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INTRODUCTION

 

It is 20 years since the use of a radioimmunoassay enabled an
association to be described between antibodies to the anionic
phospholipid cardiolipin and a set of clinical features [1]. These
features, which included thrombosis – both venous and arterial –
and recurrent foetal loss, subsequently became known as the
antiphospholipid syndrome (APS) [2–4]. They had previously
been shown to be associated with positive Venereal Disease Ref-
erence laboratory (VDRL) and lupus anticoagulant (LA) tests,
both of which detect antiphospholipid antibodies [5–8]. However,
the radioimmunoassay, and the enzyme-linked assays (ELISA)
derived from it [9], are considerably more sensitive, and their use
enabled the clinical syndrome to be clearly defined. Many addi-
tional clinical features have been described, such as neurological
disorders, migraine, livedo reticularis and thrombocytopenia [10–
12]. Some of these remain controversial, and may be features of
associated connective tissue diseases such as systemic lupus
erythematosus (SLE), with which APS frequently coexists. They
are not all directly related to thrombosis. APS can occur as an iso-
lated, primary condition [13–15]. It has emerged as the most com-
mon cause of acquired thrombophilia, and is a major cause of
pregnancy morbidity. Because thrombosis in APS can occur at
almost any site, it is a condition that is seen in almost all medical
specialities.

Central to our understanding of antiphospholipid syndrome
has been the demonstration that the autoantibodies in the condi-
tion probably play a direct role in pathogenesis. Strong evidence
for this has come from murine models. Passive transfer of
antiphospholipid antibodies (aPL) to normal mice can generally
[16–19], though not always [20], produce features resembling
human APS, notably impairment of foetal development. Similar
results have been obtained by immunizing mice with aPL [21]. In
a murine model of venous injury the addition of aPL results in
increased local clot formation [22].

Another critical discovery was that antibodies to phospho-
lipid appear to represent part of a large family of autoantibodies,
many of which recognize phospholipid-binding plasma proteins
either alone, or in combination with phospholipid. The first of
these proteins to be recognized was beta-2-glycoprotein I

(

 

b

 

2

 

GPI) [23,24]. This molecule has number of physiological func-
tions, which include a regulatory role within coagulation path-
ways. Prothrombin is another important protein recognized by
sera of patients with APS. Others include annexin V, high and low
molecular weight kininogens, protein C and protein S (see
Table 1).

In general, aPL found in patients with antiphospholipid syn-
drome require the presence of 

 

b

 

2

 

GPI for binding to cardiolipin.
Indeed, most of these antibodies appear to bind to 

 

b

 

2

 

GPI itself
(reviewed in [25]). This may be through an epitope on native,
unbound 

 

b

 

2

 

GPI. However, antibodies to 

 

b

 

2

 

GPI are generally of
low affinity [25], and it has been proposed that the binding of
anionic phospholipid, such as cardiolipin, to 

 

b

 

2

 

GPI enhances this
affinity: this enhancement may occur through the revealing of a
cryptic epitope on the 

 

b

 

2

 

GPI molecule [26]. Furthermore, there is
evidence for the binding of aPL to different domains of 

 

b

 

2

 

GPI,
although binding to domain I may predominate (reviewed in
[26]). These conflicting results may simply reflect the existence of
different subpopulations of aPL within the sera of individuals
with APS. What is clear is that, for the majority of so-called
antiphospholipid antibodies that are detected by ELISA in the
serum of patients with APS, anionic phospholipid such as cardio-
lipin is not the antigen to which those antibodies are actually
binding. By contrast, anticardiolipin antibodies that arise as a con-
sequence of infection – and are not normally associated with the
syndrome – do not tend to be dependent on 

 

b

 

2

 

GPI for binding to
phospholipid [25,27–29].

The picture that has emerged is of an autoimmune condition
in which antibodies are expressed in the serum against a variety of
phospholipid and protein antigens. Not only are different speci-
ficities found in different patients [30], but there may be great het-
erogeneity within an individual [31,32]. How is it that some of
these antibodies appear to cause clinical disease?

