in a single-pass perfusion chamber under nonpulsatile

flow conditions using a modified parallel plate perfusion with a slit width of 2 mm and a slit
height of 0.1 mm 40. Experiments with collagen type III as a surface were done with a perfusion
time of 90 s, at a shear rate of 800 s-1, which is representing the flow rate in small arteries 41.
Experiments with fibronectin as a surface were done with a perfusion time of 90 s and a shear
rate of 300 s-1, which is representing the flow rate in the aorta and large arteries 41. The
prewarmed blood (1.5 mL for triplicates and 1 mL for duplicates) was drawn through the
perfusion chamber by an infusion pump (pump 22, model 2400-004; Harvard, Natrick, MA,
USA). Afterwards, the coverslips were taken from the perfusion chamber and rinsed with
HEPES-buffered saline (10 mmol/L HEPES, 150 mmol/L NaCl, pH 7.4), fixed in 0.5%
glutaraldehyde in PBS, dehydrated with methanol and stained with May-Grünwald/Giemsa
as previously described 37. Platelet deposition was evaluated with a light microscope equipped
with a JAI-CCD camera (Copenhagen, Denmark) coupled to a Matrox frame grabber (Matrox
Electronic Systems Ltd., Quebec, Canada) using Optimas 6.2 software (Optimas Inc, Seattle,
WA, USA) for image analysis. Evaluation for platelet adhesion was performed on thirty
fields, perpendicular to the flow direction. Platelet adhesion was expressed as the percentage
of the surface covered with platelets relative to adhesion in the presence of buffer. Thrombus
size was evaluated using watershed provided by the Optimas software package. Results are
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expressed as the percentage of total surface coverage present in a certain thrombus size
category.

Determination of LAC activity
Coagulation assays were performed in a KC-10 coagulometer (Amelung, Lemgo,

Germany). To detect LAC activity, three different coagulation assays were used: an activated
partial thromboplastin time-based assay sensitized to detect LAC activity (PTT-LA;
Diagnostica Stago, Asnieres-sur-Seine, France), a tissue factor-based assay using innovin
(Dade Behring, Marburg, Germany), and a dilute Russell’s viper venom time (dRVVT; Gradipore
Ltd, North Ryde, Australia). All were measured as described previously 36. Anti-β

2
GPI

antibodies were added at a concentration of 100 µ g/mL to the plasma. This concentration is
comparable to 50 µ g/mL used in whole blood perfusions. Clotting time ratios were calculated
by dividing the clotting time in the presence of antibody by the clotting time in the absence
of antibody. Ratios ≥  1.2 were considered to be positive. An anti-β

2
GPI antibody was

considered LAC positive when at least one of the coagulation assays was positive. As
shown in table 1, all, but one (1F12), monoclonal anti-β

2
GPI antibodies we used had LAC

activity.  Two of the monoclonal antibodies, 2B2 and 22A11, were LAC positive in three
assays, and 27G7 was positive using the tissue factor-based assay and the dRVVT. The other
monoclonal anti-β

2
GPI antibodies, 23H9, 19H9, and 4F3, were only positive in the tissue

factor-based assay. The purified patient anti-β
2
GPI antibodies MB and R were LAC positive

in the PTT-LA and dRVVT, respectively. Patient antibody KJ was LAC negative.

TABLE 1. Effect of anti-β 2GPI antibodies on coagulation assays. Anti-β
2
GPI antibodies were added at

a concentration of 100 µ g/mL to pooled normal plasma. Afterwards a tissue factor-based assay (innovin),
a PTT-LA, and a dRVVT were performed. The clotting time in the presence of antibody was  divided by the
clotting time in the absence of an antibody. Ratios ≥  1.2 were considered to be positive (#).

ydobitnA nivonnI AL-TTP TVVRd CAL

BM 70.1 35.1 # 40.1 +

R 60.1 00.1 27.1 # +

JK 40.1 60.1 00.1 -

9H32 88.1 # 91.1 11.1 +

7G72 23.1 # 61.1 65.1 # +

9H91 92.1 # 91.1 01.1 +

11A22 17.1 # 33.1 # 62.1 # +

2B2 65.1 # 34.1 # 54.1 # +

3F4 05.1 # 91.1 21.1 +

21F1 00.1 61.1 11.1 -
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Immunofluoresence studies
Whole anticoagulated blood was perfused over collagen type III in the presence of

different anti-β
2
GPI antibodies. Binding of these antibodies to platelets was determined as

follows. After perfusion, coverslips were fixed with 3% paraformaldehyde/0.005%
glutaraldehyde in PBS, pH 7.4 for 30 min, washed three times with PBS, pH 7.4, and blocked
for 10 min with PBS containing 1% BSA and 0.1% glycine, pH 7.4. Afterwards coverslips were
incubated with a fluorescein isothiocyanate (FITC)-labeled goat-anti-mouse antibody (Becton
Dickinson, San Jose, CA, USA), diluted 1:20 in PBS/1% BSA/0.1% glycine, pH 7.4 for 45 min
at 37ºC., followed by three times washing with PBS. Finally, coverslips were mounted in
MOWIOL 4-88 (Calbiochem, La Jolla, CA, USA) and 0.1% PPD (para-phenylene diamine,
Sigma, St Louis, MO, USA).

Statistical analysis
Perfusions were performed three times in triplicate for each condition when the

effects of the chimeric constructs were determined and performed three times in duplicate for
each condition when the effects of the anti-β

2
GPI antibodies were examined. The effect of

RAP in the presence of dimeric β
2
GPI was also performed three times in duplicate. The results

are presented as mean ± standard deviation (SD) from experiments with blood from three
different healthy donors. The difference between the various conditions was tested by analysis
of variance (ANOVA) and Bonferoni was used as post-test. The results were considered
significant at p<0.05.

Results

Effect of dimers of β
2
GPI on platelet adhesion to collagen and fibronectin

To determine if apple-β
2
GPI dimers have an effect on platelet adhesion we used a

flow system with collagen and fibronectin as surfaces at shear rates of 800 s-1 and 300 s-1,
respectively. Whole blood was incubated with buffer or with 100 µ g/ml of plasma-derived
β

2
GPI or apple-β

2
GPI constructs prior to perfusion. Using collagen as a surface, platelet

coverage after 90 s in the presence of buffer was 9.8 ±  2.0 %, which was set at 100% (fig. 1).
Addition of plasma-derived β

2
GPI, monomer apple2-β

2
GPI, or the non-phospholipid binding

dimer apple4-C321S-β
2
GPI-W316S, did not affect coverage. In contrast, in the presence of the

LAC-inducing dimers apple4-β
2
GPI or apple4-C321S-β

2
GPI, platelet adhesion levels increased

to 157 ±  14% (p<0.001) and 148 ±  25% (p<0.01), respectively.
The morphology of the platelet aggregates on collagen in the presence of apple4-

β
2
GPI and apple4-C321S-β

2
GPI was different from that with plasma-derived β

2
GPI (fig. 2).

Analysis of the thrombus size showed that 17% and 28% of the aggregates were larger than
300 µ m2 in the presence of apple4-β

2
GPI and apple4-C321S-β

2
GPI, respectively. In the presence

of plasma-derived β
2
GPI no increase in thrombus size was found (fig. 2D). These results

indicate that the presence of the chimeric dimers apple4-β
2
GPI and apple4-C321S-β

2
GPI results

in increased platelet adhesion and thrombus formation when whole anticoagulated blood is
perfused over collagen.
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FIG. 1. Platelet deposition on collagen type
III after perfusion of whole blood in the
presence of β 2GPI or dimers of β 2GPI. Blood
was perfused for 90 s at a shear rate of 800 s-1 and
proteins were added at a concentration of 100 µ g/
mL. Platelet adhesion was expressed as the per-
centage of the surface covered with platelets relative
to adhesion in the presence of buffer. Data are
mean ± SD for three separate experiments. *
p<0.01, ** p<0.001

FIG. 2. Morphology of platelet thrombi on collagen type III after perfusion of whole blood for 90
s at a shear rate of 800 s-1. Perfusions were carried out in the presence of 100 mg/mL of β

2
GPI (A),

apple4-β
2
GPI (B) or apple4-C321S-β

2
GPI (C). Images were made with a light microscope (40x objective).

Thrombus size (in µ m2) was evaluated by watershed (D) showing β
2
GPI (open bars), apple4-β

2
GPI (gray

bars), and apple4-C321S-β
2
GPI (black bars).
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We used fibronectin as a surface to determine if the increased platelet adhesion with
apple-β

2
GPI dimers was specific for collagen as a surface. Furthermore, the morphology of

the adhered platelets to fibronectin is different from that adhered to collagen. Platelets are
able to form aggregates on collagen, but on fibronectin they adhere more heterogeneous,
showing contact platelets, spread platelets and only a few small aggregates. Using fibronectin
as a surface, the adhesion level in the presence of buffer was 7.8 ±  2.1%. This was set at 100%.
In the presence of apple4-β

2
GPI and apple4-C321S-β

2
GPI, coverage increased to 222 ±  59%

(p<0.05) and 230 ±  57% (p<0.05), respectively.  Addition of plasma-derived β
2
GPI, apple2-

β
2
GPI or apple4-C321S-β

2
GPI-W316S had no effect on platelet adhesion. This shows that

platelet adhesion to fibronectin also is increased in the presence of dimeric β
2
GPI. Platelet

adhesion to fibrinogen was not affected by the presence of dimeric β
2
GPI (results not shown).

Role of thromboxane A
2
 formation

Since patients with the antiphospholipid syndrome are described to have higher
urinary levels of thromboxane B

2
 (TxB

2
), which is a stable metabolite of thromboxane A

2

(TxA
2
), we investigated whether the effect of dimeric β

2
GPI on platelet adhesion was mediated

by TxA
2
. Therefore, whole blood was treated with 30 µ M of indomethacin for 30 min at room

temperature prior to incubation with plasma-derived β
2
GPI or apple-β

2
GPI chimeric dimers to

block TxA
2
 formation in platelets. As shown in figure 3A, indomethacin had no effect on

platelet adhesion in the presence of plasma-derived β
2
GPI. However, preincubation with

indomethacin abolished the enhancing effects of apple4-β
2
GPI and apple4-C321S-β

2
GPI on

platelet adhesion to collagen.
Next, we preincubated whole blood with 10 µ mol/L of SQ30741, a TxA

2
 receptor

antagonist and a thromboxane-synthase blocker, for 30 min at room temperature prior to
incubation with plasma-derived β

2
GPI or dimeric β

2
GPI. SQ30741 had no effect on platelet

adhesion in the presence of plasma-derived β
2
GPI. However, it completely blocked the

increased adhesion to collagen in the presence of apple4-β
2
GPI and apple4-C321S-β

2
GPI (fig.

3A).
Analysis of the aggregate size showed that indomethacin or SQ30741 had no effect

on thrombus size in the presence of plasma-derived β
2
GPI (fig. 3B). In the presence of apple4-

β
2
GPI, the percentage of thrombi larger than 300 µ m2 decreased from 17% in the absence of an

inhibitor to 2% and 1% in the presence of indomethacin or SQ30741, respectively (fig.3C).
Addition of apple4-C321S-β

2
GPI to whole blood, reduced the percentage of aggregates larger

than 300 µ m2 from 28% to 4% and 2% in the presence of indomethacin and SQ30741,
respectively (fig.3D).

Effect of LAC positive anti-β
2
GPI antibodies on platelet adhesion

To support the observations with dimer β
2
GPI, we performed perfusion studies with

patient-derived as well as monoclonal anti-β
2
GPI antibodies. Platelet coverage noted with

whole anticoagulated blood that was perfused over collagen in the presence of buffer was set
at 100%. Addition of 50 µ g/mL of the LAC positive patient-derived anti-β

2
GPI antibodies MB

and R to whole blood, which is comparable to 100 µ g/mL in plasma as used in the LAC assays,
increased platelet adhesion to 135 ±  9% and 133 ±  10%, respectively (table 2). In the presence
of monoclonal antibodies (50 µ g/mL), 23H9, 27G7, 19H9, and 22A11 coverage increased
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significantly. In the presence of LAC positive monoclonal antibodies 2B2, 4F3, and the LAC
negative patient-derived antibody KJ and the LAC negative monoclonal antibody 1F12 no
increase in platelet adhesion was observed (table 2). These results show that the presence of
most, but not all LAC positive anti-β

2
GPI antibodies results in increased platelet coverage on

collagen. A LAC negative anti-β
2
GPI antibody did not affect platelet adhesion. This suggests

that presence of LAC activity by itself is not the only parameter that is important in the
increased platelet adhesion to collagen in this flow system. Therefore, we measured binding
of the anti-β

2
GPI antibodies to platelets in the perfusion system. Coverslips were fixed after

perfusion and binding was determined using immunofluoresence. As shown in table 2, the
LAC negative anti-β

2
GPI antibody did not to bind to platelets, whereas all monoclonal LAC

positive anti-β
2
GPI antibodies did bind to the platelets.

To test if the increase in platelet coverage found in the presence of anti-β
2
GPI

antibodies also was mediated by TxA
2
, we performed perfusion studies in the presence of

indomethacin. As shown in figure 4, pre-incubation with indomethacin completely abolished

FIG. 3. Perfusion over collagen type III in the presence of indomethacin or SQ30741. Whole blood
was incubated with indomethacin (30 µ M) or SQ30741 (10 mM) for 30 min at room temperature, followed
by an incubation of 5 min with 100 µ g/mL of β

2
GPI, apple4-β

2
GPI, or apple4-C321S-β

2
GPI at 37°C.

Afterwards, blood was perfused at a shear rate of 800 s-1 for 90 s. Platelet deposition was expressed as the
percentage of the surface covered with platelets relative to adhesion in the presence of buffer. Data are
mean ± SD for three separate experiments. (A). Thrombus size (in µ m2) in the presence of β

2
GPI (B),

apple4-β
2
GPI (C), or apple4-C321S-β

2
GPI (D) was evaluated by watershed. Aggregate size in the absence of

an inhibitor (open bars), with indomethacin (gray bars) and with SQ30741 (black bars) is indicated. *
p<0.01, ** p<0.001
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FIG. 4. Perfusion over collagen type III in the
presence of anti-β 2GPI antibodies (50 µµµµµ g/mL).
Whole anticoagulated blood was incubated for 5 min at
37° C with anti-β

2
GPI antibodies in the absence or the

presence of indomethacin. Blood was perfused at a shear
rate of 800 s-1 for 90 s. Platelet adhesion was expressed
as the percentage of the surface covered with platelets
relative to adhesion in the presence of buffer. Data are
mean ± SD for three separate experiments. * p < 0.05,
** p<0.01

TABLE 2. Effects of anti-β 2GPI antibodies in an in vitro perfusion system. Whole anticoagulated
blood was incubated for 5 min at 37° C with anti-β

2
GPI antibodies. Blood was perfused at a shear rate of 800

s-1 for 90 s. Platelet adhesion was expressed as the percentage of the surface covered with platelets relative
to adhesion in the presence of buffer. Data are mean ± SD for three separate experiments. Binding of the
antibodies to the platelets was detected with immunofluoresence.

