Pathophysiological mechanisms in

antiphospholipid syndrome

Antiphospholipid syndrome is a systemic autoimmune disease associated with thrombosis and recurrent
fetal loss in the setting of detectable antiphospholipid (aPL) antibodies. The major antigenic target has
been identified as p,-glycoprotein | (B,GPI), which mediates binding of aPL antibodies to target cells
including endothelial cells, monocytes, platelets and trophoblasts, leading to prothrombotic and
proinflammatory changes that ultimately result in thrombosis and fetal loss. This article summarizes recent
insights into the role of B,GPI in normal hemostasis, interactions between aPL antibodies, p,GPI and cell-
surface molecules, molecular prothrombotic and proinflammatory changes induced by aPL antibodies and
pathogenic changes leading to fetal loss in antiphospholipid syndrome. New directions in therapy using

these insights are examined.
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Antiphospholipid syndrome (APS) is a systemic
autoimmune disease characterized by recurrent
thrombosis and fetal loss in the presence of per-
sistently positive antiphospholipid (aPL) antibod-
ies (Abs) including lupus anticoagulant (LAC),
IgG/IgM anticardiolipin (aCL) Abs and anti-32-
glycoprotein I (B,GPI) Abs 1-3]. aPL Abs are a
heterogenous group of autoantibodies that react
to phospholipids (PLs), PL-binding proteins and
PL—protein complexes. aPL Abs mainly target the
antigen [3,GPI and along with Abs acting against
prothrombin (PT) account for more than 90%
of the Ab-binding activity in APS patients [4-6).
While many aPL Abs exhibit specificity for a sin-
gle antigen, purified aPL Abs from some patients
bind multiple proteins involved in coagulation,
suggesting a single aPL Ab clone can induce
multiple changes in coagulation and cell activity
resulting in thrombosis or fetal loss [7).

Presence of aPL Abs per se does not guaran-
tee a patient will develop APS as only 8.1% of
patients with aPL Abs without a history of clini-
cal thrombosis developed thrombosis during a
5-year follow-up period, suggesting that a patient
needs an additional insult to develop the clinical
disease [8]. Supporting this ‘two-hit’ hypothesis,
comorbidities that have been identified as signifi-
cant risk factors for thrombosis in APS include
hypertension, presence of an autoimmune dis-
ease, hypercholesterolemia, presence of anti-
dsDNA Abs or medium-to-high titer aCL Abs
8]. Risk factors particulatly for arterial thrombo-
sis include hypertension, hyperhomocysteinemia
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and use of hormone-replacement therapy or oral
contraceptives [9]. By contrast, venous thrombo-
sis was associated with presence of hypertriglyc-
eridemia, presence of a hereditary thrombophilia
or aCL IgG more than 40 IU [9).

Antiphospholipid syndrome causes significant
morbidity with positive LAC and/or aPL Abs
conferring an increased risk of thrombosis with
an odds ratio ranging from 3.1 to 9.4 [10,11). The
risk of recurrent thrombosis in APS over 5 years
is 16.6% despite the use of anticoagulants and/or
aspirin. APS is also associated with a 5-year mor-
tality of 5.3% with most deaths occurring within
the first year of diagnosis, with the leading causes
of death being bacterial infections, myocardial
infarction, stroke and cerebral hemorrhage [12).
Catastrophic APS — multiple simultaneous arte-
rial or venous thromboses in the presence of aPL
Abs — is a much-feared, albeit rare complication
occurring in 0.9% of patients with APS. Despite
aggressive treatment, mortality rates still range
between 44 and 55.6% [12,13]. These data under-
score the need for development of more effec-
tive therapies that target the pathologic processes
involved in APS without the toxicities associated
with chronic anticoagulation.