 

HAEMOSTASIS

 

The central feature of APS is thrombosis. Several theories have
emerged to explain the association between raised serum anticar-
diolipin levels and vascular pathology. Many of these have built
on the intimate association between phospholipid-binding pro-
teins and antibodies found in the syndrome. The regulation of
haemostasis is complex, and occurs at a number of levels. These
include platelet and endothelial cell (EC) activity, as well as the
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coagulation and fibrinolytic cascades and their regulatory pro-
teins. Intriguingly, there is now considerable evidence for the abil-
ity of phospholipid-associated antibodies to interfere with all of
these. This may be a reflection of the different populations of such
antibodies; or it may be due to the fact that the molecules that
these antibodies recognize – such as 

 

b

 

2

 

GPI – play important reg-
ulatory roles at different levels.

 

Coagulation

 

Before the description of the solid-phase assay for anticardiolipin
antibodies, the most sensitive way to detect such antibodies was
the LA test [33,34]. This is now understood to be an 

 

in vitro

 

 phe-
nomenon, in which there is a prolongation of the kaolin clotting
time (or similar measures of the intrinsic coagulation pathway)
that cannot be corrected by the addition of normal plasma (i.e. a
source of clotting factors). It probably arises because of an effect
of aPL on the prothrombinase complex or on prothrombin itself
[34,35]. This does not reflect the overall effect 

 

in vivo

 

, where the
balance of effects on the clotting cascade is in the direction of
increased coagulation.

Many points in the coagulation cascade are phospholipid-
dependent, and it was postulated early on that these might be
potential sites of action of aPL. Inhibition of action at some of
these would be expected to have an anticoagulant effect, while at
others it would be predicted to promote clotting. An example of
the latter is the complex of factors IXa and VIIIa (the so-called
‘tenase’ complex; see Fig. 1). While it is possible that such mech-
anisms contribute to the actions of aPL, it now seems more likely
that the disturbances of coagulation seen in APS are primarily
due to antibodies that recognize phospholipid-binding proteins.

These include components of the extrinsic and intrinsic coagula-
tion pathways, respectively the complex of tissue factor and factor
VIIa [33–38], and prekallikrein [39].

Tissue factor acts as a major initiator of the extrinsic coagu-
lation pathway, being a cofactor for the activation of factor VII.
Tissue factor activity is up-regulated in patients with APS, prob-
ably due to increased expression by endothelial cells and mono-
cytes (see below) [40–43].

The end result of both the extrinsic and intrinsic pathways is
the conversion of prothrombin to thrombin (Fig. 1). This has
received increasing attention in the context of APS, with antibod-
ies to both molecules being well described, in particular pro-
thrombin [44]. While anti-prothrombin antibodies may be
responsible for the 

 

in vitro

 

 phenomenon of the lupus anticoagu-
lant, 

 

in vivo

 

 their presence may be associated with a tendency to
increased coagulation. This is an area of controversy, with some
groups reporting an association between the presence of anti-
prothrombin antibodies and clinical or haematological features of
APS [45–47], and other groups finding no association [48,49,44].
This may be explained by different detection methods, and by the
presence of antibodies with different epitope specificities [50],
resulting in different functional properties [51,52]. One group has
shown that antibodies that recognize the complex of prothrombin
and phosphatidyl serine (an anionic phospholipid) are distinct
from those that bind prothrombin alone, and are well correlated
with features of APS [53].

Most patients with APS who have anti-prothrombin antibod-
ies also have antibodies to thrombin [45,54]. These may have a
procoagulant effect by protecting thrombin from inactivation by

 

Table 1.

 

Antigen specificities of antibodies that have been detected in the 
serum of patients with antiphospholipid syndrome.