* p<0.05
** p<0.01
*** p<0.001
# + indicates binding to platelets present, - binding to platelets absent
! not determined

ydobitnA
teletalpevitaleR

)%(egarevoc
steletalpotgnidniB #

reffub 001
BM **9±531 d.n !

R **01±331 .d.n
JK 5±101 .d.n

9H32 **31±751 +
7G72 **82±651 +
9H91 ***7±081 +
11A22 *41±231 +

2B2 3±99 +
3F4 4±701 +
21F1 8±311 -

the increased platelet adhesion to collagen in the presence of the monoclonal anti-β
2
GPI

antibody 22A11 or the purified patient anti-β
2
GPI antibody MB. This shows that anti-β

2
GPI

antibodies, just like dimers of β
2
GPI, are able to induce an increase in platelet adhesion to

collagen, which needs the formation of TxA
2
.
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Role of a receptor
An explanation for our results is that after binding, dimeric β

2
GPI interacts with other

structures, probably a receptor, on the platelet membrane and that this interaction is blocked
by monoclonal anti-β

2
GPI antibodies 2B2 and 4F3. Therefore, we performed an experiment in

which we tested whether 4F3 was able to abolish the increase in platelet adhesion to collagen
in the presence of apple4-C321S-β

2
GPI. Whole anticoagulated blood was incubated for 5 min

at 37° C with 100 µ g/mL of apple4-C321S-β
2
GPI and 100 µ g/mL of 4F3 or 23H9. We used twice

the amount of antibody compared to the other experiments since both β
2
GPI in the blood and

additional dimeric β
2
GPI are recognized by 4F3. Afterwards, the blood was perfused for 90 s

at a shear rate of 800 s-1 over collagen. As shown in fig. 5, in the presence of apple4-C321S-
β

2
GPI alone coverage increased to 148 ±  5 %, p<0.001), which is similar to the value shown in

fig. 1. In the presence of both apple4-C321S-β
2
GPI and 4F3, coverage decreased to 95 ±  9%,

indicating that 4F3 is able to block the activation of platelets by dimeric β
2
GPI. In contrast,

monoclonal anti-β
2
GPI antibody 23H9, which increases platelet adhesion to collagen, did not

inhibit the increased deposition of platelets in the presence of apple4-C321S-β
2
GPI (fig. 5).

To get more insight in about the receptor involved, we performed perfusion
experiments in the presence of RAP, which interferes with the binding of ligands to members
of the LDL-receptor family. As shown in fig. 6A, the increased platelet adhesion in the
presence of apple4-β

2
GPI (151 ±  19) decreased after preincubation with RAP to 108 ±  8%

(p<0.01). RAP also abrogated the increased coverage observed in the presence of monoclonal
anti-β

2
GPI antibody 23H9 (141 ±  6% to 97 ±  24%, p<0.01; fig. 6B). To exclude the possibility

that the Fcγ -receptor II on platelets is activated by the Fc-part of the anti-β
2
GPI antibody, we

performed an experiment in which whole anticoagulated blood was preincubated with
monoclonal antibody IV.3, which blocks but does not activate the Fcγ -receptor II. As shown
in fig. 6B, preincubation with antibody IV.3 did not affect the increased platelet coverage in
the presence of anti-β

2
GPI antibody 23H9 (134 ±  12), while the same antibody inhibited

immune complex induced platelet aggregation (not shown).

FIG. 5. Effect of monoclonal anti-β 2GPI
antibodies 4F3 and 23H9 on platelet
deposition on collagen type III in the presence
of apple4-C321S-β 2GPI. Whole anticoagulated
blood was incubated for 5 min at 37ºC with apple4-
C321S-β

2
GPI (100 µ g/mL) alone or with both

apple4-C321S-β
2
GPI and 4F3 or 23H9 (100 µ g/

mL) and perfused for 90 s at a shear rate of 800 s-1.
Platelet coverage was expressed as the percentage
of surface covered with platelet relative to adhesion
in the presence of buffer. Data are mean ±  SD for 3
separate experiments. * p<0.05, ** p<0.001
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Discussion

The discrepancy between the presence of antibodies that prolong clotting assays in
plasma and an increased risk for thrombo-embolic complications is still not understood. We
and others have previously shown that dimerization of β

2
GPI by antibodies is the cause of

the prolongation of phospholipid-dependent clotting tests. We constructed chimeric dimers
of β

2
GPI that mimic the in vitro observed effects of anti-β

2
GPI antibodies. Furthermore, we

have shown that in contrast to dimeric β
2
GPI, plasma-derived β

2
GPI is not able to bind to

platelets 36.  We now used the dimers of β
2
GPI to investigate effects of dimer β

2
GPI on platelet

function. To do so, we perfused anticoagulated whole blood to which 100 µ g/mL of dimeric
β

2
GPI was added over a collagen or fibronectin surface. The concentration we used is

comparable to the concentration of β
2
GPI in plasma (~200 µ g/mL). Herewith, we showed that

when fibronectin was used as a surface, platelet adhesion was 125% higher in the presence of
apple4-β

2
GPI or apple4-C321S-β

2
GPI than in the presence of buffer, plasma-derived β

2
GPI or

the monomeric chimer. When collagen type III was used as a surface, platelet coverage in the
presence of apple4-β

2
GPI or apple4-C321S-β

2
GPI increased with 50% compared to platelet

coverage in the presence of buffer, plasma-derived β
2
GPI, or the monomeric β

2
GPI construct

(fig. 1A). Further, it was shown that aggregates were larger in the presence of dimeric β
2
GPI

(fig. 2). These results indicate that dimerization of β
2
GPI results in binding of β

2
GPI to plate

FIG. 6. Effect of RAP and monoclonal antibody IV.3 on platelet coverage in the presence of
apple4-β 2GPI or anti-β 2GPI antibody 23H9. Whole anticoagulated blood was incubated for 5 min at
37ºC with RAP (10 µ g/mL), followed by an incubation of 5 min at 37° C with apple4-β

2
GPI (100 µ g/mL)(A)

or with 23H9 (50 µ g/mL)(B) to determine the effect of RAP. The effect of Fc-receptor activation was
measured by a 10 min incubation of whole blood with IV.3 (1 µ g/mL) at 37° C, followed by an incubation of
5 min at 37° C with 23H9 (B). The blood was subsequently perfused for 90 s at a shear rate of 800 s-1. Platelet
coverage was expressed as the percentage of surface covered with platelet relative to adhesion in the
presence of buffer. Data are mean ±  SD for 3 separate experiments. * p<0.01
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lets. Platelet adhesion to fibrinogen did not increase in the presence of dimers of β
2
GPI. A

simple explanation for this is that upon binding to surface bound fibrinogen platelets do not
expose negatively charged phospholipids, such as phosphatidylserine, on their membranes
and that they do expose these negatively charged phospholipids after activation with col-
lagen or fibronectin 42. When no negatively charged phospholipids are exposed, the initial
interaction of dimers of β

2
GPI and β

2
GPI-anti-β

2
GPI antibody complexes cannot take place,

and thus no effects on platelet adhesion are found. Our findings are contradictory to the
findings of Ostfeld et al., who showed that platelet adhesion to collagen and fibronectin was
decreased in the presence of LAC positive plasma of patients with systemic lupus
erythematosus or purified IgG of these plasmas 43. However, they used gel-filtered platelets
and static adhesion experiments and we performed our experiments with whole anticoagulated
blood under conditions of flow. Furthermore, we used antibodies against β

2
GPI, but they did

not characterize their antibodies. Thus, it is difficult to compare the results.
It has been shown that antiphospholipid antibodies can interfere with eicosanoid

synthesis in platelets and endothelial cells 44-48. TxA
2
 is the main eicosanoid derived from

platelets. It is rapidly inactivated into 11-dehydro-thromboxane B
2
 via thromboxane B

2
 and

2,3-dinor-thromboxane B
2
. Released TxA

2
 is able to activate platelets via the TxA

2
 receptor,

resulting in enhanced activation of the platelets. Antiphospholipid syndrome patients, with
moderate or high titers of anti-β

2
GPI antibodies, have higher levels of 11-dehydro-thromboxane

B
2 

in urine than controls 49. Further, it has been shown that preincubation with β
2
GPI-

anticardiolipin antibody complexes results in production of higher levels of thromboxane B
2

by platelets 45. Using inhibitors, we showed that thromboxane formation is essential in the
activation of platelets by dimeric β

2
GPI.

Using a panel of LAC positive anti-β
2
GPI antibodies, we studied whether dimerization

is a sine qua non to sensitize platelets. We have found that 2 out of 6 LAC positive monoclonal
anti-β

2
GPI antibodies had no effect on platelet adhesion. The LAC positive monoclonal

antibodies 23H9, 27G7, 19H9, 22A11, and the purified patient antibodies MB and R showed
an increased platelet adhesion to collagen. There are several explanations for the differences
between induction of LAC activity and induction of increased platelet adhesion to collagen
that we found for some LAC positive antibodies. First, the amount and composition of
phospholipids used in the clotting assays is different from that present in the platelet
membranes. Therefore, there may be discordance between the ability of the β

2
GPI-anti-β

2
GPI

complex to prolong phospholipid-dependent coagulation assays and to adhere to platelets.
To test this, we performed perfusions in the presence of anti-β

2
GPI antibodies. Afterwards,

binding of these antibodies to platelets was visualized by immunofluorescent labeling. As
shown in table 2, all antibodies that induce LAC activity bound to platelets. Albeit that our
immunofluorescent labeling experiments do not exclude quantitative differences, our findings
suggest that lack of binding of β

2
GPI-anti-β

2
GPI antibody complexes to platelets is not a

likely explanation for absence of platelet activating activity.
A better explanation for the different potential of LAC positive anti-β

2
GPI antibodies

to induce increased platelet deposition is that binding of dimerized β
2
GPI to negatively charged

phospholipids is not enough to sensitize platelets. Other proteins with high affinity for
negatively charged phospholipids, such as annexin V, have no effect on platelet adhesion
under flow 50. The observation that a LAC positive antibody that did not induce increased
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platelet adhesion, inhibited the increased platelet deposition induced by dimeric β
2
GPI,

indicates that after binding to negatively charged phospholipids, dimeric β
2
GPI  interacts

with proteins on the platelet membrane. Apparently, after binding of dimeric β
2
GPI to the

platelet, an interaction of dimeric β
2
GPI with a receptor on the platelet surface is involved in

further activation. This receptor is clearly not the Fc-receptor, because the increase in adhesion
observed in the presence of antibody 23H9 did not disappear after preincubation with
monoclonal anti-Fcγ -receptor II antibody IV.3. Furthermore, Jankowski et al. reported recently
that F(ab)

2
 fragments of anti-β

2
GPI antibody (5H2) were equally able to promote thrombus

formation in a thrombosis model in the hamster 51. This indicates that cellular activation via a
Fc receptor is not the major receptor responsible for activation of platelets. Therefore a
platelet receptor with specificity for β

2
GPI may be involved. Possible candidates are members

of the LDL-receptor family, since it has been described that β
2
GPI can interact with megalin,

a member of this family of endocytic receptors 52. We showed that preincubation with RAP,
which inhibits the interaction of ligands with members of the LDL-receptor family, abrogated
increased adhesion in the presence of apple4-β

2
GPI and anti-β

2
GPI antibody 23H9. These

results strongly suggest that a member of the LDL-receptor family is involved. The only
member of the LDL-receptor family found on the platelet membrane, as far as known at
present, is a splice variant of LRP8 (LRP8∆ 4-6) 53. However, to confirm the interaction of this
receptor with the β

2
GPI-anti-β

2
GPI antibody complexes, experiments in which the binding of

these complexes to the receptor is measured directly have to be performed.
Taken these observations together, we postulate a mechanism by which

antiphospholipid antibodies can cause arterial thrombosis. In this, LAC positive β
2
GPI-anti-

β
2
GPI antibody complexes bind to platelets via negatively charged phospholipids, which is

followed by binding to a receptor, which is a member of the LDL-receptor family. Then
dimerization of the receptor may occur, which results in the induction of signaling in which
thromboxane formation plays a role. Finally, platelets become sensitized and are more prone
to form a thrombus. This model might also fit for the activation of other cell types that become
activated in the antiphospholipid syndrome as a lot of cells express members of the LDL-
receptor family.
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Abstract

It is now widely accepted that most antiphospholipid antibodies are not directed
against phospholipid directly, but against phospholipid-bound proteins, like β

2
-glycoprotein

I (β
2
GPI) and prothrombin. To compare the effects of anti-β

2
GPI and anti-prothrombin antibodies

on platelet reactivity, we have used an in vitro flow system in which whole anticoagulated
blood was perfused over collagen in the presence of anti-β

2
GPI or anti-prothrombin antibodies

(50 µ g/mL). We found that preincubation with 5 out of 7 monoclonal anti-β
2
GPI antibodies or

two purified patient anti-β
2
GPI antibodies, all being lupus anticoagulant (LAC) positive

resulted in increased platelet adhesion to collagen. The LAC negative anti-β
2
GPI antibodies

1F12 and KJ had no effect on platelet adhesion. None of the LAC positive anti-prothrombin
antibodies (monoclonal, polyclonal and purified patient) had an effect on platelet adhesion to
collagen. We also tested binding of the antibodies to platelets after perfusion over collagen
using immunofluoresence. We showed that all LAC positive anti-β

2
GPI antibodies were able

to bind to platelets. No binding was detected for the LAC negative anti-β
2
GPI antibody and

for the anti-prothrombin antibodies. This indicates that LAC positive anti-β
2
GPI antibodies,

but not anti-prothrombin antibodies, can sensitize platelets, resulting in increased deposition
of platelets on collagen. Moreover, the results suggest that binding of antiphospholipid
antibodies to platelets is necessary to exert effects on platelet activation, although binding to
by itself is not enough to increase in platelet adhesion, as was shown by the anti-β

2
GPI

antibodies 4F3 and 2B2.
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Introduction

The presence of antiphospholipid antibodies in plasma is associated with a risk for
thrombotic complications. This association is called the antiphospholipid syndrome 1-6. It is
now generally accepted that these antiphospholipid antibodies are not directed against
phospholipids directly, but against phospholipid-bound proteins, of which β

2
-glycoprotein I

(β
2
GPI) 7-9 and prothrombin 10 are the most important ones. Antibodies against β

2
GPI 11,12 and

prothrombin 10 both can cause prolongation of phospholipid-dependent coagulation assays,
known as lupus anticoagulant (LAC) activity. LAC activity has been proven to be an
independent risk factor for the development of thrombosis 5,13-15.