Structure & binding of ,GPI

Studies into the structure of ,GPI have revealed
that the individual domains are important for
interaction with aPL Abs as well as cell-sur-

face molecules leading to the pathologic fea-
tures of APS. Anti-B,GPI Abs associated with
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thrombosis have been shown to bind readily to
domain I of recombinant B,GPI but interact
only with plasma 3, GPI attached to an anionic
surface, implying that a conformational change
is necessary for B,GPI binding [14-16). This was
recently confirmed and expanded upon by
Agar ez al. who demonstrated that B,GPI has a
native circular structure in plasma maintained
by interaction of domains V and 1. Exposure
to an anionic surface leads to the opening of
the structure into a fish-hook shape via interac-
tion between the anionic surface and domain V.
This conformational change facilitates binding
of anti-B,GPI to ,GPI by exposing an epitope
in domain I that is hidden in the circular con-
formation [17]. The light chain fragments of
anti-B,GPI Abs carry the antigen specificity,
establishing that the interaction is with ,GPI
itself and not immunoglobulin in general [13].
Polymorphisms of §,GPI are also found in APS
with the replacement of leucine by valine at
position 247 being found more frequently in
APS patients in certain populations (19-22]. This
polymorphism, particularly in the homozygous
state, has been shown to be associated with the
production of anti-B,GPI Abs, which may be
due to the presence of valine at this site, caus-
ing an increase in the antigenicity of B,GPI 120].
Providing clinical evidence of the importance of
domain I binding in APS, de Laat ez 2/. demon-
strated that presence of domain I-specific anti-
B,GPI Abs was associated with increased risk of
thrombosis, while there was no increased risk
from anti-B,GPI Abs targeting other domains
of B,GPI 15,23).

Recent studies have established that domain V
is the primary site of interaction between
B,GPI and the various cell-surface molecules
with which it interacts. Rahgozar ez a/. demon-
strated that 3,GPI binds to thrombin and this
binding prevents the inactivation of thrombin
by heparin/heparin cofactor II [24,25]. Binding
of anti-f,GPI Abs potentiates this interaction,
leading to increased thrombin activity [24,25].
B,GPIalso binds to ApoER2’, a splice variant of
ApoE receptor 2 (ApoER2) found on platelets,
and this interaction is dependent upon domain
V [26.27]. Binding to ApoER2" by dimerized
B,GPI induces platelet activation and platelet
aggregation. This effect was reproduced with
anti-B,GPI Abs but not normal plasma 8,GPI,
indicating that anti-B,GPI Abs exert some of
their effects by dimerization of ,GPI and
interaction of dimerized B,GPI with cell-sur-

face receptors [28]. In a recent study, Romay-
Penabad ez al. showed that ApoER2 mediates
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aPL-mediated pathogenic effects in vivo, in
experiments that utilized ApoER2’-deficient
mice and specific inhibitors [29].
B,-glycoprotein I interacts with annexins,
a family of phospholipid-binding proteins of
which annexin (Ann) A2 and Ann A5 have
been implicated in the pathogenesis of APS.
Ann A2 acts as an endothelial cell-surface
receptor for plasminogen and tissue plas-
minogen activator (tPA), and also mediates
the binding of B,GPI/anti-B,GPI complexes
to endothelial cells and monocytes, leading
to cell activation and expression of a proco-
agulant phenotype [30-33]. Furthermore, aPL
Ab-induced increases in endothelial cell adhe-
sion molecules, ICAM and E-selectin have
been shown to be abrogated by treatment with
anti-Ann A2 Abs [34]. Also, knockout of Ann
A2 in mice significantly blunted thrombus for-
mation and diminished vascular tissue factor
(TF) and VCAM expression induced by aPL
Ab exposure [34]. Similarly, Zhou ez al. have
found that increased expression of ANX2, the
gene coding for Ann A2, leads to increased
anti-B,GPI Ab-induced TF expression while
silencing of ANX2 partially blocks this increase
in TF expression in HEK 293 T cells 311. All
this evidence highlights the essential role that
Ann A2 plays as a cell-surface receptor for aPL
in the induction of a procoagulant state in APS
patients. However, it is important to note that
although cell-surface Ann A2 lacks an intra-
cellular tail and is unable to induce intracel-
lular signal transduction by itself, it can act
as a binding partner for intracellular surface
molecules in lipid rafts [34,35]. This means that
Ann A2 most likely utilizes a coreceptor for
intracellular signal transduction and subse-
quent cell activation as a result of aPL action.
The effects of anti-B,GPI Ab binding appear
to be dependent upon Ann A2 crosslinking,
suggesting anti-B,GPI Abs may exert their
effects on cell signaling by inducing interaction
between Ann A2-associated intracellular sign-
aling molecules [36]. There is evidence for Toll-
like receptors (TLRs), particularly TLR4 and
TLR2, functioning as coreceptors for Ann A2
in aPL-mediated cell activation, both of these
TLRs being present on endothelial cells and
monocytes [37.38]. Abs directed against Ann A2
itself have also been detected in 14.8-40.4%
of patients with APS and are associated with
in vitro prothrombotic changes including
increased expression of TF and inhibition of