Antigen/antigen complex References

Phospholipids
Anionic phospholipids (e.g. cardiolipin, phosphatidyl

serine)
[1]

Zwitterionic phospholipids (e.g. phosphatidyl
ethanolamine)

[73]

Components and regulators of coagulation and fibrinolysis
Beta 2 glycoprotein I [23,24]
Prothrombin [44,46–52]
Thrombin [45,54]
Anti-thrombin III/thrombin complex [55]
Tissue factor/factor VIIa complex [36,37]
High and low molecular weight kininogen [73]
Prekallikrein [55]
Sulphatides [74]
Protein Z/protein Z protease inhibitor system [75]
Protein C [30,57]
Protein S [30]
Thrombomodulin [61,62]
Tissue plasminogen activator [67]
Annexin V [70]

Lipoproteins
Oxidized low density lipoprotein [106,107]
High density lipoprotein [111]
Apolipoprotein A-I [111]

 

Fig. 1.

 

A summary of the coagulation pathways. Only a few important
stages are shown. Fibrinogen is converted to fibrin by the action of throm-
bin, which is generated by the action of the prothrombinase complex
(containing factor Xa) on prothrombin. Two cascades can lead to the
activation of factor X: the intrinsic pathway, promoted by a variety of
factors, including collagen (exposed in the vessel wall), kallikrein (derived
from prekallikrein*), and kininogens; and the extrinsic pathway, initiated
by factors derived from endothelial cells, monocytes or platelets, including
tissue factor (TF). The whole process should be envisaged as taking place
at the surface of one of these cells, which, when activated, is a source of
anionic phospholipid. Solid arrows indicate pathways. Dashed arrows indi-
cate promotion (+) or inhibition (–) of a pathway. Asterisks indicate poten-
tial sites of action of antibodies in APS.
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the regulatory protein anti-thrombin III. Similarly, antibodies
have been described to the complex of anti-thrombin III and
thrombin [55].

 

Protein C pathway

 

Another area that has received considerable attention is the pro-
tein C pathway (Fig. 2). This is an important feedback mechanism
for controlling thrombin formation, and thus has an anti-throm-
botic effect. Protein C is a vitamin-K-dependent serine protein-
ase, a heterozygous deficiency of which results in recurrent
thrombotic disease [56]. Activated protein C combines with
another cofactor, protein S, in the presence of phospholipid to
catalyse the degradation of factors Va and VIIIa of the coagula-
tion pathway. For this to take place, protein C is first converted to
its active form by thrombin in the presence of thrombomodulin,
an EC-derived cofactor.

Protein C is a potential target for antibodies in APS. aPL
derived from patients’ serum have been shown 

 

in vitro

 

 to impair
the degradation of factor V by protein C [30,57,58]. This effect has
been shown to be phospholipid dependent [59], and may be due
to an inhibitory effect on the protein C/protein S complex [60].

The activation of protein C by thrombomodulin could be
another target for antibodies in APS. IgG from patients with the
lupus anticoagulant have been shown to inhibit the activity of
thrombomodulin [61]. Its ability to activate protein C is enhanced
by phospholipid; this enhancement was found to be neutralized
by an IgM antibody with lupus anticoagulant activity [62].

 

Fibrinolysis

 

Reduced activitation of protein C could also have an effect on the
fibrinolytic system. Fibrin, which is the end product of the coag-
ulation cascade, is degraded by plasmin, which itself is generated
as a result of a complex cascade (Fig. 3). It is derived from plas-
minogen through the action of tissue plasminogen activator
(tPA). An important modulator of this process is plasminogen
activator inhibitor (PAI), which is another endothelial-derived
protein. Activated protein C has been shown to decrease the PAI
activity of cultured EC, and may therefore act indirectly as a pro-
moter of fibrinolysis [63,64]. Thus the binding of antibodies to
protein C could impair clot degradation.

The data on the role of tPA and PAI in APS are conflicting.
Some groups have shown a raised level of PAI antigen or activity
in APS compared with control patients [65], while others have
failed to show any difference [66]. One group has demonstrated
the presence of antibodies to tPA in patients with APS [67]. They
showed in two cases that these antibodies bind to the catalytic
domain of the molecule, suggesting that they could reduce tPA
activity, and thus reduce fibrinolysis.