Nowadays, it is not clear whether anti-β
2
GPI or anti-prothrombin antibodies are

more important for the development of thrombosis. Palusuo et al. performed a case-control
study, in which they found that the presence of anti-prothrombin, and not anti-β

2
GPI,

antibodies was associated with the occurrence of venous thrombosis 16. Horbach et al. 5 and
Forastiero et al. 17 found in their retrospective studies for both the presence of anti-prothrombin
and anti-β

2
GPI antibodies an association with venous thrombosis. Horbach et al. showed

also a correlation between the presence of anti-β
2
GPI antibodies of the IgM isotype and a

history of arterial thrombosis 5, although with multilogistic regression analysis the presence
of none of these antibodies was an independent risk factor for arterial or venous thrombosis
in this study. In contrast, the presence of anti-β

2
GPI antibodies of the IgG isotype were an

independent risk factor for arterial thrombosis in another study 17. In a case-control study,
Galli et al. found that the presence of anti-prothrombin antibodies, measured with both
prothrombin alone and prothrombin bound to phosphatidylserine as antigen, was not correlated
with thrombosis 18.  Also, no correlation between the presence of anti-prothrombin antibodies
and thrombosis was found by Pengo et al. 19, although they did find a correlation between the
presence of anti-β

2
GPI antibodies and the occurrence of thrombosis.

To investigate the effects of anti-β
2
GPI and anti-prothrombin antibodies on platelet

function, we use an in vitro flow system in which whole anticoagulated blood was perfused
over collagen. We conclude that several LAC positive anti-β

2
GPI, but not anti-prothrombin

or LAC negative anti-β
2
GPI antibodies, bind to and sensitize platelets, resulting in increased

platelet adhesion to collagen.

Materials and methods

Antibodies
Patient anti-β

2
GPI (MB, R and KJ) and anti-prothrombin (BP and LB) antibodies

were purified from plasma using β
2
GPI or prothrombin coupled to CNBr-activated Sepharose,

respectively (Amersham Pharmacia Biotech, Uppsala, Sweden). Bound antibodies were eluted
with 3 M KCNS in tris-buffered saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.4) and dialysed
against TBS. Monoclonal anti-β

2
GPI antibody 4F3 was purified using a protein G column.

Bound antibodies were eluted with 0.1 M glycine, pH 2.7, neutralised with 1 M Tris, pH 9, and
dialysed against TBS. Protein concentration was determined using a bichinchoninic acid
(BCA) protein assay (Pierce, Rockford, IL, USA) according to the instructions of the
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manufacturer, and with bovine serum albumin (BSA) as a standard. Monoclonal anti-β
2
GPI

antibodies 22A11, 23H9, 27G7, and 19H9 and monoclonal anti-prothrombin antibody 28F4
were described previously 20,21. Polyclonal rabbit-anti-human anti-prothrombin antibody (anti-
FII (PoAb)) was obtained from DAKO (Glostrup, denmark). Monoclonal anti-β

2
GPI antibodies

2B2 and 1F12 were kindly provided by Dr. A. Tincani (Clinical Immunology Unit, Spedali
Civili, Brescia, Italy).

Patients
Anti-β

2
GPI antibodies were isolated from plasma from five female patients with

antiphospholipid syndrome (MB, KJ and R, with informed consent). Two of these anti-β
2
GPI

antibodies were LAC positive after isolation (MB and R) and one antibody was LAC negative
(KJ; see determination of LAC activity). Patient MB (age 32) was LAC positive and had IgG
class anti-β

2
GPI antibodies 5. She had mild, chronic thrombocytopenia, cerebral infarction

and recurrent first and second trimester pregnancy loss as manifestations of the antiphospho-
lipid syndrome. Patient KJ (44 years) had lupus like disease and thrombosis of the distal aorta
and patient R (age 46) had primary antiphospholipid syndrome (multiple cerebral infarctions,
chronic mild thrombocytopenia and livedo reticularis). Plasma from both patient KJ and R
were LAC positive and contained anti-β

2
GPI (IgG isotype) and anti-prothrombin antibodies

(IgG and IgM isotype). Plasma from patient R was also positive for IgM class anti-β
2
GPI

antibodies.
Anti-prothrombin antibodies were purified from plasma from two LAC positive

antiphospholipid syndrome patients (BP and LB, with informed consent). Patient BP (age 30)
suffered from recurrent venous (deep vein thrombosis and pulmonary emboli) and arterial
(transient ischaemic attacks and ischaemic stroke) thrombosis and first trimester pregnancy
loss. Her plasma was positive for anti-prothrombin (IgG isotype) antibodies. Patient LB (age
39) had pulmonary emboli, livedo reticularis and Coombs’ positive haemolytic anaemia as
manifestations of the antiphospholipid syndrome. Her plasma was positive for anti-
prothrombin (IgG and IgM isotype) and for anti-β

2
GPI (IgG and IgM isotype) antibodies.

Surfaces
Human placental collagen type III (Sigma, St Louis, MO, USA) was solubilized

overnight in 50 mmol/L acetic acid and sprayed onto ThermanoxR coverslips at a density 30
µ g/mL with a retouching airbrush (model 100, Badger Brush Co). For the immunofluoresence
studies glass coverslips (18 x 18 mm; Menzel Gläser, Braunschweig, Germany) were used.
After spraying, the coverslips were blocked for at least 30 minutes at room temperature with
1% human serum albumin (ICN Biomedicals, Inc., Aurora, OH, USA) in phosphate-buffered
saline, pH 7.4 (PBS).

Blood collection
Freshly drawn venous blood was collected from healthy donors (with informed

consent), who did not use aspirin or other platelet function inhibitors during the last ten
days, into 1/10 of volume of 3.2% tri-sodium citrate (w/v) or into 1/10 of volume of low
molecular weight heparin (LMWH, 200 U/mL; Fragmin®, Pharmacia, Woerden, The
Netherlands). For the studies with anti-β

2
GPI antibodies blood anticoagulated with citrate
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was used. Anti-prothrombin antibodies were added to blood anticoagulated with LMWH.
These different anticoagulants were used since β

2
GPI can interact with heparin and the

binding of prothrombin to negatively charged phospholipids is dependent on the presence
of calcium ions.

Perfusate
5 min prior to the perfusion, anti-β

2
GPI and anti-prothrombin antibodies were added

at a concentration of 50 µ g/mL to whole blood and incubated at 37° C. As a control, buffer
(TBS) was added to whole blood.

Perfusion studies
Perfusion were performed in a single-pass perfusion chamber under nonpulsatile

flow conditions using a modified parallel plate perfusion with a slit width of 2 mm and a slit
height of 0.1 mm 22. Experiments with collagen type III as a surface were done with a perfusion
time of 90 s, at a shear rate of 800 s-1, which corresponds to the shear rate in arterioles. The
prewarmed blood was drawn through the perfusion chamber by an infusion pump (pump 22,
model 2400-004; Harvard, Natrick, MA, USA). Afterwards, the coverslips were taken from the
perfusion chamber and rinsed with HEPES-buffered saline (10 mmol/L HEPES, 150 mmol/L
NaCl, pH 7.4), fixed in 0.5% glutaraldehyde in PBS, dehydrated with methanol and stained
with May-Grünwald/Giemsa as previously described 23. Platelet deposition was evaluated
with a light microscope equipped with a JAI-CCD camera (Copenhagen, Denmark) coupled to
a Matrox frame grabber (Matrox Electronic Systems Ltd., Quebec, Canada) using Optimas 6.2
software (Optimas Inc, Seattle, WA, USA) for image analysis. Evaluation was performed on
thirty fields, perpendicular to the flow direction. Platelet adhesion was expressed as the
percentage of the surface covered with platelets relative to adhesion in the presence of
buffer.

Determination of LAC activity
Coagulation assays were performed in a KC-10 coagulometer (Amelung, Lemgo,

Germany). To detect LAC activity, three different coagulation assays were used: an activated
partial thromboplastin time-based assay sensitized to detect LAC, (PTT-LA; Diagnostica
Stago, Asnieres-sur-Seine, France), a tissue factor-based assay using innovin (Dade Behring,
Marburg, Germany), and a dilute Russell’s viper venom time (dRVVT; Gradipore Ltd, North
Ryde, Australia). All were performed as described previously 21. Anti-β

2
GPI and anti-

prothrombin antibodies were added at a concentration of 100 µ g/mL to the plasma, which is
similar to a concentration of 50 µ g/mL in whole blood as used in the perfusions. Clotting time
ratios were calculated by dividing the clotting time in the presence of antibody by the clotting
time in the absence of antibody. Ratios ≥  1.2 were considered to be positive. An anti-β

2
GPI or

anti-prothrombin antibody is LAC positive when one of the coagulation assays performed
was positive. As shown in table 1, monoclonal anti-β

2
GPI antibody 22A11 and monoclonal

anti-prothrombin antibody 28F4 were LAC positive in all three coagulation assays. The
monoclonal anti-β

2
GPI antibody 27G7 was positive with the tissue factor-based assay and

the dRVVT and the anti-FII (PoAb) antibody was positive in both the PTT-LA and the
dRVVT. The other monoclonal anti-β

2
GPI antibodies (23H9 and 19H9) were LAC positive in
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the tissue factor-based assay only. The monoclonal anti-β
2
GPI antibody (1F12) was negative

in all three assays. The purified patient anti-β
2
GPI antibodies (MB and R) were positive in the

PTT-LA and dRVVT, respectively. The purified patient anti-β
2
GPI antibody KJ was negative.

One of the purified patient anti-prothrombin antibodies (LB) was positive in the dRVVT and
another (BP) was positive in both the dRVVT, and the PTT-LA. When 100 µ g/mL of antibody
BP was added to the PTT-LA, the clotting time ratio was more than 10. With 12.5 µ g/mL this
antibody had a clotting time ratio of 3.13.

Immunofluoresence studies
Whole anticoagulated blood was perfused over collagen type III in the presence of

different anti-β
2
GPI and anti-prothrombin antibodies. Binding of these antibodies to platelets

was detected using immunofluorescent labelling of these antibodies. After perfusion cover-
slips were fixed with 3% paraformaldehyde/0.005% glutardialdehyde in PBS, pH 7.4, washed
three times with PBS, pH 7.4, and blocked for 10 min with PBS containing 1% BSA and 0.1%
glycine, pH 7.4. Afterwards coverslips were incubated with a fluorescein isothiocyanate
(FITC)-labeled goat-anti-mouse antibody (Becton Dickinson, San Jose, CA, USA), diluted

TABLE 1. Effect of anti- β 2GPI and anti-prothrombin antibodies on coagulation assays. Anti-
β

2
GPI or anti-prothrombin antibodies were added at a concentration of 100 µ g/mL to pooled normal

plasma. Afterwards a tissue factor-based assay (innovin), a PTT-LA, and a dRVVT were performed. The
clotting time in the presence of antibody was  divided by the clotting time in the absence of an antibody.
Ratios ≥  1.2 were considered to be positive (#).

* In the presence of 12.5 µ g/mL of antibody, the ratio was 3.13.

ydobitnA nivonnI AL-TTP TVVRd CAL

BM 70.1 35.1 # 40.1 +
R 60.1 00.1 27.1 # +

9H32 88.1 # 91.1 11.1 +
7G72 23.1 # 61.1 65.1 # +
9H91 92.1 # 91.1 01.1 +
11A22 17.1 # 33.1 # 62.1 # +

2B2 65.1 # 34.1 # 54.1 # +
3F4 05.1 # 91.1 21.1 +

JK 40.1 60.1 00.1 -
21F1 00.1 61.1 11.1 -

PB 01.1 65.1 # 01> *# +
BL 50.1 51.1 56.1 # +

4F82 49.1 # 68.1 # 47.1 # +
)bAoP(IIF-itnA 90.1 02.1 # 34.1 # +



ch
ap

te
r 

5

89

E
ff

ec
ts

 o
f a

nt
i-

ph
os

ph
ol

ip
id

 a
nt

ib
od

ie
s 

on
 p

la
te

le
t d

ep
os

iti
on

1:20 in PBS/1% BSA/0.1% glycine, pH 7.4 for 45 min at 37ºC. The polyclonal anti-prothrombin
antibody was detected with a tetramethyl rhodamine isothiocyanate (TRITC)-labeled goat-
anti-rabbit antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA).
This was followed by three times washing with PBS. For detection of anti-prothrombin
antibodies, PBS was replaced by TBS, and all incubations were performed in the presence of
3 mM of CaCl

2
. Finally, coverslips were mounted in MOWIOL 4-88 (Calbiochem, La Jolla, CA,

USA) and 0.1% PPD (para-phenylene diamine, Sigma, St Louis, MO, USA).

Statistical analysis
Perfusions were performed three times in duplicate for each condition. The results

are presented as mean ± standard deviation (SD) from experiments with blood from three
different healthy donors (N=3). The difference between the various conditions was tested by
analysis of variance (ANOVA) and Bonferoni was used as post-test. The results were
considered significant at P<0.05.

Results

Effects of anti-β
2
GPI and anti-prothrombin antibodies on platelet adhesion to collagen

To investigate the differences in thrombotic potential between LAC positive anti-
β

2
GPI and anti-prothrombin antibodies, we have determined the effects of these antibodies

on platelet adhesion to collagen in an in vitro flow system. To do so, we have incubated
whole anticoagulated blood with 50 µ g/mL of anti-β

2
GPI or anti-prothrombin antibodies. This

concentration of antibody is similar to the 100 µ g/mL of antibody that was added to plasma to
determine the potential of the antibodies to induce LAC activity. Subsequently, the blood
was perfused over a collagen surface at a shear rate of 800 s-1. The coverage in the presence
of buffer was set at 100%. As shown in fig. 1A, four monoclonal LAC positive anti-β

2
GPI

antibodies, namely 23H9 (157 ±  13%, p<0.01), 27G7 (156 ±  28%, p<0.01), 19H9 (180 ±  7%,
p<0.001), and 22A11 (132 ±  14%, p<0.01) induced a significant increase in platelet adhesion to
collagen. The LAC positive patient anti-β

2
GPI antibodies MB (135 ±  9%, p<0.01) and R (133

±  10 %, p<0.01) also induced an increase in platelet coverage. Preincubation with the LAC
positive anti-β

2
GPI antibodies 2B2 (99 ±  3%) and 4F3 (107 ±  4%) and the LAC negative anti-

β
2
GPI antibodies 1F12 (113 ±  18%) and KJ (101 ±  5%) did not influence platelet adhesion.

Also, preincubation with the monoclonal anti-prothrombin antibody 28F4 (100 ±  1%), the
anti-FII (PoAb) antibody (100 ±  2%), and the patient anti-prothrombin antibodies BP (100 ±
4%) and LB (98 ±  1%) did not affect platelet adhesion to collagen (fig. 1B).

Binding of anti-β
2
GPI and anti-prothrombin antibodies to platelets

Since preincubation with LAC positive anti-prothrombin antibodies, in contrast to
LAC positive anti-β

2
GPI antibodies, did not result in an increased platelet adhesion to col-

lagen under flow, we determined whether anti-β
2
GPI and anti-prothrombin antibodies could

be detected on the platelet surface after perfusion by immunofluoresence. As shown in table
2, all LAC positive monoclonal anti-β

2
GPI antibodies bound to platelets, whereas the LAC

negative anti-β
2
GPI antibody and monoclonal and polyclonal anti-prothrombin antibodies
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did not bind to platelets.