tPA-mediated plasmin activation suggesting an
anti-f,GPI Ab-independent role in APS [30,39].
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Annexin A5 is another member of the annexin
family and is expressed by placental villous
syncytiotrophoblasts and vascular endothelial
cells. It exerts anticoagulant activity by binding
to anionic PL blocking the activation of factor
(F)IX and FX by TF and FVIla and the activa-
tion of PT by FXa and FVa [40]. This interaction
with anionic PL has made Ann A5 a promising
possible target for aPL Abs. The anticoagulant
effect of Ann A5 and aPL Ab-induced effects on
Ann A5 can be monitored by evaluation of the
Ann A5 anticoagulant ratio, a ratio of coagula-
tion time in the presence of Ann A5 compared
with the absence of Ann AS5. Sera from patients
with APS, particularly those with Abs target-
ing domain I of BZGPI, were found to decrease
Ann A5 binding and decrease the Ann A5 anti-
coagulant ratio, indicating a prothrombotic
state compared with control sera from healthy
individuals and patients with syphilis [41-44].
This decrease in binding appears to be due to
augmented 3,GPI binding to anionic PL by aPL
Abs and thus occupying the binding sites for
Ann A5, preventing the anticoagulant effect of
Ann A5 [44,45).

Thrombogenic mechanisms in APS
Effects of aPL Abs on monocytes,
platelets & endothelial cells
Monocytes
A role for monocyte activation in aPL-medi-
ated thrombogenesis in APS patients has been
described. Utilizing proteomics analysis, Lopez-
Pedrera ez al. demonstrated, in monocytes from
APS patients with thrombosis, the differen-
tial expression of Ann I and Ann II, as well as
Ras homolog gene family, member A (RhoA)
and neural precursor cell expressed, develop-
mentally downregulated 8 (Nedd8), proteins
involved in cell signaling and heat shock pro-
tein 60 (Hsp60), an immune regulatory protein,
when compared with patients with APS without
thrombosis and those with thrombosis unrelated
to APS (Ficure 1) [46]. Titers of aCL correlated
with the degree of dysregulation, and exposure
of normal monocytes to APS sera caused a trans-
formation of the protein expression profile to
that of an APS patient [46]. The distinct pattern
of protein expression in monocytes from these
APS patients indicates that activation of these
leukocytes occurs as a result of autoimmune-
related processes and leads to the induction of a
procoagulant state. Multiple groups have found
that aCL Abs induce increased TF expression
by monocytes via activation of the p38 MAPK
pathway, resulting in nuclear factor-«kB (NF-«B)