Our own data showed no difference between patients with
APS and SLE controls in respect of tPA levels and PAI activity;
nor was there any significant correlation between these and levels
of anticardiolipin antibodies as measured by ELISA or the lupus
anticoagulant [68]. However, we did find a strong positive corre-
lation between levels of von Willebrand factor and IgG anticar-
diolipin levels, and a strong negative correlation between von
Willebrand factor levels and the platelet count. These findings
may be explained by an increase in the release of von Willebrand
factor from EC. This could lead to enhanced platelet adhesion to
vessel walls, resulting in an increased tendency to thrombosis, and
a reduction in circulating platelet number.

Kallikrein is another promoter of the conversion of plasmi-
nogen to plasmin. Reduced prekallikrein activity has been shown
in a group of patients with the lupus anticoagulant, suggesting a
further mechanism for impaired fibrinolysis [39].

 

Annexin V

 

Another protein that regulates the clotting cascade is annexin V.
It has anticoagulant activity, interfering with the binding of pro-
coagulant factors to procoagulant membranes [69]. Notably, it is
expressed by endothelial cells in the placenta and the placental
precursor, the trophoblast, where it is thought to function as a nat-
ural anticoagulant. It probably does so by crystallizing over
anionic phospholipids, thus inhibiting them from participating in
coagulation reactions. Sera from about half of patients with serum
aPL contain antibodies that bind to annexin V [70]. It has been
shown that these antibodies can disrupt the annexin shield, allow-
ing increased generation of thrombin [71]. Another group found
that IgG anti-annexin antibodies only bind to free annexin, and
not when it is associated with phospholipid [72]. Either way, anti-
annexin V activity could represent part of the mechanism of
increased foetal loss in APS (see below).

 

Fig. 2.

 

A summary of the protein C pathway. Endothelial cells (EC) are
a source of thrombomodulin, and anionic phospholipid. Solid arrows indi-
cate pathways. Dashed arrows indicate promotion (+) or inhibition (–) of
a pathway. Asterisks indicate potential sites of action of antibodies in APS.
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Fig. 3.

 

A summary of the fibrinolytic pathway. Solid arrows indicate path-
ways. Dashed arrows indicate promotion (+) or inhibition (–) of a pathway.
Asterisks indicate potential sites of action of antibodies in APS. FDP:
fibrin degradation products.
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Other regulatory proteins

 

In the wealth of literature on antibody specificity in APS, a
number of other antigens have been described that are recog-
nized by sera of patients with the condition, binding of which
could alter haemostasis. For instance, antibodies have been
identified that bind to phospholipid in association with high
or low molecular weight kininogens [73]. Antibodies have also
been described that bind to sulphatides [74]. These are sul-
phated glycosphingolipids that are expressed on the surface of
erythrocytes, leucocytes and platelets, and that interact with
several adhesion molecules involved in haemostasis. Another
group has shown an impairment in patients with APS of the
protein Z/protein Z protease inhibitor system, another
regulatory mechanism that inhibits factor Xa. They also
showed that aPL from these patients inhibit this mechanism

 

in vitro

 

 [75].

 

Platelets

 

Platelets play a central role in coagulation: they provide intrinsic
coagulation proteins, and they also form procoagulant membrane
surfaces, characterized by the exposure of anionic phospholipids.
There is now a growing body of evidence to suggest that some of
the pathogenic activity of antibodies in APS may occur through
effects on platelets.

Increased platelet activation can be been demonstrated in
patients with APS [76], and there is evidence that aPL can
directly promote this. Activation of platelets has been shown
in an 

 

in vitro

 

 model, using polyclonal and monoclonal aPL
from patients with APS [77]. It has also been shown in a dif-
ferent model that anti

 

b

 

2

 

GPI antibodies can promote platelet
binding to vascular subendothelium [78]. Another group has
found that complexes of aPL and 

 

b

 

2

 

GPI can increase the pro-
duction from platelets of thromboxane A2, an eicosanoid that
promotes vasoconstriction and clotting [79]. This appears to
occur through an increase in the activity of platelet cyclic
AMP [80].