FIG.1. Perfusion over collagen type III in the presence of anti- β 2GPI or anti-prothrombin
antibodies. Whole anticoagulated blood was incubated for 5 min at 37∼ C with anti-β

2
GPI (A) or anti-

prothrombin antibodies (B) (50  g/mL). Blood was perfused at a shear rate of 800 s-1 for 90 s. Platelet
adhesion was expressed as the percentage of the surface covered with platelets relative to adhesion in the
presence of buffer. Data are mean ± SD for three separate experiments. * p<0.01, ** p<0.001

TABLE 2. Binding of anti-β 2GPI or anti-
prothrombin antibodies to platelets in an in
vitro perfusion system. Whole anticoagulated
blood was incubated 5 min at 37ºC with 50  g/ml
of antibody and afterwards perfused for 90 s
over a collagen surface. Binding of the antibodies
was detected with immunofluoresence.

FIG.2. Binding of anti-β 2GPI or anti-pro-
thrombin antibodies to platelets adhered to col-
lagen. Whole anticoagulated blood was incubated
for 5 min at 37ºC with anti- β

2
GPI (23H9) or

anti-prothrombin anttibodies (28F4). Blood was
perfused for 90 s at a shear rate of 800 s

-1
. Bin-

ding of antibodies to adhered platelets was
visualized using immunofluoresence.

A B

ydobitnA steletalpotgnidniB

9H32 +
7G72 +
9H91 +

11A22 +
2B2 +
3F4 +
21F1 -
4F82 -

)bAoP(IIF-itnA -

bu
ffe

r

M
B R

23
H

9

27
G

7

19
H

9

22
A

11

2B
2

4F
3

K
J

1F
12

0

50

100

150

200

*

*
*

**

**

%
 r

el
at

iv
e 

co
ve

ra
g

e

bu
ffe

r

B
P LB

28
F

4

an
ti-

F
II 

(P
oA

b)

0

50

100

150

200

%
 r

el
at

iv
e 

co
ve

ra
g

e

23H9 28F4



ch
ap

te
r 

5

91

E
ff

ec
ts

 o
f a

nt
i-

ph
os

ph
ol

ip
id

 a
nt

ib
od

ie
s 

on
 p

la
te

le
t d

ep
os

iti
on

Discussion

It is now generally accepted that antiphospholipid antibodies are not directed against
phospholipids directly, but against phospholipid-bound proteins, of which β

2
GPI and

prothrombin are reported to be most important in vivo. In vitro, it has been reported that anti-
β

2
GPI antibodies are thrombogenic, as shown by activation of endothelial cells and platelets

24-26. However, little is known about the effects of anti-prothrombin antibodies on these cell-
types. Of one monoclonal anti-prothrombin antibody it has been described that it enhances
the binding of prothrombin to endothelial cells 27. To further investigate the effects of anti-
prothrombin antibodies, and to compare these effects with those of anti-β

2
GPI antibodies, we

incubated whole anticoagulated blood with LAC positive anti-β
2
GPI or anti-prothrombin

antibodies. Blood spiked with these antibodies was subsequently perfused over a collagen
surface at a shear rate of 800 s-1, which is representative for the shear rate in small arteries.

We showed that preincubation with five out of seven LAC positive anti-β
2
GPI

antibodies resulted in an increase in platelet adhesion to collagen. The two other LAC positive
anti-β

2
GPI antibodies, the LAC negative anti-β

2
GPI antibody, and all four LAC positive anti-

prothrombin antibodies did not affect platelet adhesion to collagen (fig. 1). Furthermore, all
LAC positive anti-β

2
GPI antibodies did bind to platelets, in contrast to the LAC negative anti-

β
2
GPI antibody and all anti-prothrombin antibodies, which did not bind (table 2). For anti-

β
2
GPI antibodies, we previously suggested a mechanism by which they increase the adhesion

of platelets to a thrombogenic surface 28. In short, the platelets become slightly activated by
the thrombogenic surface (e.g. collagen) and express negatively charged phospholipids on
their surface. Subsequently, β

2
GPI-anti-β

2
GPI antibody complexes bind to the exposed

negatively charged phospholipids. This is followed by the interaction of β
2
GPI-anti-β

2
GPI

antibody complexes with a receptor specific for β
2
GPI on the platelet surface. Then dimerization

of this receptor may occur, which results in the induction of signal transduction and thus
further activation of platelets. The results obtained with the anti-prothrombin antibodies
show that the mechanism of action described for anti-β

2
GPI does not apply for and anti-

prothrombin antibodies, probably simply because they do not bind to the adhered platelets.
Our data can be interpreted as that anti-prothrombin antibodies are not the pathogenic

antibodies for arterial complications in the antiphospholipid syndrome. This is supported by
the fact that some clinical studies reported an association between the presence of these
antibodies in the circulation and thrombosis 5,16,17. Furthermore, previous studies demonstrated
that anti-prothrombin antibodies can interact with endothelial cells 27, but about their ability
to interact with platelets nothing is known at present. Also, it has never been studied whether
anti-prothrombin antibodies can activate endothelial cells or platelets. Besides the activation
of cells, anti-prothrombin antibodies might have a procoagulant effect on the coagulation
cascade by inhibition of the activation of protein C to activated protein C (APC), resulting in
a prothrombotic state via a decreased inhibition of the coagulation cascade. Indeed, Simmelink
et al. did find that low levels of APC were related to the presence of anti-prothrombin antibodies,
although these low levels of APC were not associated with thrombosis 29.

In summary, our data show that LAC positive anti-β
2
GPI antibodies, and not LAC

positive anti-prothrombin antibodies, are able to sensitize platelets, which results in an
increased deposition of the platelets on collagen in an in vitro flow system. Further research
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on the effects of anti-prothrombin antibodies on coagulation and the activation of endothelial
cells and platelets is needed to determine mechanisms by which these antibodies exert their
in vivo effects.
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 Dear Sir,

In the antiphospholipid syndrome, antibodies against β
2
-glycoprotein I (β

2
GPI) are

thought to play an important role. Anti-β
2
GPI antibodies can prolong phospholipid-dependent

coagulation assays, which is termed lupus anticoagulant (LAC) activity. Such LAC activity is
associated with thrombophilia. We have previously shown that chimeric constructs of β

2
GPI

and the dimerization domain of coagulation factor XI, induce LAC activity in plasma and thus
mimic effects of β

2
GPI-anti-β

2
GPI antibody complexes in vitro 1. The same constructs induce

increased platelet adhesion to collagen in an in vitro flow system, similar to most monoclonal
and patient-derived LAC-positive anti-β

2
GPI antibodies 2. These findings indicate that anti-

β
2
GPI antibodies can influence the function of platelets, albeit that the exact mechanism by

which they to so is not clear at present.
It has been reported that anti-β

2
GPI antibodies stimulate platelet aggregation in vitro

in the presence of low concentrations of an agonist such as ADP and collagen 3. However, it
was also described that LAC positive antibodies inhibited platelet aggregation induced by
collagen 4. Arvieux et al. 3 showed that the antibody-induced stimulation of aggregation does
not occur when platelets are pre-incubated with monoclonal antibody IV.3, an antibody that
blocks but does not activate the platelet Fcγ RII. This suggests that antibody-induced platelet
aggregation includes an Fcγ RII-dependent mechanism. In contrast, Jankowski et al. 5 showed
that platelet aggregation in the presence of low concentrations of ADP is stimulated by
F(ab)

2 
fragments of a monoclonal anti-β

2
GPI antibody, indicating an Fcγ RII-independent

mechanism of platelet activation. To further study this contradiction, we performed aggregation
experiments in the presence of low concentrations of ADP with our dimeric β

2
GPI constructs

and with monoclonal anti-β
2
GPI antibodies. Platelet-rich plasma (PRP) of healthy donors

(with informed consent) was incubated for 5 min at 37° C with 200 µ g/mL of dimeric construct
or 100 µ g/mL of monoclonal anti-β

2
GPI antibody, followed by induction of aggregation with

low concentrations of ADP (1 or 2 µ M). In the presence of the dimeric β
2
GPI constructs no

effect on ADP-induced aggregation was observed (fig. 1A). However, we found that ADP-
induced aggregation was increased in the presence of anti-β

2
GPI antibodies (fig. 1B). This

phenomenon disappeared when platelets were pre-incubated with 1 µ g/mL of monoclonal
antibody IV.3. These results are in accordance to the observations of Arvieux et al.3 and
suggest an Fcγ RII-dependent mechanism of platelet activation (fig. 1C). However, we
previously found that in a perfusion model in which blood was flown over a collagen surface,
that the increase in platelet adhesion in the presence of anti-β

2
GPI antibodies was not

dependent on the activation of the platelet Fcγ RII 2. Therefore, we hypothesized that the
stimulation of antibody-induced platelet aggregation could be caused by aggregates present
in the anti-β

2
GPI antibody solution. To test this hypothesis, we spinned down possible

aggregates by centrifugation for 10 min at 10,000 g. Immediately thereafter, the effect of the
antibodies on platelet aggregation was measured again. As shown in fig. 1D, centrifugation
abolished the stimulatory effects of the antibody preparations on platelet activation. This
suggests that indeed aggregates of IgG induced activation of the platelet Fcγ RII. The presence
of aggregates of IgG molecules was further confirmed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). We conclude that the effects of anti-β

2
GPI antibodies on platelets

in an aggregometer are not a consequence of dimerization of β
2
GPI by these antibodies, but



ch
ap

te
r 

6

99

A
nt

i-
β 2G

PI
 a

nt
ib

od
ie

s 
an

d 
pl

at
el

et
 a

gg
re

ga
tio

n

are due to Fcγ RII activation by aggregates of IgG molecules present in the antibody
preparations. Therefore, we feel that in all experiments with anti-β

2
GPI antibodies and cells

aggregated IgG should be removed. Jankowski et al. showed that anti-β
2
GPI antibodies were

able to stimulate platelet in an Fcγ RII-independent manner 5. We think that these results can
be explained by the use of  a precisely chosen (donor-dependent) concentration of ADP.

FIG.1. Effects of dimers of β 2GPI and anti-β 2GPI antibodies on platelet aggregation. Dimers of
β

2
GPI (A), monoclonal anti-β

2
GPI antibody 23H9 (B), antibody 23H9 in combination with antibody IV.3

(C) or antibody 23H9 after centrifugation (D) were added to PRP. Afterwards aggregation was started with
low concentrations of ADP and recorded.
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Abstract

At present, the mechanisms by which anti-β
2
GPI antibodies can cause thrombosis

in patients with the antiphospholipid syndrome is not clear. It seems conceivable that this
mechanism involves a receptor-dependent process. Megalin, a member of the low-density
lipoprotein (LDL) receptor family, has been described as a renal clearance receptor for β

2
GPI

1. In the present study, we compared binding of β
2
GPI to megalin and its structural homologue

low-density lipoprotein receptor-related protein (LRP). Both monomeric and dimeric β
2
GPI

bind to megalin, although binding of dimeric β
2
GPI proved to be more efficient. In contrast,

dimeric β
2
GPI, but not monomeric β

2
GPI interacts with LRP. This interaction could be described

by a model involving two binding sites. Replacement of Trp at position 316 by Ser in domain
V of β

2
GPI resulted in reduced binding to LRP, which shows involvement of domain V of

β
2
GPI. Furthermore, an anti-β

2
GPI antibody directed against a region located at the interface

of domain I and II of β
2
GPI inhibited association of dimeric β

2
GPI to LRP, suggesting that this

region of β
2
GPI also has a role in the interaction between dimeric β

2
GPI and LRP. The

involvement of both domain V and the interface of domain I and II of β
2
GPI was supported by

the observation that heparin, a molecule that can interact with both regions, inhibited the
association of dimeric β

2
GPI to LRP completely.
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Introduction

In the antiphospholipid syndrome, the presence of autoantibodies against β
2
GPI is

thought to be the cause of the increased risk for thrombo-embolic complications. The presence
of these antibodies can result in a prolongation of clotting time in phospholipid-dependent
coagulation assays, an activity termed lupus anticoagulant (LAC). In order to study the
molecular mechanism of β

2
GPI-anti-β

2
GPI antibody complexes, we constructed chimeric fusion

proteins between the dimerization domain of coagulation factor XI (apple4) and β
2
GPI and

used these as a model for β
2
GPI-anti-β

2
GPI antibody complexes. We previously showed that

these constructs have LAC activity 2 and that their presence can increase collagen-induced
platelet adhesion and aggregate formation 3. This increase in platelet adhesion was also
observed in the presence of LAC-positive anti-β

2
GPI antibodies 3. As binding to phospholipids

alone could not explain the activation of platelets, we proposed that the mechanism by which
β

2
GPI-anti-β

2
GPI antibody complexes can exert their pathogenic effects involves a receptor-

dependent process. In agreement with this model, we showed that the increase in platelet
adhesion to collagen in the presence of dimeric β

2
GPI or anti-β

2
GPI antibodies was inhibited

in the presence of receptor-associated protein (RAP). RAP blocks binding of ligands to
members of the LDL-receptor family.

β
2
-glycoprotein I (β

2
GPI) is a member of the complement control protein (CCP) or

short consensus repeat (SCR) superfamily. It consists of five domains, of which the N-
terminal four domains comprise ∼ 60 amino acids and contain 2 disulfide bonds. The C-terminal
domain is dissimilar in that it contains an extra C-terminal loop and 3 disulfide bonds. This
domain harbours the phospholipid binding site 4-8. At present, two cellular receptors for
β

2
GPI have been identified: megalin and annexin II. Annexin II is present on endothelial cells,

where it functions as a receptor for tissue-type plasminogen activator (tPA) and plasminogen
9. The physiological relevance of the interaction between β

2
GPI and annexin II is remains yet

to be determined. Megalin, a member of the low-density lipoprotein (LDL) receptor superfamily,
was identified as the renal clearance receptor for β

2
GPI 1.

Megalin has structural homology with the low-density lipoprotein receptor-related
protein (LRP) 10-13, also a member of the LDL-receptor family. Furthermore, in vitro megalin
binds many ligands that are also known to bind to LRP, including lipoproteins, and urokinase
11. Therefore, we determined the ability of β

2
GPI and the dimers of β

2
GPI to bind to megalin

and LRP. We showed that β
2
GPI and dimers of β

2
GPI can bind to megalin. In contrast, dimers

of β
2
GPI, but not monomeric β

2
GPI, associate to LRP. Finally, experiments using mutant

dimeric β
2
GPI and inhibitors of the interaction between dimeric β

2
GPI and LRP suggest that

this particular interaction involves domain V and the interface of domain I and II of β
2
GPI.
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Materials and methods

Construction and expression of recombinant proteins
The chimeric dimer apple4-C321S-β

2
GPI was constructed as described previously 2.

As a control, the dimer apple4-C321S-β
2
GPI-W316, in which β

2
GPI-W316S is not able to bind

to phospholipids, was made. To exclude the possibility that apple4-β
2
GPI binds via its apple

domain to LRP and megalin, dimer apple4 was constructed. The sequence of dimer apple4
was amplified from the vector apple4-tissue-type plasminogen activator (tPA)-S478A 14 with
the primers apple4-BglII GCC AGA TCT TTC TGC CAT TCT TCA and apple4-XbaI GGT CTA
GAC TCG AGT CCC TCC TTT GAT GCG TG. The PCR product was subcloned into the vector
pCR 2.1-TOPO  (Invitrogen, Breda, The Netherlands), and cloned into the vector apple4-
tPA-S478A with BglII and XbaI (underlined in apple4-BglII and apple4-XbaI, respectively).
Sequence analysis was performed to confirm correct amplification of apple4. The proteins
were expressed by stably transfected baby hamster kidney cells 2. Expression of constructs
was performed in conditioned serum-free medium (DMEM F12 supplemented with 1%
UltroserG; Life Technologies, Inc., Paisley, U.K.).