future science group

activation, as well as activation of the ERK1/2
pathway, which does not result in NF-«xB acti-
vation [3747-49]. Monocytes from patients with
APS, particularly those with a history of throm-
bosis, exhibit increased TF mRNA expression
and increased cell-surface TF. This TF upregula-
tion may be due to stimulation of the Fle-1 tyro-
sine kinase receptor by VEGF since increased
plasma levels of VEGF and surface expression
of VEGF and Flt-1 on monocytes has been
observed in APS patients when compared with
controls [37:50]. Expression of protease-activated
receptor (PAR)1 and PAR2 is also increased in
monocytes from patients with APS and can be
induced in normal monocytes with exposure
to IgG purified from APS patients, leading
to a PAR2-dependent increase in TF expres-
sion [51]. This is of particular significance as
PAR1 mediates many of the proinflammatory
effects of thrombin, including induction of IL-6,
IL-8, monocyte chemotactic protein-1 (MCP-1),
PDGF, P-selectin and VEGF via ERK1/2 phos-
phorylation and ultimately NF-«xB activation,
while PAR2 mediates increased expression of
IL-6, PDGF and MCP-1 by FXa, also through
activation of the ERK1/2 pathway [s1].

Platelets

Platelets are central to arterial thrombus forma-
tion in vive and not surprisingly patients with
APS have increased platelet activation, particu-
larly patients with a history of a clinical throm-
botic event [52]. aPL Abs enhance the expression
of glycoprotein (GP)IIb/I11a, a major fibrinogen
receptor on platelets, as a result of p38 MAPK
activation and thromboxane-B2 synthesis, and
Pierangeli ez al. have demonstrated the protective
effect of deficiency or inhibition of this recep-
tor on aPL-mediated thrombus formation [41].
It is also interesting that polymorphisms for
platelet GPIa/Ila and GPIIb/IIIa are associated
with an increased risk of arterial thrombosis as
well as atherosclerosis in patients with APS [53).
ApoER2" and the GPIba subunit of the GPIb-
V-IX receptor on the platelet membrane have
been identified as putative aPL receptors and
Urbanus ez al. demonstrated that signaling
through both is required for platelet activation
by anti-B,GPI/B,GPI complexes [s4]. These
two receptors are able to form a complex on
the platelet membrane, suggesting an essential
role for this complex in aPL-mediated platelet
activation [54]. Platelet factor 4 (PF4), a member
of the CXC chemokine family, is secreted by
activated platelets and has multiple prothrom-
botic effects including inhibition of inactivation
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Figure 1. Cell activation in antiphospholipid syndrome. aPL, including anti-B,GPI-B,GPI complexes, can activate platelets,
endothelial cells and monocytes. Endothelial cell activation leads to the release of proinflammatory cytokines and increased leukocyte
adhesion, making possible the activation of the polymorphonuclear leukocyte. Monocyte activation leads to the release of
proinflammatory cytokines as well including TF, which can potentiate coagulation factor activation and ultimately fibrin production.
Platelet activation leads to the release of thromboxane-B2, which potentiates the increased expression of GPllb/llla, a major fibrinogen

receptor. The net effect is the induction of a procoagulant state ultimately leading to thrombosis, occurring especially on the background

of complement activation and endothelial injury due to infection and trauma.

B,GPI: B,-glycoprotein I; Ann: Annexin; aPL: Antiphospholipid; MAC: Membrane attack complex; NF-«B: Nuclear factor «B;

TF: Tissue factor.

of thrombin by anti-thrombin, potentiation of
platelet aggregation and accelerating cleavage
of activated protein C (aPC). It is also an anti-
genic target in APS. Abs to PF4 are implicated
in heparin-induced thrombocytopenia but have
also been detected in patients with APS without
a history of heparin-induced thrombocytopenia
or recent exposure to heparin. Levels of anti-PF4
Abs also correlate with levels of IgM aPL and
IgM anti-,GPI Abs, but have activity indepen-
dent of both [ss56]. These data suggest another