Recently there has been more direct evidence for the role of
anti

 

b

 

2

 

GPI antibodies in promoting platelet adhesion and aggre-
gation. Using an 

 

in vitro

 

 flow system, de Groot and colleagues [81]
have shown that dimerized 

 

b

 

2

 

GPI (which mimics the effects of

 

b

 

2

 

GPI–anti

 

b

 

2

 

GPI complexes) can increase adhesion of platelets
to collagen, and their aggregation. They have further demon-
strated, by coimmunoprecipitation, that this activity is probably
mediated by the apolipoprotein E receptor 2

 

¢

 

, which is a member
of the low density lipoprotein (LDL) receptor family [81]. Since
many types of cell express members of this receptor family on
their surface, such a mechanism could mediate the activation of
other cells in APS.

However, not all groups have confirmed the ability of aPL or
anti

 

b

 

2

 

GPI antibodies to activate platelets [82]. The picture is
complicated by the presence of specific antiplatelet antibodies in
the serum of patients with APS and associated connective tissue
diseases.

There has been much controversy as to whether thrombocy-
topenia is a manifestation of APS. If it occurs it is generally mild,
and does not usually lead to problems with bleeding. What is clear
is that the administration of aPL to experimental animals gener-
ally results in a lowering of the platelet count [17,19]. The mech-
anism is uncertain. It may be due to platelet consumption, or may
result from the presence of antibodies to platelet glycoproteins
[83,84].

 

Endothelial cells

 

In the study of APS pathogenesis, the area that has received per-
haps the greatest attention in recent years has been the endothe-
lial cell. In its normal state, the endothelial lining of blood vessels
plays a central part in homeostasis, helping to maintain blood flu-
idity via a number of mediators that inhibit coagulation. How-
ever, certain stimuli can alter the phenotype of EC, allowing them
to act as a surface that promotes coagulation. There has been
accumulating evidence that aPL may have a direct effect on these
cells, helping to promote the switch to the pro-coagulant pheno-
type. This state parallels the ‘pro-adhesive’ or pro-inflammatory
phenotype.

A relatively early observation was that aPL may interfere
with the release from endothelial cells of prostacyclin [85]. This is
an eicosanoid that has actions broadly opposed to those of throm-
boxane. It was suggested at the time that this action of aPL might
occur through an effect on cell surface phospholipid. Although
the finding was controversial [86,87], it was soon recognized that
the sera of patients with APS frequently contain antibodies that
bind to the surface of endothelial cells [88]. However, there did
not appear to be a close relationship between antiendothelial cell
and antiphospholipid binding. For instance, antiendothelial activ-
ity could only be poorly absorbed by preincubation with phos-
pholipid micelles [88–91]. This is consistent with the resting state
of the endothelial cell membrane, in which anionic phospholipids
are not exposed on the outside. However, even when endothelial
cells are activated, the binding of aPL-positive sera is not neces-
sarily enhanced.

These findings can be explained by the observation that

 

b

 

2

 

GPI may be the chief molecule involved in the binding of aPL-
positive sera to endothelial surfaces [92,93]. Sera that contained
anticardiolipin and anti

 

b

 

2

 

GPI antibodies were found to have
reduced antiendothelial cell activity when the EC had been cul-
tured in serum-free medium. The antiendothelial cell activity was
restored when purified human 

 

b

 

2

 

GPI was added. It was postu-
lated that 

 

b

 

2

 

GPI in the culture medium adhered to EC, and was
recognized by anti

 

b

 

2

 

GPI antibodies in the test sera; when serum-
free medium was used, this source of 

 

b

 

2

 

GPI was not available.
These observations are supported by the finding that 

 

b

 

2

 

GPI
can bind to EC 

 

in vitro

 

, and can be demonstrated on trophoblast
EC 

 

in vivo

 

 (reviewed in [88]). The binding of 

 

b

 

2

 

GPI to EC
appears to occur through the cationic, phospholipid-binding site
in the fifth domain of the molecule.