 Purification of proteins and antibodies
Plasma-derived β

2
GPI was purified from human plasma as described by Horbach et

al. 15. Chimeric fusion proteins were purified using a monoclonal antibody to β
2
GPI (21B2)

bound to CNBr-activated Sepharose (Amersham Pharmacia Biotech, Uppsala, Sweden)8. Bou-
nd fusion proteins were eluted with 0.1 M glycine (pH 2.7). The purified proteins were
immediately neutralized with 1 M Tris, pH 9. Àpple4-C321S- β

2
GPI and apple4-C321S-β

2
GPI-

W316S containing fractions were dialyzed against 50 mM Na
2
HPO

4
, pH 7.0, containing 50

mM NaCl and were subjected to further purification on a mono S column using FPLC
(Amersham Pharmacia Biotech, Uppsala, Sweden). Fusion proteins were eluted with a linear
salt gradient from 50 mM NaCl to 1 M NaCl. All chimera were dialyzed against tris-buffered
saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.4). Apple4 was purified using monoclonal
antibody XI-1, which recognizes the apple4 domain 16, coupled to CNBr-activated Sepharose.
Bound proteins were eluted with 0.1 M glycine (pH 2.7). The purified proteins were immediately
neutralized with 1 M Tris, pH 9. Monoclonal anti-β

2
GPI antibody 4F3, monoclonal antibody

XI-1 and IgG from pooled normal plasma were purified using a protein G column. Bound
antibodies were eluted with 0.1 M glycine, pH 2.7, neutralized with 1 M Tris, pH 9, and
dialyzed against TBS. Monoclonal anti-β

2
GPI antibodies 22A11, 23H9 and 19H9 were described

previously 2,17 and monoclonal anti-β
2
GPI antibodies 1F12 and 2B2 were kindly provided by

Dr. A. Tincani (Clinical Immunology Unit, Spedali Civili, Brescia, Italy). LRP and megalin were
kindly provided by Dr. S.K. Moestrup (University of Aarhus, Aarhus, Denmark). Protein
concentration was determined using a bichinchoninic acid (BCA) protein assay (Pierce,
Rockford, IL, USA) according to the instructions of the manufacturer, and with bovine serum
albumin (BSA) as a standard. Purified proteins were analyzed by 4-15% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE). Dimer apple4 migrated under reducing conditions at 10 kDa
and under non-reducing conditions at 20 kDa, as was expected.
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Surface plasmon resonance analysis
Binding studies were performed using a Biacore2000 biosensor system (Biacore AB,

Uppsala, Sweden) and surface plasmon resonance (SPR) analysis was performed as described
18,19. LRP or megalin was immobilized on a CM5 sensor chip using the amine-coupling kit
according to the instructions of the manufacturer (Biacore AB, Uppsala, Sweden). One channel
was activated and blocked in the absence of protein and afterwards its signal (<5% of binding
to the coated channels) was used to correct the signal from the coated channels for aspecific
binding. TBS with 0.005% (v/v) Tween 20 was used as flow buffer. Proteins were diluted in
flow buffer with 1 µ M CaCl

2
. SPR analysis was performed at 25° C and at a flow rate of 10 µ L/

min. To determine the association and dissociation constants for the interaction of dimers of
β

2
GPI with immobilized LRP a flow rate of 30 µ L/min was used. Regeneration of the surfaces

of the chips were performed with 100 mM H
3
PO

4
 for immobilized LRP and with 0.1 M sodium-

citrate containing 1mM of EDTA and 1 M of NaCl, pH 5.0 for immobilized megalin.

Analysis of SPR data
For analysis of the association and dissociation curves of the sensograms,

BiaEvaluation software (Biacore AB, Uppsala, Sweden) was used. Interaction constants
were determined by performing non-linear global fitting of data corrected for bulk refractive
index changes. Data were fitted to various models available within the software. For binding
of dimer β

2
GPI to LRP, a model describing the interaction between dimer β

2
GPI and two

independent binding sites (heterologous ligand, parallel reactions) was found to provide the
best fit for the experimental data. Accuracy of the fits was judged from residual plots and
statistical parameters from previously described equations 20.

Mapping of the epitope recognized by monoclonal anti-β
2
GPI antibodies on LRP

Recombinant fragments of β
2
GPI (kindly provided by Dr. G.M. Iverson, La Jolla

Pharmaceutical Company, San Diego, USA)21 were coated overnight at 4° C at a concentration
of 10 µ g/mL in TBS on high binding ELISA plates (Costar, stripwell plate, 9102 cat. no.,
Corning Incorporated, Corning, NY, USA). Plates were washed three times with TBS/0.1%
Tween 20 and blocked with 150 µ L/well TBS/ 0.1% gelatin/ 0.5 mg/mL purified horse IgG/ 0.1%
Tween 20 for 1 h at 37° C. After three times washing, plates were incubated with 10 µ g/mL of
the monoclonal antibody (50 µ L/well) for 2 h at 37° C. Plates were washed and subsequently
incubated with a peroxidase-labeled rabbit-anti-mouse antibody (RAMPO; Dako, Glostrup,
Denmark), diluted 1:1000 (50 µ L/well), for 1 h at 37°C.  Development of the ELISA was performed
using o-phenylene-diamine (OPD).
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Results

Binding of dimeric β
2
GPI to megalin

It previously has been shown that megalin acts as a receptor for β
2
GPI, and that

receptor binding is enhanced by the association of β
2
GPI to a negatively charged phospholipid

surface 1. We therefore addressed the question whether enhanced receptor binding could be
a result of dimerization of β

2
GPI. To this end, monomeric and dimeric β

2
GPI were compared for

binding to megalin by SPR analysis. At a concentration of 3.8 µ M β
2
GPI, reversible binding to

megalin (25 fmol/mm2) was observed (fig. 1, line III). However, at lower concentrations of
β

2
GPI (0.1 µ M), β

2
GPI association to megalin could not be detected (fig. 1, IV), suggesting

that complex formation involves a low affinity interaction. At a similar concentration of 0.1
µ M, efficient binding of a dimeric variant of β

2
GPI (i.e. apple4-C321S-β

2
GPI fusion protein 2) to

megalin was detected (fig. 1, line I). It also should be noted that the apple4 domain of factor
XI that mediates dimerization of β

2
GPI in the fusion protein displayed association to megalin,

although to a minor extent (fig. 1, line II). Nevertheless, our data indicate that dimerization of
β

2
GPI may increase the association efficiency of the ligand to the receptor.

FIG. 1. Binding of apple- β 2GPI fusion
proteins to immobilized megalin. Megalin
was immobilized on CM5 sensor chips at a
density of 25 fmol/mm2. The protein was
incubated for 2 min at a flow rate of 10 µ L/
min with the various proteins at 25° C. Ligand
solution was replaced with buffer (TBS/0.005%
Tween 20) to initiate dissociation. I, apple4-
C321S-β

2
GPI (0.1 µ M); II, apple4 (0.1 µ M);

III, β
2
GPI (3.8 µ M); IV, β

2
GPI (0.1 µ M).

Binding of dimeric β
2
GPI to LRP

Although megalin and LRP share a number of ligands, the β
2
GPI monomer seems to

interact with megalin selectively 1. Indeed, by using concentrations as high as 3.8 µ M, no
association of β

2
GPI to LRP (8 fmol/mm2) could be detected (fig. 2, line IV). In contrast,

dimeric β
2
GPI (0.1 µ M) displayed reversible binding to immobilized LRP, whereas no binding

of dimeric apple4 (0.1µ M) was observed (fig. 2, line I and III, respectively). We studied the
binding of dimeric β

2
GPI to LRP in more detail by assessing the apparent association and

dissociation rate constants, which are summarized in table 1. Data analysis revealed that a
model describing the interaction of dimers of β

2
GPI with two classes of binding sites

(heterologous ligand, parallel interactions) provided the best fit for the experimental data 20.
By using this model, a high and low affinity interaction with apparent affinity constants of
approximately 3 and 54 nM could be inferred from the kinetic data.
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Effect of a mutation in the phospholipid binding site of β
2
GPI on binding to LRP

To investigate the possibility that binding of dimeric β
2
GPI to LRP has similar

characteristics as binding to negatively charged phospholipids, SPR analysis with a dimer of
β

2
GPI that is unable to bind to phospholipids (apple4-C321S-β

2
GPI-W316S) was performed.

As shown in fig. 2 (line II), this dimer associated to immobilized LRP, although the maximal
response was lower than the response for the association of apple4-C321S-β

2
GPI to LRP. As

shown in table 1, the interaction between apple4-C321S-β
2
GPI-W316S and LRP (apparent

affinity constants 51 ±  26 nM and 87 ±  49 nM) only showed low affinity binding. These
constants differ from the constants for the interaction between dimer β

2
GPI and LRP. The

most dominant effect was observed on the association rate constant referred to as 2, which
was found to be 10-fold lower for apple4-C321S-β

2
GPI-W316S (2.7 (±  0.3) x 105 M-1s-1) than for

apple4-C321S-β
2
GPI (2.8 (±  0.2) x 106 M-1s-1). Our data with the mutant dimer indicate that

FIG. 2. Interaction of apple-β 2GPI fusion
proteins with immobilized LRP. Proteins
were allowed to interact with LRP (8 fmol/
mm2) for 2 min at a flow rate of 30 µ L/min.
Afterwards, protein solution was replaced
by buffer solution. I, apple4-C321S-β

2
GPI

(100 nM); II, apple4-C321S-β
2
GPI-W316S

(0.1 µ M); III, apple4 (0.1 µ M); IV, β
2
GPI

(3.8 µ M); V, β
2
GPI (0.1 µ M).

TABLE 1. Kinetic parameters for the binding of dimers of β 2GPI to LRP. To calculate association
rate constants (k

on(app)
) and dissociation rate constants (k

off(app)
), the data obtained for the interaction of

various concentrations of dimeric β
2
GPI with LRP were analyzed using a two-site binding model. 1 and 2

represent the two classes of binding sites. Apparent affinity constants (K
d(app)

) were calculated from k
off(app)

/
k

on(app)
. Data are based on three measurements using five different concentrations of dimeric β

2
GPI for each

measurement. Data represent mean (±  SD).
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replacement of Trp by Ser at position 316 in β
2
GPI reduces the affinity of dimeric β

2
GPI for

LRP, suggesting that domain V may contribute to interaction with LRP.

Binding of dimer β
2
GPI-anti-β

2
GPI antibody complexes to LRP

To further characterize the interaction between dimeric β
2
GPI and LRP, we used an

array of monoclonal anti-β
2
GPI antibodies. To do so, apple4-C321S-β

2
GPI (0.1 µ M) was

incubated with various monoclonal anti-β
2
GPI antibodies (0.1 µ M) for 30 min at 37° C.

Afterwards, the interaction of the dimeric β
2
GPI-anti-β

2
GPI antibody complexes with

immobilized LRP was assessed. In the presence of antibody 4F3, binding of apple4-C321S-
β

2
GPI to immobilized LRP was inhibited (50%) (fig. 3). Anti-β

2
GPI antibody 1F12 also inhibited

the binding of dimeric β
2
GPI to LRP, although the inhibition was less strong than observed

with antibody 4F3 (20% inhibition). Antibodies 23H9, 22A11, 2B2 and 19H9 did not inhibit the
binding of dimeric β

2
GPI to LRP.

As we are interested in the epitopes on β
2
GPI involved in the binding to LRP, the

epitopes on β
2
GPI that are recognized by the monoclonal anti-β

2
GPI antibodies were

determined. Therefore, recombinant fragments of β
2
GPI were coated and binding of the

antibodies was determined using an ELISA-setup. Domain I, domains I-II, domains I-II-III,
domains I-II-III-IV, domain V, domains IV-V, domains III-IV-V, domains II-III-IV-V and wild-
type β

2
GPI were used 21. As shown in table 2, the combined presence of domains I and II is

needed for the binding of monoclonal anti-β
2
GPI antibody 4F3 to β

2
GPI, suggesting that this

antibody is directed against an epitope located at the interface of domain I and II. Both 23H9
and 22A11 were found to be directed against an epitope on domain II of β

2
GPI, and antibody

2B2 is directed against a region located on domain III. The epitopes recognized by antibodies
19H9 and 1F12 were shown to be located on domain IV and at the interface of domains IV and
V of β

2
GPI, respectively. Thus, these results suggest that besides domain V, also a region at

the interface of domains I and II has a role in the binding of dimeric β
2
GPI to LRP.

FIG. 3. Effect of anti-β 2GPI antibodies on the
interaction between apple4-C321S-β 2GPI
and LRP. Apple4-C321S-β

2
GPI (0.1 µ M) was

preincubated for 30 min at 37° C with 0.1 µ M of
anti-β

2
GPI antibodies. Afterwards, the effect of

preincubation with these antibodies on the binding
of dimeric β

2
GPI to immobilized LRP (4 fmol/

mm2) was investigated using SPR analysis. Binding
is expressed as percentage of inhibition dimeric
β

2
GPI alone to LRP.
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Effects of heparin on the interaction between dimeric β
2
GPI and LRP

β
2
GPI contains two regions enriched in positively charged amino acid residues.

These domains appear to be located in domain V and in domain I (located near the interface
of domain I and II) and are involved in the binding of heparin 22,23. As we showed that both
regions might contribute to the interaction between dimeric β

2
GPI and LRP, we investigated

the ability of heparin to inhibit this interaction. Therefore, apple4-C321S-β
2
GPI (0.1 µ M) was

incubated with various concentrations of heparin for 30 min at 37° C. Subsequently, binding
of the complex between dimeric β

2
GPI and heparin to LRP was measured using SPR analysis.

As shown in fig. 4, heparin inhibited the binding of apple4-C321S-β
2
GPI to LRP (>95%). Half

maximal inhibition of the association of dimeric β
2
GPI to LRP was observed at a concentration

of 13 µ g/mL of heparin.