potentially important mechanism in APS, but
correlation with clinical features remains to be
established. Recently, Sikara ez a/. demonstrated
that PF4 may also facilitate the dimerization of
B,GPI and subsequent binding to anti-B,GPI
Abs and platelet cell-surface receptors includ-
ing activation of the p38 MAPK pathway and
NF-kB production [57]. This presents not only
an attractive mechanistic model for platelet
activation in APS but also for activation of
endothelial cells and monocytes since PF4 is
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also expressed in these and other immune cells,
albeit at lower concentrations than in platelets.
PF4, like B,GPL occurs in abundance in plasma
and has many immunomodulatory effects. It is
possible that PF4/3 GPI complexes may play
a coordinating role in the activation of many
immune-related cells in APS [s8]. Furthermore,
the fact that PF4 is released in abundance by
dendritic cells following trauma may be one of
the factors underlying the association of severe
trauma with catastrophic APS [59]. However, fur-
ther study is needed to fully characterize the role
that PF4 plays in the pathophysiology of APS.

Endothelial cells

Endothelial cells play a key role in thrombosis by
expression of integrins and TF upon activation
and have also been implicated in APS. Patients
with APS exhibit evidence of increased endothe-
lial cell activity with impairment of endothe-
lium-dependent vasodilatation and increased
expression of von Willebrand factor (vWF),
tPA, placental growth factor and soluble ICAM-1
[36,52,60-65]. Anti-B, GPI Abs induce a prothrom-
botic milieu in endothelial cells via increased
production of FVIIa, PT-fragments I and II,
and decreased levels of FXIla and active uroki-
nase-type plasminogen activator [66]. Microarray
studies of endothelial cells have shown induction
of apoptosis-related genes, BCL-2A1, TRAFI,
CARDI5 and BIRC3, multiple adhesion mol-
ecules including E-selectin, ICAM and VCAM,
coagulation factors, cytokine/chemokine recep-
tors and cytokines including IL-8, IL-6, IL-18
receptor, IL-1B and the TNF receptor superfamily
(67). This suggests that the procoagulant pheno-
type induced in endothelial cells in response to
aPL Abs is characterized by increased apoptosis,
leukocyte adhesion and release of proinflam-
matory cytokines. Similar to the cell signaling
changes observed in monocytes, treatment of
endothelial cells with aPL Abs induces activa-
tion of the p38 MAPK pathway and endothe-
lial cell activation with increased expression of
TF, VCAM, ICAM, P-selectin and E-selectin
[48,61,68-70]. Mutations in the endothelial cell
P-selectin ligand have also been identified as a
risk factor for thrombosis in APS [71].

Effects of aPL Abs on humoral
regulators of thrombosis
Regulators of coagulation
Protein C (PC) is activated by thrombomod-
ulin-bound thrombin and acts as a key regulator
of thrombosis by inactivating FVa and FVIla
and activating PAR1, resulting in inhibition
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of apoptosis (Fiure 2). Modulation of aPC has
been found in APS patients who have increased
resistance to aPC, resulting in greater thrombin
generation over time. The presence of in vitro
aPC resistance is associated with the presence
of LAC and a clinical history of thrombosis [72].
IgM Abs against aPC have been isolated from
patients with APS and confer an increased risk
of venous thromboembolism [73]. PC is released
by membrane-bound endothelial PC receptor
(EPCR) but soluble EPCR binds aPC, providing
a counter-regulator mechanism. Anti-EPCR Abs
have also been identified in APS sera and pres-
ence of these Abs is associated with a significant
increase in risk of venous thrombosis and fetal
loss, suggesting interference with this regulatory
mechanism [74,75].