If 

 

b

 

2

 

GPI is indeed present on the surface of EC 

 

in vivo

 

, this
could suggest a potential pathway for the action of antibodies in
APS. The pro-inflammatory, procoagulant phenotype can be
induced in EC 

 

in vitro

 

 by incubation with anti

 

b

 

2

 

GPI antibodies
[42,92–97]. This has been shown with both monoclonal and poly-
clonal antibodies. Characteristics of this change in phenotype
include the up-regulation of adhesion molecules such as E-selec-
tin, intercellular adhesion molecule 1 (ICAM-1) and vascular cell
adhesion molecule 1 (VCAM 

 

-

 

1), and the increased secretion of
pro-inflammatory cytokines, including interleukin 1 (IL-1) and
interleukin 6 (IL-6). It can also result in the expression of tissue
factor. This activator of the extrinsic coagulation pathway can be
expressed by a variety of cells, including EC, in response to
inflammatory cytokines (e.g. IL-1

 

b

 

 and tumour necrosis factor 

 

a

 

)
or endotoxin. Tissue factor production by EC can be up-regulated
by anti

 

b

 

2

 

GPI antibodies 

 

in vitro

 

 [42]; and raised levels of tissue
factor  have  been  demonstrated  in  patients  with  APS  [41].
Anti-

 

b

 

2

 

GPI antibodies can induce the production of other
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procoagulant proteins by EC [97]. In this way, antibodies that
bind to 

 

b

 

2

 

GPI – and are generally present in the sera of patients
with APS – could promote a hypercoagulable state.

These effects of anti

 

b

 

2

 

GPI antibodies on EC appear to be
mediated by nuclear factor kappa B [98]. Annexin II may also
play a role [99].

 

Other cells

 

Monocytes can contribute directly to coagulation under physio-
logical conditions, and this also appears to be the case in APS.
Serum from patients with APS can induce a procoagulant, tissue
factor-like activity in monocytes 

 

in vitro

 

 [40,42]; and monocytes
taken from such patients also show an enhanced production of tis-
sue factor, which correlates with a history of thrombosis [100].
This may be due to binding of 

 

b

 

2

 

GPI at the cell surface [77]: there
is a correlation between the expression on monocytes of 

 

b

 

2

 

GPI
and of tissue factor in patients with APS [43].

Although serum antibodies in APS can be found to bind to
surface molecules on a variety of cells, it is unlikely that this
involves anionic phospholipid, which is not exposed on the sur-
face of intact cell membranes. aPL do, however, bind to apoptotic
cells, where the membrane is disrupted [101]. This may provide a
stimulus for sustaining or enhancing the autoimmune process, but
it is uncertain whether it contributes directly to the pathogenic
action of the antibodies.

 

VESSEL TONE

 

Another way in which endothelial cells could mediate the effects
of aPL is through their control of vessel tone. EC release a num-
ber of factors that can alter the tone of the vessel wall, including
vasoconstrictors such as endothelin and platelet activating factor,
and vasodilators such as nitric oxide and prostacyclin. As noted
above, aPL may reduce the release of prostacyclin from EC [85].
It has also been shown that levels of the vasoconstrictor endot-
helin I peptide are raised in patients with thrombosis due to APS
[102]. A perturbation of the balance of vessel wall regulation
towards vasoconstriction could explain the increased frequency of
Raynaud’s phenomenon and livedo reticularis seen in APS, and
could also contribute to thrombosis.