FIG. 4 Effect of heparin on the interaction
between dimeric βββββ 2GPI and immobilized LRP.
Apple4-C321S-β

2
GPI (0.1 µ M) was preincubated

for 30 min at 37° C with various concentrations of
heparin. This was followed by determination of the
ability of apple4-C321S-β

2
GPI to bind to LRP (4

fmol/mm2) in the presence or absence of heparin
by SPR analysis.

TABLE 2. Mapping of the epitopes recognized by anti- β 2GPI antibodies on β 2GPI. An ELISA-
setup, in which domain-deleted mutants of β

2
GPI were coated, was used to determine the binding of anti-

β
2
GPI antibodies to domains of β

2
GPI.
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V-VIsniamod - - - - + +

V-VI-IIIsniamod - - - + + +
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Discussion

The mechanism by which anti-β
2
GPI antibodies cause thrombosis is not known at

present. We have previously proposed a model for arterial thrombosis in which the β
2
GPI-

anti-β
2
GPI antibody complexes bind to negatively charged phospholipids exposed at the

surface of activated platelets, followed by the interaction of the complex with a receptor
specific for β

2
GPI. As our results suggested that a receptor of the LDL receptor family was

involved 3, we focussed on the interaction of dimeric β
2
GPI with members of the LDL receptor

family. We now showed that dimeric β
2
GPI binds to LRP and megalin and that this interaction

is reversible (fig. 1 and 2). At a concentration of 3.8 µ M, which is similar to the concentration
in plasma, binding of monomeric β

2
GPI to megalin was observed. In contrast, β

2
GPI did not

interact with LRP at a similar concentration. An interesting observation was that the apple4
dimer interacted with megalin, but not with LRP. Since apple4 is the dimerization domain of
factor XI, this observation suggests that factor XI might also associate to megalin. SPR
analysis indeed showed that factor XI interacts with megalin (results not shown), although
the physiological relevance of this interaction is not clear yet. As it has been shown that both
factor XI and activated factor XI failed to associate to LRP 19, this is again a ligand that only
interacts with megalin and not with LRP.

The interaction between dimeric β
2
GPI and immobilized LRP was studied in more

detail by using a mutant dimeric β
2
GPI that cannot bind to negatively charged phospholipids,

a panel of monoclonal anti-β
2
GPI antibodies and heparin. Hereby, it was shown that a region

at the interface of domain I and II and a region in domain V of β
2
GPI participate in the

association of dimeric β
2
GPI to LRP. Besides these two sites on β

2
GPI, LRP also possesses

two possible interaction sites that also can be involved in this interaction: ligand binding
clusters II and IV 24. Furthermore, it should be noted that current software has limitations in
that it is not possible to use more complicated models for kinetic analysis of the data. Therefore,
it is impossible to discriminate between the different interaction sites, implicating that all
values have to be interpreted as apparent values.

In an in vitro flow model for arterial thrombosis, we have shown that two LAC
positive monoclonal anti-β

2
GPI antibodies (4F3 and 2B2) had no effect on platelet adhesion

to collagen, while the other LAC positive antibodies increased platelet adhesion to collagen.
We hypothesized that 4F3 and 2B2 interfered with the binding of the β

2
GPI-anti-β

2
GPI antibody

to a cellular receptor. Our hypothesis was supported by the finding that antibody 4F3 inhibited
the increase in platelet adhesion to collagen induced by dimeric β

2
GPI 3. Here, we showed that

4F3 indeed inhibits the interaction between dimeric β
2
GPI and LRP. In contrast, antibody 2B2

did not inhibit this association (fig. 3). An explanation for this observation might be that it is
not LRP that is located at the platelet membrane, but an other member of the LDL-receptor
family, a splice variant of LRP8 25. Antibodies 23H9, 22A11 and 19H9 also did not interfere
with the interaction between dimeric β

2
GPI and LRP. As LRP is expressed on the membrane

of a large number of cell types, it may have a role in the development of thrombosis in the
antiphospholipid syndrome. Two cell types that have been described to involved in the
pathogenesis of the antiphospholipid syndrome have LRP located at their cell surface:
monocytes and cells of the syncytiotrophoblast, a part of the placenta 12. Therefore, it would
be interesting to determine the role of LRP in the activation of these cells by β

2
GPI-anti-β

2
GPI
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antibody complexes. The data presented here fit nicely with the model we proposed for the
development of an arterial thrombus, although the mechanism by which these cells are
thrombotic is different to that by which platelets exert their thrombotic effects. When
monocytes and cells of the placenta interact with β

2
GPI-anti-β

2
GPI antibody complexes, they

become activated and express thrombotic and anti-thrombotic molecules on their surface. By
the exposure of these molecules on their surfaces, the development of a thrombus may be
stimulated.
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The association between the persistent presence of antiphopsholipid antibodies
(aPL) in plasma and the development of thrombotic complications has been termed the
antiphospholipid syndrome (APS). Nowadays, it is known that these so-called
‘antiphospholipid antibodies’ are not directed against phospholipids directly, as is implicated
by their name, but against phospholipid-bound proteins, of which β

2
-glycoprotein I (β

2
GPI)

and prothrombin are most important ones. These antiphospholipid antibodies are routinely
detected in two ways: (1) by their ability to bind to the negatively charged phospholipid
cardiolipin using an enzyme-linked immunosorbent assay (ELISA) set-up (only for anti-β

2
GPI

antibodies) and (2) by their ability to prolong phospholipid-dependent coagulation assays,
which is called lupus anticoagulant (LAC) activity. The most powerful way to measure
pathogenic antibodies is to determine LAC activity, since it has been shown that the presence
of LAC positive antibodies in plasma is not only an independent risk factor for the
development of thrombosis in patients with the antiphospholipid syndrome, but also the risk
factor with the strongest correlation 1-5. Furthermore, the LAC assay is a kind of a functional
test for the detection of these antibodies and therefore LAC positive antibodies can be
considered as ‘functional’ antibodies.

The discovery that antiphospholipid antibodies were not directed against
phospholipids directly, but against phospholipid-bound proteins such as β

2
GPI, has stimulated

the research on the paradox between the development of thrombosis and LAC activity
enormously. It is known now that antiphospholipid antibodies, especially anti-β

2
GPI

antibodies, in vitro have stimulating effects on endothelial cells, platelets, monocytes and
influences the coagulation reactions, but a clear mechanism of action by which anti-β

2
GPI

antibodies can cause thrombosis has never been described.
In this thesis, using fusion proteins of β

2
GPI and the dimerization domain of

coagulation factor XI as a model for β
2
GPI-anti-β

2
GPI antibody complexes, an in vitro

thrombosis model for the antiphospholipid syndrome was developed to investigate a
mechanism by which antiphospholipid antibodies can cause thrombosis.

β 2
GPI-anti-β 2

GPI complexes

Two mechanisms have been described by which anti-β
2
GPI antibodies can form a

complex with β
2
GPI and subsequently exert their in vitro effects. First, one anti-β

2
GPI antibody

binds two molecules β
2
GPI, thereby forming a bivalent complex 6-8 (fig. 1A), and second one

anti-β
2
GPI antibody binds one β

2
GPI molecule, which results in a conformational change in

β
2
GPI 9-15 (fig. 1B). Both these mechanisms result in an enormously increased affinity for

negatively charged phospholipids compared to β
2
GPI alone. Using our chimeric constructs

of β
2
GPI and the dimerization domain of coagulation factor XI, we have shown that the

formation of a bivalent complex between β
2
GPI and anti-β

2
GPI antibodies is enough to mimic

the effects of β
2
GPI-anti-β

2
GPI antibody complexes with respect to binding to phospholipids

and LAC activity (chapter 3). Although it is also shown that the F(ab) fragment of a LAC
positive anti-β

2
GPI antibody complexed to β

2
GPI is not able to induce LAC activity, one

cannot exclude the possibility that the second mechanism does not play a role at all. A recent
publication of Hammel et al. suggests that β

2
GPI in solution has a slightly different
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conformation compared to β
2
GPI bound to a membrane 16. The change in conformation is

found in domain II, a domain that is not involved in binding to phospholipids We cannot
exclude completely that the fusion of the dimerization domain of factor XI to the N-terminus
of β

2
GPI induces a conformational change in the domain V, which harbours the site that is

essential for binding to phospholipids of β
2
GPI. However, this is unlikely, because fusion of

β
2
GPI with a comparable domain, apple2 of factor XI, did not induce such a conformational

change.

FIG.1. Binding of β 2GPI-anti- β 2GPI antibody complexes to phospholipid membranes. This can
occur by the formation of a bivalent complex between β

2
GPI and an anti-β

2
GPI antibody (A) or by the

induction of a conformational change in β
2
GPI after binding to an anti-β

2
GPI antibody (B). Both result in

a highly increased affinity for phospholipids compared to β
2
GPI alone.

A

B
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A mechanism for the development of thrombosis

It has been shown that antiphospholipid antibodies, in particular anti-β
2
GPI

antibodies, are able to activate cells such as platelets, endothelial cells and monocytes 17-24.
Negatively charged phospholipids exposed on the membranes of these cells can interact with
β

2
GPI-anti-β

2
GPI antibody complexes, which then results in an increased expression of

activation markers. It has been proposed that Fc-receptors play a role in this activation 25.
However, recently it has been shown that F(ab)

2
 fragments of an anti-β

2
GPI antibody and the

complete anti-β
2
GPI antibody are equally able to induce increased thrombus formation in a

hamster thrombosis model 26. This implicates that, since binding of a protein to phospholipids
alone is not enough to activate cells, as was obvious from the inability of annexin V to
activate platelets 27, protein receptors must play a role. We showed that both dimers of β

2
GPI

and anti-β
2
GPI antibodies stimulate platelet adhesion to collagen in an in vitro flow model.

Further, it was shown that this increase in adhesion was mediated by binding of dimeric β
2
GPI

or β
2
GPI-anti-β

2
GPI antibody complexes to a receptor of the low-density lipoprotein (LDL)

receptor family, because the increased adhesion could be inhibited by receptor-associated
protein (RAP)(chapter 4). We propose a model by which β

2
GPI-anti-β

2
GPI antibody complexes

can cause (arterial) thrombosis. As shown in fig. 2, β
2
GPI-anti-β

2
GPI antibody complexes

bind to negatively charged phospholipids that are exposed on the membrane of platelets after
their activation. This is followed by binding of the β

2
GPI-anti-β

2
GPI antibody complex to a

receptor of the LDL-receptor family on the platelet membrane and subsequently dimerization
of this receptor. This results in the transduction of signals by which the platelets become
sensitized and are more prone to form a thrombus after exposure to another stimulus. In
chapter 7, we described that dimeric β

2
GPI is able to bind to the LDL receptor-related protein

(LRP) and megalin. This makes it more likely that LRP8∆ 4-6, which is the only member of the
LDL-receptor family present on platelets, is the receptor by which β

2
GPI-anti-β

2
GPI antibody

complexes exert their pathogenic effects. Furthermore, we showed that binding of dimeric
β

2
GPI to LRP is inhibited by anti-β

2
GPI antibody 4F3, an antibody that also inhibited the

increased platelet deposition on collagen in the in vitro flow system. This suggests that this
antibody interferes with the binding of dimeric β

2
GPI to its receptor, thereby inhibiting  the

effects of the dimer. However, it is not excluded that under certain conditions the Fc-receptor
plays an additional role.

It is quite obvious that the mechanism mentioned above may also fit for the activation
of other cell types, such as endothelial cells (via the very-low-density lipoprotein receptor),
monocytes and cells of the placenta (via LRP) and the kidney (via megalin), but these receptors
may also play a role in normal physiology by binding β

2
GPI. For example, megalin can bind

β
2
GPI alone at a concentration of 0.2 µ M, which is 20 times lower than the plasma concentration

of β
2
GPI. It has been suggested that megalin has a role in the clearance of phosphatidylserine-

containing particles 28. Recently, it was reported that β
2
GPI inhibits both low-density lipoprotein

oxidation and cholesterol accumulation by macrophages in vitro 29. This inhibition of
cholesterol accumulation was a result of a reduction of cholesterol influx and an increase in
cholesterol efflux. Since the uptake of cholesterol is mediated by members of the LDL-receptor
family, an explanation for the inhibition of cholesterol accumulation may be that β

2
GPI interacts

with these receptors, thereby preventing the uptake of cholesterol. These observations all



ch
ap

te
r 

8

119

 G
en

er
al

 d
is

cu
ss

io
n

are of interest by elucidating an (up to now) unknown physiological function of β
2
GPI.

FIG.2. Model for the mechanism by which β 2GPI-anti-β 2GPI antibody complexes can cause
thrombosis. The β

2
GPI-anti-β

2
GPI antibody complexes bind to the negatively charged phospholipids

exposed on the platelet membrane (A). This is followed by the binding of these complexes to a receptor of
the LDL-receptor family (B). Subsequently, this receptor dimerizes and signalling starts. Hereby the platelets
become sensitized and are more prone to form thrombi (C).

B

C

A
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Anti-prothrombin antibodies

At present, there is no consensus on the prothrombotic potential of anti-prothrombin
antibodies. Conflicting results about the association between thrombosis and the presence
of anti-prothrombin antibodies have been described.

We showed in the in vitro flow model that anti-prothrombin antibodies do not
influence platelet deposition to collagen at an arterial flow rate (chapter 5). A likely explanation
for this observation was the observation that anti-prothrombin antibodies do not bind to
platelets adhered to collagen. This is remarkable, because platelets adhered to collagen do
expose negatively charged phospholipids, by which they can interact with prothrombin-anti-
prothrombin antibody complexes. As it is clearly different from what we observed for β

2
GPI-

anti-β
2
GPI antibody complexes, this may indicate that sensitisation of platelets does not only

involve interaction with negatively charged phospholipids, but that this interactions needs
to be stabilized by the binding of the antigen-antibody complex to a receptor. In this respect,
it is interesting to note that the amount of antiphospholipid antibodies in serum is comparable
to the amount in plasma, despite extensive activation of platelets during serum formation.
These results do not exclude that anti-prothrombin antibodies are pathogenic. It is possible
that the low molecular weight heparin used as anticoagulant in these experiments interferes
with binding of the prothrombin-anti-prothrombin antibody complex to a receptor, although
this is difficult to circumvent: the binding of prothrombin to negatively charged phospholipids
is dependent on the presence of calcium ions, which implies that citrate and EDTA cannot be
used as anticoagulants.  On platelets, one receptor for prothrombin has been described:
α

IIb
β

3
 30. The affinity of prothrombin for this receptor is low compared to the affinity of

fibrinogen and von Willebrand factor (vWF) for α
IIb

β
3
. However, the affinity of prothrombin

for this receptor may increase by the formation of a bivalent complex between prothrombin
and anti-prothrombin antibodies. If this mechanism is involved, the prothrombotic effects of
prothrombin-anti-prothrombin antibody complexes are not detected in a perfusion experiment
using collagen as a surface, because platelet adhesion to collagen is relatively independent
on α

IIb
β

3
. α

IIb
β

3 
is necessary for the formation of aggregates on collagen, but as no effect on

aggregate formation has been detected prothrombin-anti-prothrombin antibody complexes
apparently did not influence the formation of a bridge between two α

IIb
β

3
 molecules on

different platelets.