Antiphospholipid Abs have also been shown to
interfere with the function of anti-thrombin III,
another important regulator of coagulation,
resulting in reduced inactivation of several coag-
ulation factors including FXa and FIXa [76.77).
Anti-B, GPI Abs also induce increased thrombin
generation by interference with TF pathway
inhibitor-dependent inhibition of TF-induced
thrombin generation [78]. B,GPI also exerts anti-
thrombotic effects by interaction with activated
vWF. B,GPI binds to vIWF leading to a decrease in
platelet binding by vWWF and inhibition of plate-
let activation. Anti-3,GPI Abs exert some of their
prothrombotic effects by interference with the
binding of BzGPI to activated vWF, resulting in
an increased concentration of circulating activated
vWF and enhanced platelet aggregation [79].

Coagulation factors

Dysregulation of thrombosis in APS also occurs
due to interference with multiple coagulation fac-
tors by aPL Abs. Anti-FXa Abs are identified in
13.2% of patients with APS and result in a pro-
thrombotic state by interference with inactivation
of FXa by anti-thrombin [76]. Mutation of FXIIIa
with substitution of valine for leucine at posi-
tion 34 appears to be protective with decreased
risk of thrombosis in patients with aPL Abs [80].
Antiprothrombin (aPT) Abs have also been sug-
gested as an antigenic target in APS. PT is the
precursor form of thrombin, an integral protein
in perpetuation and modulation of the throm-
botic response. aPT Abs exhibit an anticoagulant
effect in vitro but are associated with thrombosis
and recurrent miscarriages 7z vivo and induce
increased thrombin and fibrin generation and
increased TF and E-selectin expression by
endothelial cells [81-83]. These contradictory find-
ings may be due to modulation of these effects by
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Figure 2. Dysregulation of anticoagulant and fibrinolytic systems in antiphospholipid
syndrome. aPC, an important anticoagulant, functions by inactivating activated forms of factors V
(Va) and VIII (Vllla). Antibodies acting against aPC inhibit its function. The function of anti-

thrombin Ill, another major regulator of coagulation factors, is also inhibited by antibodies isolated
from antiphospholipid syndrome patients. Ultimately this results in increased thrombin generation
and subsequent fibrin formation. Dysregulation of the fibrinolytic system can also occur in
antiphospholipid syndrome due to antibodies that inhibit tPA-mediated conversion of plasminogen to
plasmin and those that directly inhibit plasmin function.

aPC: Activated protein C; tPA: Tissue plasminogen activator.

the local concentration of other coagulation fac-
tors, particularly FVa and FXa with low levels of
FVaand high levels of FXa, being associated with
increased thrombin generation (81]. However, it
is important to note that there is currently no
consensus regarding the role of aPT Abs in APS,
at least partly due to a lack of standardization of
laboratory assays leading to difficulty integrating
results from groups using different assays.

Fibrinolytic system

Antiphospholipid syndrome patients also
demonstrate defects in fibrinolysis in addition
to the decreased expression of tPA by endothe-
lial cells described above [66]. B,GPI regulates
hemostasis by modulation of fibrinolysis as
well. Plasma ,GPI binds to tPA, increasing
its catalytic activity and inducing an increase
in plasminogen resulting in an augmentation
of fibrinolysis. Treatment with anti-B,GPI Abs
blocks the stimulation of tPA-mediated plas-
minogen activation [84]. Antiplasminogen Abs
are detectable in 25-46.9% of patients with
APS and are associated with clinical throm-
botic events. Patients with these autoantibodies

Int. J. Clin. Rheumatol. (2011) 6(2)

had impaired fibrinolysis by inhibition of
tPA-dependent plasminogen activation [84].
Fibrinolysis may also be impaired due to interac-
tion with thrombin-activatable fibrinolysis inhib-
itor (TAFI), a proenzyme that upon activation by
thrombin—thrombomodulin and multiple pro-
teases potently inhibits fibrinolysis. While TAFI
levels are elevated in patients with APS, actual
activity of TAFI was lower in patients with APS,
particularly in those with LAC [ss]. In addition,
aCL Abs inhibited the formation of TAFI [ss].
However, modulation of TAFI activity was not
correlated with clinical thrombosis and therefore
its role in the pathogenesis of APS is still unclear.