 

ATHEROSCLEROSIS

 

Over the last few years it has become increasingly recognized that
many autoimmune conditions carry with them an increased risk
for the development or progression of atherosclerosis. In the case
of APS there are no prospectve studies to confirm this; and the
picture is confused by the close association with SLE, in which
there may be many risk factors for the enhancement of atheroma
formation, including the inflammatory disease and corticosteroid
treatment [103]. Nevertheless, it does appear that APS is an inde-
pendent risk factor for an increased development or progression
of atherosclerosis [104].

There are a number of potential mechanisms through which
antibodies found in APS could promote atherogenesis (reviewed
in [105]). Perhaps the most compelling is through binding to

 

b

 

2

 

GPI. This molecule (also known as apolipoprotein H) is present
in various lipoprotein fractions, including oxidized LDL. It is the
uptake of oxidized LDL by macrophages in the blood vessel wall
to form foam cells that is thought to initiate atheroma plaque for-
mation. Antibodies to oxidized LDL are well described in APS,

although there has been some controversy as to whether they
cross-react with 

 

b

 

2

 

GPI [106,107]. One group has isolated the
ligand on oxidized LDL to which 

 

b

 

2

 

GPI binds. They have shown
in an 

 

in vitro

 

 model that liposomes containing this ligand are
taken up by macrophages, and that this process is enhanced by

 

b

 

2

 

GPI and anti-

 

b

 

2

 

GPI antibodies [108]. Furthermore, LDL-recep-
tor-deficient mice immunized with 

 

b

 

2

 

GPI show accelerated ath-
erosclerosis [109]. If macrophages are activated by the uptake of
oxidized LDL, this could result in damage to endothelial cells, and
subsequent promotion of thrombosis [110].

Another possible mechanism is interference with the protec-
tive effect of high-density lipoprotein (HDL) and apolipoprotein
A-I (apo A-I). HDL helps to prevent the oxidation of LDL, while
apo A-I stabilizes paraoxonase, an antioxidant enzyme within the
HDL particle. Patients with APS have a high frequency of anti-
bodies to HDL and apo A-I, a large percentage of which cross-
react with cardiolipin [111].

At this stage the link between specific antibodies and athero-
genesis in APS is less strong than for thrombosis, although clearly
the two processes are related [112].

 

FOETAL LOSS

 

It was long thought that miscarriage in APS could largely be
explained by impaired foetal blood supply caused by placental
thrombosis and infarction. Placental infarcts have been described
in cases of foetal loss due to APS (reviewed in [113]). Any of the
potential mechanisms for increased coagulation outlined above
could play a role, notably antiannexin V activity. However, pla-
cental infarction is not always present, and it is thought likely that
other mechanisms are equally or even more important [114,115].

It is known that the spiral arteries of the placenta show abnor-
mal development in APS [116]. This could be due to an effect on
endothelial function, as outlined above. However, it has also been
shown that purified aPL can bind specifically to placental antigens
[117], providing a potential mechanism for nonthrombotic pla-
cental damage and impaired foetal blood supply. aPL and anti-
bodies to 

 

b

 

2

 

GPI have also been found to modify trophoblast
proliferation and differentiation [118,119]. aPL may bind directly
to trophoblast cell membranes through exposed anionic phospho-
lipid and adhered 

 

b

 

2

 

GPI: this may result in altered gonadotrophin
secretion [119]. One group has shown a direct effect of aPL on
embryonic implantation in a murine model [18]. Using elegant
embryo transfer experiments, they have demonstrated that
defects in both the embryo and the mother contribute to preg-
nancy failure [120].

There is emerging evidence that the complement pathway
may also mediate foetal damage in APS. Salmon and colleagues
have shown in a mouse model of APS that activation of the C3
component of complement is needed for foetal loss to occur [121];
in the same model they have also demonstrated a requirement for
complement C5 as a mediator of foetal injury [122]. It has been
suggested that local complement activation could be a mechanism
for damage to tissues such as vascular endothelium and the tro-
phoblast [121]. This would fit with the observation that local com-
plement inhibition appears to be a requirement for normal
murine pregnancy [123]. A drawback to such animal experiments
is the uncertainty that remains about how relevant murine models
of APS are to the human disease, particularly those that involve
the  transfer  of  heterologous  antibodies,  which  could  result
in immune complex formation and complement activation.