The balance between thrombosis and bleeding complications

The mechanism by which antiphospholipid antibodies cause thrombosis is not
clear at present. Several mechanisms by which these antibodies can cause thrombosis have
been reported. In general, these can be divided into three groups: (1) interference with the
coagulation cascade, (2) activation of the complement system, and (3) activation of cells
involved in haemostasis. The latter has been discussed in the section ‘a mechanism for the
development of thrombosis’ in this chapter. The interference with the coagulation cascade
will be discussed now. During haemostasis, very low levels of thrombin, which are able to
activate protein C to activated protein C (APC), are present in the circulation 31,32. Therefore,
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small amounts of APC continuously inhibit coagulation, preventing further activation of the
coagulation cascade. In in vitro coagulation assays (used for the detection of LAC activity)
this protein C pathway does not play a role, because via the high concentrations of activators
used in in vitro coagulation assays, high concentrations of thrombin are formed. This
phenomenon, in which low concentrations of thrombin have anti-thrombotic and high levels
of thrombin have prothrombotic effects, is named the thrombin paradox. It can be speculated
that in vivo antiphospholipid antibodies may interfere with the formation of low levels of
thrombin, thereby inhibiting the formation of low levels of APC. On the other hand, in vitro
antiphospholipid antibodies in plasma compete with the clotting factors for binding to available
phospholipid surfaces, and thereby prolong clotting times. This suggests that in vivo the
presence of antiphospholipid antibodies can result in a prothrombotic state, whereas in vitro
the presence of these antibodies results in prolongation of coagulation. Our group previously
reported that the presence of antiphospholipid antibodies in patient plasma have no effect on
circulating APC levels in vivo 33. However, it also has been noted that infusion of APC in mice
immunized with antiphospholipid antibodies significantly decreases thrombus size after injury
34.

Activation of the complement system may also play a role in the mechanism by
which these antibodies exert their prothrombitic effects. Holers et al. have shown that activation
of the complement system is important for antibody-induced fetal loss and growth retardation,
but did result in normal litter sizes in a mice model. However, as the anticardiolipin antibodies
used in this model did not recognize murine β

2
GPI-cardiolipin complexes 35, thus the results

described are not easy to understand.
Thus, at present three possible mechanisms for the development of thrombosis in

patients with anti-β
2
GPI antibodies have been proposed: (1) interference of antiphospholipid

antibodies with the protein C pathway, (2) activation of the complement system, and (3)
activation of cells involved in haemostasis. The latter can be subdivided into (a) activation
via a Fc-receptor-dependent mechanism, and (b) activation of these cells via a receptor
specific for β

2
GPI-anti-β

2
GPI antibody complexes. These mechanisms are all based on in vitro

observations and observations in animal models. However, the value of most of the
observations in animal models for the antiphospholipid syndrome is limited. Most of these
animal models are based on the induction of experimental ‘antiphospholipid syndrome’ with
antibodies directed against human β

2
GPI and the majority of the studies did not test if these

antibodies recognize murine β
2
GPI. In the absence of such reactivity, the artificial experimental

‘antiphospholipid syndrome’ differs from the human situation. In these experimental
‘antiphospholipid syndromes’, activation of Fc-receptors via aggregated IgG and the
complement system then would be the major explanation and not specific activation of platelets
and endothelial cells by β

2
GPI-anti-β

2
GPI antibody complexes. In a hamster thrombosis model,

in which it was shown that the anti-β
2
GPI antibodies used recognize hamster β

2
GPI, the

increase in thrombus size was not dependent on activation of the Fc-receptor. This clearly
supports a role for a receptor that is specific for β

2
GPI-anti-β

2
GPI antibody complexes 26. Our

experiments described in chapter 4 confirm these observations. However, these observations
are only relevant for arterial thrombosis in which the activation of platelets is important. For
venous thrombosis, the formation of an extensive fibrin network is  the dominant factor. This
suggests that activation of the coagulation cascade (or inhibition of the protein C pathway)
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is an important mechanism by which antiphospholipid antibodies cause venous thrombosis.
However, this has never been studied in in vivo animal models. It is possible that all mechanisms
play a role in vivo under different conditions. Furthermore, binding of the β

2
GPI-anti-β

2
GPI

antibody complexes to negatively charged phospholipids, which is, as was shown in chapter
4, essential for activation of platelets, may in vivo also result in inhibition of coagulation. But
the balance between the activation of cells, such as platelets and endothelial cells, and the
interference with the protein C pathway (thrombotic) and the inhibition of coagulation (anti-
thrombotic) will finally result in the development of a pathological thrombus in patients with
the antiphospholipid syndrome.

Future prospectives: what about the patient?

In the future, the search for the mechanism by which these antibodies cause
thrombosis will be continued by us and other groups. An important question is: do these
antibodies activate platelets, endothelial cells and monocytes via similar mechanisms? However,
the most important question will be: are the mechanisms by which β

2
GPI-anti-β

2
GPI antibody

complexes stimulate the development of thrombosis in vivo similar to the mechanisms
concluded from in vitro experiments?

Another important problem is the treatment of patients with the antiphospholipid
syndrome. Currently, most patients with the antiphospholipid syndrome are treated for life
with oral anticoagulants and aspirin to prevent a recurrent thrombosis. However, such
treatment needs careful and regular measurement of the level of anticoagulation and there is
always a possibility for bleeding complications. Heparin, is a well-known and effective
therapeutic anticoagulant 36. In vitro experiments suggest that heparin inhibits some specific
effects of antiphospholipid antibodies, in particular related to pregnancy problems. It has
been shown that heparin restores trophoblast function and invasiveness, which are disturbed
in the presence of antiphospholipid antibodies, in an in vitro model. It has also been suggested
that heparin may act as an immunomodulatory agent, which affects cytokine production and
cell signalling 37. Two possible mechanisms by which heparin inhibits the effects of β

2
GPI-

anti-β
2
GPI antibody complexes can be suggested. First, heparin inhibits the binding of these

complexes to negatively charged phospholipids by binding to the phospholipid binding site
of β

2
GPI. Second, heparin may inhibit the binding of β

2
GPI-anti-β

2
GPI antibody complexes to

a receptor of the LDL-receptor family. Both these mechanisms will result in abolishment of the
effects of β

2
GPI-anti-β

2
GPI antibody complexes. We have shown in chapter 7 that heparin

indeed inhibits the binding of dimeric β
2
GPI to LRP. These findings suggest that, compared to

oral anticoagulants, treatment with heparin may be preferable. As a long term treatment with
heparin is not possible, studies in which the influence of heparin and low molecular weight
heparin (LWMH) on phospholipid binding and interaction with LRP are compared, should be
performed. Bleeding complications with prophylactic doses of LMWH are also less frequent
compared to oral anticoagulant use. However, induction of osteoporosis with long term use
argue against its use.

It would be very interesting to determine the effects of antibody 4F3 on the activation
of other cell types by dimeric β

2
GPI. When this antibody also inhibits the activation of other
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cells, like endothelial cells and monocytes, it might be a possible way to inhibit the activation
of cells by β

2
GPI-anti-β

2
GPI antibody complexes and thereby prevent the development of

thrombosis in patients with the antiphospholipid syndrome. Theoretically, infusion of a F(ab)
2

fragment of this antibody would be a new therapy to prevent recurrent thrombosis. However,
one of the most important problems will be the clearance of the β

2
GPI-F(ab)

2
 complex and thus

a very short half life of the protein, which makes it with the current knowledge not useful.
Another novel approach to develop a therapy for patients with the antiphospholipid

syndrome, is to induce tolerance against β
2
GPI in these patients. Recently, it has been reported

that the majority of the anti-β
2
GPI antibodies in patients with the antiphospholipid syndrome

are directed against domain I of β
2
GPI 38,39. This knowledge was used to make a polyvalent

construct that might induce tolerance of anti-β
2
GPI secreting B-cells. To do so, four molecules

of domain 1 of β
2
GPI were coupled to one molecule of polyethyleneglycol (PEG, 20 kDa; LPJ

1082). These molecules are used to induce polyclonal activation of premature B cells, which
will then result in apoptosis of these B cells. This system seems to work in mice, where
administration of domain I of β

2
GPI gave inhibition of the antibody response to β

2
GPI with a

decrease in number of antibody forming cells. At present, this therapy is tested in a phase I
and II clinical trial 40. However, some critical remarks have to be made. Can these molecules
discriminate between premature and mature B cells? And do these molecules really induce
tolerance against anti-β

2
GPI antibodies or is inhibition of the antibody response just a decrease

in circulating anti-β
2
GPI antibodies caused by the clearance of complexes between anti-β

2
GPI

antibodies and LPJ 1082? Furthermore, an important difference between the model in mice
and humans is that treatment in mice starts much earlier than in humans. In humans one will
treat an ongoing disease, which is much more difficult to treat than a disease that had just
started in most cases.

Thus, in the future there might be better therapies for patients with the
antiphospholipid syndrome. However, it will be difficult to develop one standard treatment
for these patients, because the population of autoantibodies involved in this syndrome
seems to be very heterogeneous. Therefore, the effects of β

2
GPI-anti-β

2
GPI antibody

complexes on various cell types, such as platelets, endothelial cells and monocytes, will be
subject of ongoing research. Furthermore, the effects of prothrombin-anti-prothrombin
antibody complexes on these cells need to be investigated in more detail to get more insight
in the mechanism by which these antibodies can cause thrombosis.
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Inleiding

Het antifosfolipiden syndroom
Normaal gesproken worden lichaamsvreemde stoffen, zoals bacteriën en virussen,

in het lichaam door het afweersysteem opgeruimd. Hiervoor worden afweerstoffen (ook wel
antistoffen genoemd) gemaakt tegen deze lichaamsvreemde stoffen. Deze antistoffen herken-
nen een specifiek deel van de lichaamsvreemde stof, wat uiteindelijk als resultaat heeft dat
deze lichaamsvreemde stof wordt opgeruimd. Soms ontspoort de productie van antistoffen,
waardoor niet alleen antistoffen worden gemaakt tegen lichaamsvreemde stoffen, maar ook
tegen lichaamseigen stoffen. Deze antistoffen worden autoantistoffen genoemd.

Antifosfolipiden antistoffen (aPL) zin een typisch voorbeeld van autoantistoffen.
De aanwezigheid van deze antistoffen in bloed geeft een hogere kans op trombose (verstop-
ping van een bloedvat ten gevolge van een bloedprop) en miskramen. Deze miskramen wor-
den waarschijnlijk veroorzaakt door trombose van de bloedvaten in de moederkoek, waar-
door de ongeboren vrucht niet genoeg voedingsstoffen op kan nemen om in leven te blijven.
Het verband tussen de aanwezigheid van aPL en het voorkomen van trombose en miskramen
wordt ook wel het antifosfolipiden syndroom genoemd.

Tot 1990 werd gedacht dat aPL gericht waren tegen fosfolipiden, zoals de naam aPL
ook doet vermoeden. Fosfolipiden zijn een soort vetten en zijn belangrijke bouwstenen van
de membraan (het omhulsel) die om elke cel in het lichaam zit. In 1990 werd ontdekt dat aPL
niet gericht zijn tegen fosfolipiden, maar tegen eiwitten die aan fosfolipiden kunnen binden.
De belangrijkste eiwitten waartegen aPL gericht kunnen zijn, zijn β

2
-glycoproteine I (β

2
GPI)

en protrombine. Over de functie van β
2
GPI in het lichaam is weinig bekend. Personen die dit

eiwit missen door een fout in het DNA (het genetische materiaal) lijken hierdoor geen proble-
men te hebben. Protrombine is een belangrijk eiwit in de bloedstolling. Protrombine wordt dan
geknipt wat resulteert in de vorming van trombine (zie bloedstelping). aPL die gericht zijn
tegen β

2
GPI en protrombine worden ook wel anti-β

2
GPI en anti-protrombine antistoffen ge-

noemd.
aPL kunnen op twee manieren worden opgespoord: (1) door de binding van de

antistoffen aan β
2
GPI en protrombine (die eventueel gebonden zijn aan fosfolipiden) te meten

en (2) door lupus anticoagulante (LAC) activiteit  te meten. LAC activiteit wordt bepaald in
plasma (dat deel van het bloed wat overblijft na de verwijdering van alle bloedcellen) met
behulp van stoltesten. Met een stoltest kan worden bepaald hoe snel (of hoe langzaam) een
plasma stolt. Antistoffen met LAC activiteit zorgen ervoor dat plasma langzamer stolt, wat
normaal gesproken bloeding betekent. Dit is dus het tegenovergestelde van de trombose die
in de patiënt wordt gezien. Niet alle aPL bezitten LAC activiteit. Gezien het feit dat met LAC
activiteit een functie, en dus niet alleen de aanwezigheid, van antistoffen wordt getest, wor-
den antistoffen met LAC activiteit ook wel ‘functionele’ antistoffen genoemd. Ook is LAC
activiteit sterker met trombose geassocieerd in patiënten dan alleen de aanwezigheid van
antistoffen.

Bloedstelping
Bloedstelping is het proces wat ervoor zorgt dat bij een beschadiging van de bloed-

vatwand de wond wordt hersteld zonder dat er onnodig bloedverlies optreedt. Dit proces is
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onder normale omstandigheden strikt gereguleerd, waardoor alleen een stolsel kan ontstaan
waar een bloedvat is beschadigd. Dit stolsel sluit dus niet de bloedstroom af. Wordt deze
balans echter verstoort, dan kan in het bloedvat een trombus ontstaan die wel de bloed-
stroom afsluit.