 

398

 

C. G. Mackworth-Young

 

© 2004 Blackwell Publishing Ltd, 

 

Clinical and Experimental Immunology

 

, 

 

136

 

:393–401

 

However, a number of findings in humans do support these initial
conclusions: inflammatory changes have been described in pla-
centae from women with APS [124,125]; elevated levels of com-
plement split products have been demonstrated in the serum of
patients with cerebral thrombotic events due to APS [126]; and
the complement-fixing ability of aPL has been shown to be asso-
ciated with foetal loss (and indeed thrombosis) [127].

 

NEUROLOGICAL DAMAGE

 

A wide variety of neurological disorders have been reported in
APS [3,10]. Many of these, such as stroke and mononeuritis, can
be explained by thromboembolism. Even here there remains
some controversy about the precise relationship between aPL and
such events. For instance, a large American study has recently
found that the presence of aPL in patients with ischaemic stroke
does not predict an increased risk for subsequent vascular occlu-
sive events [128]. Unfortunately animal models are unhelpful
here: among the many that have been reported, thrombosis out-
side the placenta is not a characteristic feature, and nor are spe-
cific neurological abnormalities.

There are other neurological features seen in human APS that
are less readily explained by thrombosis: examples include cere-
bral dysfunction (for instance poor concentration or forgetful-
ness) and multiple sclerosis-like lesions. Although such features
could be due to microthrombi, there is increasing evidence that
aPL can in fact cause direct damage to neurones. Antibodies to
the anionic phospholipid phosphatidylserine have been shown to
bind directly to neuronal tissue [129], as have antibodies to 

 

b

 

2

 

GPI
[130]. Subsequent experiments have indicated that there may be
functional effects of such antibodies on neuronal cells. For
instance, it has been demostrated that aPL can cause depolariza-
tion of synaptoneurosomes in an 

 

in vitro

 

 preparation, suggesting
that these antibodies could disrupt neuronal function by a direct
action on nerve terminals [131]. Shoenfeld and colleagues per-
formed 

 

in vivo

 

 experiments, administering purified IgG from
patients with APS into the cerebral ventricles of normal mice:
they found impairment of learning and memory, again suggesting
a direct antineuronal effect [132].

 

SECOND HIT PHENOMENON

 

There seem, therefore, to be multiple ways in which aPL and
related antibodies could cause pathology. Yet many individuals
with high IgG aPL levels do not develop features of APS. This
may be due to the particular pattern of antibody specificities in
their serum. However, it appears that for many people other fac-
tors may be needed for the expression of APS, i.e. a ‘second hit’ is
required. Thus pregnancy (a hypercoagulable state) can lead to
the development of thrombosis in patients with raised aPL levels
[133,134]. Other promoters of thrombosis in APS include the
presence of factor V Leiden [135], vascular injury and infection
[136].

 

CONCLUSIONS

 

In the last 20 years a wealth of information has emerged about the
potential action of autoantibodies in APS. It seems very likely
that at least some of these antibodies are directly pathogenic. A
large number of mechanisms have been proposed, most of which
involve disturbance of coagulation pathways, their regulatory sys-

tems, and the cells that control them. It is improbable that they all
have a significant role 

 

in vivo

 

: much of the evidence comes from

 

in vitro

 

 experiments; and in some areas it depends on single
reports. Although many of these putative mechanisms are closely
related, it may well be that their multiplicity reflects the wide het-
erogeneity of antibody specificities within individuals and
between different people with the condition. It may indeed be
that thrombosis represents the final common pathway of many
disease processes, each of which is dependent on its own partic-
ular autoantibody profile. The same could apply to foetal loss and
neuronal disease. One of the chief aims of research over the next
few years will be to establish which of these many mechanisms are
truly central to the disease process, so that specific therapies can
be designed for this unusual and often devastating condition.
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