Op het moment dat er een wond ontstaat, treden er een aantal aan elkaar gekoppelde
reacties op. Allereerst trekt het bloedvat samen, waardoor de hoeveelheid bloed die door het
vat stroomt wordt verminderd. Door de beschadiging van de bloedvatwand worden eiwitten
(zoals collageen en tissue factor) die normaal niet in contact komen met het bloed blootge-
steld aan de bloedstroom. Dit heeft tot gevolg dat bloedplaatjes, die in rustende toestand
circuleren in het bloed, hechten aan een aantal van deze eiwitten (bv. collageen). Hierdoor
worden de plaatjes geactiveerd, waardoor ze weer andere bloedplaatjes kunnen binden. Op
deze manier ontstaat een bloedplaatjesprop die de wond afsluit. Deze prop is alleen niet erg
stevig, waardoor hij weg gespoeld kan worden door de bloedstroom in het vat. Daarom wordt
de prop verstevigd m.b.v. een fibrinenetwerk. De eerste aanzet tot de vorming van dit
fibrinenetwerk is de binding van actief factor VII, wat in kleine hoeveelheden in het bloed
circuleert, aan tissue factor, een eiwit dat door de vaatwandbeschadiging wordt blootgesteld
aan de bloedstroom. Hierop wordt een waterval van elkaar opvolgende reacties aangezet (de
stollingscascade), die uiteindelijk resulteren in de vorming van trombine (zie hoofdstuk 1,
figuur 3). Trombine knipt dan fibrinogeen tot fibrine, wat onoplosbaar is. Ook activeert trombine
factor XIII, die het fibrinenetwerk verstevigt. Het resultaat hiervan is welbekende het korstje
op de wond. Na het genezen van de wond moet het stolsel ook weer afgebroken worden. Dit
gebeurt in een proces dat fibrinolyse wordt genoemd. Voor de meeste van de reacties in de
stollingscascade is de binding van stolfactoren aan negatief geladen fosfolipiden nodig.
Onder normale omstandigheden zijn alleen fosfolipiden zonder lading aanwezig op de buiten-
kant van de membraan van de cellen, maar door activatie van bv. bloedplaatjes komen er ook
negatief geladen fosfolipiden op de membraan van deze cellen.

Om te voorkomen dat de het proces wat zorgt voor de afsluiting van de wond uit de
hand loopt (en er dus een te trombus ontstaat die niet alleen de wond, maar ook het vat
afsluit) zijn er een aantal remmers van de bloedstolling in het bloed aanwezig. Ook worden er
in stollingscascade eiwitten (proteine C) geactiveerd die deze cascade remmen, waardoor
deze zichzelf in de hand kan houden. Een ander belangrijk mechanisme om dit proces te
reguleren is dat het proces wordt gestart door eiwitten die onder normale omstandigheden
niet in contact komen met het bloed. Treedt er echter een beschadiging op van de vaatwand,
dan kunnen deze eiwitten wel in contact komen met bloed, waardoor de bloedstelping gestart
wordt.

β
2
GPI en anti-β

2
GPI antistoffen

Als anti-β
2
GPI antistoffen aan β

2
GPI binden heeft dit als resultaat dat dit complex

veel sterker aan negatief geladen fosfolipiden bindt dan β
2
GPI zelf. Hierdoor is ook de LAC

activiteit te verklaren. Zoals al eerder genoemd, zijn negatief geladen fosfolipiden nodig om
de reacties van de stollingscascade goed te kunnen laten verlopen. In een stoltest worden
deze negatief geladen fosfolipiden toegevoegd op het moment dat de reactie wordt gestart
met een activator van de stollingscascade. Als er nu anti-β

2
GPI antistoffen in dit plasma

aanwezig zijn, kunnen deze aan β
2
GPI (wat ook in plasma aanwezig is) binden. Dit complex
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bindt dan weer aan de negatief geladen fosfolipiden, waardoor deze fosfolipiden niet meer in
staat zijn om stolfactoren te binden. Hierdoor  verloopt de stollingscascade minder snel en is
dus ook tijd voordat het plasma is gestold langer. Dit is dus LAC activiteit.

Anti-β
2
GPI antistoffen die β

2
GPI hebben gebonden (β

2
GPI-anti-β

2
GPI antistof com-

plexen) kunnen op een aantal manieren met de bloedstelping interfereren. De belangrijkste
van deze manieren lijken te zijn: (1) de activatie van cellen die betrokken zijn bij de bloedstel-
ping en (2) remming van de activatie van protei022ne C, waardoor de stollingscascade minder
goed wordt geremd. Wij hebben ons geconcentreerd op het eerste mechanisme en dan de
activatie van bloedplaatjes. Hiervoor hebben we een model gebruikt wat de bloedstroom in
een bloedvat met een wond nabootst en dat model wordt hieronder uitgelegd.

Het perfusiesysteem
Met het perfusiesysteem kan naar de binding van bloedplaatjes aan verschillende

oppervlakken en met verschillende stromingssnelheden, representatief voor de stroomsnelheid
van het bloed in aders (venen) en slagaders (arteriën), gekeken worden. Hiervoor wordt bloed
van vrijwilligers gebruikt waaraan een stof is toegevoegd die activatie van de stollingscascade
tegengaat. Dit bloed wordt met een gedefinieerde snelheid door slangetjes, die verbonden
zijn met de perfusiekamer, getrokken. De perfusiekamer (hoofdstuk 1, figuur 4) bevat een
dekglaasje waarop bv. collageen gecoat is. Op deze manier wordt dus alleen het stukje van de
vorming van de bloedplaatjesprop tijdens de bloedstelping eruit gelicht om beter kunnen
bestuderen. Na de perfusie worden de bloedplaatjes op het dekglaasje gekleurd en wordt de
bedekking van het dekglaasje gemeten met behulp van een microscoop.

Receptoren
Een goede verklaring voor de effecten van β

2
GPI-anti-β

2
GPI antistof complexen op

cellen, zou kunnen zijn dat deze complexen aan receptoren (een soort antennes) op de buiten-
kant van deze cellen binden. Goede kandidaten hiervoor zijn leden van een familie van deze
antennes die de LDL-receptor familie wordt genoemd. LDL staat voor low-density lipoprotein
en wordt ook wel het slechte cholesterol genoemd. Van een van deze leden, megaline, is
bekend dat β

2
GPI er aan kan binden. Megaline zit op cellen in de nieren en zal dus niet zo’n

grote rol spelen in het antifosfolipiden syndroom, maar bv. LRP (LDL-Receptor gerelateerd
Proteine) wordt gevonden op cellen in de moederkoek en LRP8 zit als antenne op bloed-
plaatjes. Deze zouden dus wel een rol kunnen spelen in de ontwikkeling van trombose in het
antifosfolipiden syndroom.

Doel van de studie
Het doel van deze studie is te onderzoeken wat het mechanisme is waardoor mensen

met aPL (en in het bijzonder anti-β
2
GPI antistoffen) trombose ontwikkelen.

Resultaten

Dimerizatie van β
2
GPI door anti-β

2
GPI antistoffen

Er zijn twee mechanismen beschreven voor manier waarop anti-β
2
GPI antistoffen

aan β
2
GPI binden: (1) een anti-β

2
GPI antistof heeft twee pootjes en bindt met ieder pootje een
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β
2
GPI (dimerizatie) en (2) een anti-β

2
GPI antistof bindt een β

2
GPI, waardoor er een vorm-

verandering ontstaat in β
2
GPI. Beide mechanismen zorgen ervoor dat het β

2
GPI-anti-β

2
GPI

antistof complex veel beter aan fosfolipiden kan binden dan β
2
GPI zelf. Een schematische

tekening van deze mechanismen is te vinden in hoofdstuk 8 (figuur 1). Wij hebben ons
geconcentreerd op het eerste mechanisme. Hiervoor hebben we een eiwit gemaakt wat be-
staat uit 2 keer β

2
GPI en twee keer apple4. Dit is een deel van stolfactor XI wat zichzelf

spontaan bindt. Hierdoor ontstaat dus ook een dimeer van β
2
GPI (voor een schematische

tekening zie hoofdstuk 3, figuur 1A). In hoofdstuk 3 hebben we laten zien dat dit dimeer β
2
GPI

inderdaad veel beter aan fosfolipiden bindt dan β
2
GPI zelf en dat het in staat is de stoltijd van

plasma te verlengen (en dus LAC activiteit bezit). Met dit dimeer β
2
GPI kunnen dus de

verdere effecten van β
2
GPI-anti-β

2
GPI antistof complexen op de verschillende componenten

die een rol spelen in de bloedstelping getest worden.

De effecten van dimeer β
2
GPI, anti-β

2
GPI en anti-protrombine  antistoffen op plaatjesactivatie

Met het perfusiesysteem zijn de effecten van dimeer β
2
GPI en anti-β

2
GPI op de

binding (adhesie) van bloedplaatjes aan collageen getest (hoofdstuk 4). Dimeer β
2
GPI en de

meeste LAC positieve anti-β
2
GPI antistoffen verhoogden de adhesie van bloedplaatjes aan

collageen. Ook hebben we laten zien dat de aggregaten (klontjes van bloedplaatjes) groter
zijn in aanwezigheid van dimeer β

2
GPI dan in afwezigheid van dimeer β

2
GPI.

Een LAC positieve anti-β
2
GPI antistof die de adhesie van bloedplaatjes aan collag-

een niet stimuleerde is 4F3. Om te kijken of deze antistof misschien de binding van dimeer
β

2
GPI (of β

2
GPI-anti-β

2
GPI antistof complexen) aan een mogelijke receptor op het bloed-

plaatje remt, werd 4F3 samen met dimeer β
2
GPI aan een perfusie toegevoegd. De verhoogde

adhesie van bloedplaatjes in aanwezigheid van dimeer β
2
GPI verdween hierdoor. Dit betekent

dat 4F3 inderdaad de binding van dimeer β
2
GPI aan een receptor op het bloedplaatje remt. Om

te kijken of receptoren van de LDL-receptor familie (zoals LRP8) een rol spelen, werd een
perfusie uitgevoerd in aanwezigheid van dimeer β

2
GPI (of anti-β

2
GPI antistoffen) en RAP.

RAP is een eiwit wat aan alle (tot dusver) bekende leden van de LDL-receptor familie zo sterk
kan binden, dat andere eiwitten die aan deze receptoren kunnen binden daar geen mogelijk-
heid meer voor hebben. In aanwezigheid van RAP verdween inderdaad de verhoogde adhe-
sie van bloedplaatje die we zagen met alleen dimeer β

2
GPI. Dit betekent dat er een sterke

aanwijzing is dat een receptor van de LDL-receptor familie een rol speelt in de versterkte
activatie van bloedplaatjes door dimeer β

2
GPI (of anti-β

2
GPI antistoffen).

Een andere aanwijzing voor het mechanisme waardoor β
2
GPI-anti-β

2
GPI antistof

complexen effecten hebben op bloedplaatjes kwam door het gebruik van andere oppervlak-
ken, zoals fibrinogeen. In aanwezigheid van dimeer β

2
GPI werd hier geen verhoogde adhesie

van bloedplaatjes gevonden. Een verklaring hiervoor is dat bloedplaatjes door aan collageen
te hechten zover geactiveerd worden dat ze negatief geladen fosfolipiden op hun oppervlak
krijgen. Binding van bloedplaatjes aan fibrinogeen geeft een veel minder grote activatie van
bloedplaatjes en er worden dan ook geen negatief geladen fosfolipiden gevonden op het
oppervlak van bloedplaatjes die gebonden hebben aan fibrinogeen. Zoals al eerder genoemd
binden dimeer β

2
GPI en β

2
GPI-anti-β

2
GPI antistof complexen erg sterk aan deze negatief

geladen fosfolipiden. Daarom denken wij dat het volgende mechanisme een verklaring kan
zijn voor de effecten van β

2
GPI-anti-β

2
GPI antistof complexen op bloedplaatjes. Allereerst
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binden β
2
GPI-anti-β

2
GPI antistof complexen aan de negatief geladen fosfolipiden op het

oppervlak van geactiveerde bloedplaatjes. Dit wordt gevolgd door binding van de complexen
aan een receptor van de LDL-receptor familie, die dan in staat is te dimerizeren. Door deze
dimerizatie, worden signalen gestart waardoor het bloedplaatje nog sterker geactiveerd wordt.
Dit resulteert uiteindelijk in de vorming van een prop, die i.p.v. alleen de wond, het hele vat
afsluit (voor een schematische tekening zie hoofdstuk 8, figuur 2). Dit mechanisme geldt
alleen voor slagaders, omdat de stroomsnelheid van het bloed in de experimenten overeen-
komt met de stroomsnelheid van het bloed in slagaders.

In tegenstelling tot anti-β
2
GPI antistoffen, hebben anti-protrombine antistoffen geen

effect op de adhesie van bloedplaatjes aan collageen. Een verklaring hiervoor is dat anti-
protrombine antistoffen niet (en anti-β

2
GPI antistoffen wel) aan bloedplaatjes kunnen binden.

Effecten van dimeer β
2
GPI en anti-β

2
GPI antistoffen op de aggregatie van bloedplaatjes

Naast het binden van bloedplaatjes aan bv. collageen, vormen de bloedplaatjes ook
een prop (aggregaat) door aan elkaar te binden. Dit wordt niet in stromend bloed getest, maar
in een buisje met plasma en bloedplaatjes. Hieraan wordt, al roerende, een stof aan toege-
voegd die bloedplaatjes kan activeren (bv. ADP). De effecten van dimeer β

2
GPI en anti-β

2
GPI

antistoffen op bloedplaatjes aggregatie zijn met behulp van dit systeem getest. Dimeer β
2
GPI

had geen enkel effect op de aggregatie van bloedplaatjes na activatie met ADP. In tegenstel-
ling tot dimeer β

2
GPI hadden anti-β

2
GPI antistoffen wel een stimulerend effect op de aggregatie

van bloedplaatjes in aanwezigheid van ADP (hoofdstuk 6). Omdat dit de eerste observatie
was dat de effecten van dimeer β

2
GPI en anti-β

2
GPI antistoffen verschilden, zijn vervolg-

experimenten gedaan. Hierin is aangetoond dat het een anti-β
2
GPI antistof was die de bloed-

plaatjes activeerde, maar dat het een klomp (een aggregaat) van anti-β
2
GPI antistoffen was,

wat de bloedplaatjes activeerde. Dit geeft een aspecifieke activatie van de bloedplaatjes, die
niet veroorzaakt kan worden door dimeer β

2
GPI.

Binding van dimeer β
2
GPI aan receptoren van de LDL-receptor familie

In hoofdstuk 4 hebben we aangetoond dat dimeer β
2
GPI en anti-β

2
GPI antistoffen

waarschijnlijk bloedplaatjes activeren via een mechanisme waar een receptor van de LDL-
receptor familie bij is betrokken. Daarom hebben we met behulp van Biacore analyse (een
apparaat wat binding meet) de binding van dimeer β

2
GPI aan LRP en megaline gemeten. Beide

eiwitten binden inderdaad dimeer β
2
GPI. Bij de binding van dimeer β

2
GPI aan LRP zijn een

stuk van β
2
GPI wat op de grens van domein 1 en 2 ligt en domein 5 van β

2
GPI betrokken (voor

een schematische tekening met de domeinen van β
2
GPI zie hoofdstuk 2, figuur 2).

Conclusie
Met het gedane onderzoek hebben we aangetoond dat dimeer β

2
GPI op een zelfde

manier als anti-β
2
GPI antistoffen werkt. Beiden zijn in staat om bloedplaatjes te activeren via

een mechanisme waarbij negatief geladen fosfolipiden en een receptor van de LDL-receptor
familie betrokken zijn. Met deze bevindingen heeft een link gelegd tussen de LAC activiteit
die wordt gemeten in het lab en de trombose die gezien wordt in patiënten.
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