Induction of proinflammatory

changes by aPL Abs

In addition to activation of the canonical coagula-
tion pathways, APS is marked by several proin-
flammatory changes. Family studies have sug-
gested involvement of TLRs including TLR4 and
inflammatory signaling involving IL-1B3, TNF-a.,
IL-6 and TGEF-B. Recent genetic and protein
expression studies have uncovered associations
with single-nucleotide polymorphisms in genes

future science group



Pathophysiological mechanisms in antiphospholipid syndrome

coding for the cell signaling molecules STAT4
and BLK [s6-88]. Patients with APS have been
found to have elevated levels of TNF-a, which
correlate with the presence of LAC and presence
of both aCL and anti-f,GPI Abs [89]. In vitro
studies have demonstrated that anti-B,GPI Abs
induce TNF-a production by monoctyes [90]. In
addition to endothelial cell and monocyte acti-
vation, and increased TF expression described
above, aPL Ab-induced activation of endothelial
cell p38 MAPK also leads to increased expression
of the proinflammatory cytokines TNF-a., IL-1P,
TGF-B, macrophage inflammatory protein 3 and
MCP-1 in monocytes and increased expression of
IL-6 and IL-8 in endothelial cells [49,68].

There has been much interest over the past sev-
eral years in TLRs in APS. Prothrombotic effects
of sera from patients with APS were decreased
in mice resistant to lipopolysaccharide, a potent
activator of TLR4, implicating involvement of
TLR4 signaling in APS [o1]. This finding was
supported by further studies demonstrating that
B,GPI associates with lipid rafts and colocalizes
with TLR2 and TLR4. B,GPI interacts with
TLR2 as well as TLR4, leading to activation of
cell signaling cascades including ERK and p38
MAPK, resulting in IRAK phosphorylation and
activation of NF-kB [90,92]. The interaction with
TLR2 is potentiated by dimerized 3,GPI, sug-
gesting the need for interactions with other cell-
surface molecules such as Ann A2 to induce sig-
naling [92]. In fibroblasts, this TLR2 activation
leads to increased expression of IL-6, ICAM-1
and MCP-1 [38]. aPL Abs are also able to induce
a inflammatory milieu via other TLRs. TLRS
activation in monocytes and TLR 7 activation in
dendritic cells by aPL Abs results in an increase
in the proinflammatory cytokine IL-1 93].

T cells play a key role in the regulation of
the adaptive immune response and have also
been implicated in the pathogenesis of APS.
Patients with APS have increased circulating
CD4* T cells, decreased naive T cells (ThO)
and cytotoxic CD8* T-cell populations com-
pared with patients with stable coronary artery
disease with increased IFN-y, IL-1B, 1L-4
and IL-6 and decreased IL-8 and IL-10 pro-
duction [63]. These findings suggest APS pro-
motes an enhanced Th2 response promoting a
humoral immune response and impairment of
counter-regulatory cytokine production. T cells
in peripheral blood cell cultures become acti-
vated when exposed to B,GPI/anti-B,GPI Ab
complexes and also in the presence of oxidized
low-density lipoprotein (oxLDL) and activated
platelets [94]. This activation is dependent on
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the presence of macrophages and the FcyRI
immunoglobulin receptor suggesting T-cell acti-
vation is induced by presentation of PL antigens
by macrophages [94].

Complement activation has also been impli-
cated in APS. One study of a Japanese cohort of
patients with primary APS found the majority
had hypocomplementemia, which was associated
with increased levels of TNF-a and the pres-
ence of LAC and anti-PT Abs [95]. Complement
fixation occurs on the platelets of patients with
APS and correlates with the presence of IgG aPL
Abs, IgG anti—BzGPI Abs, platelet activation and
also history of arterial thrombosis (96]. In vitro
exposure to aPL Abs produced complement fixa-
tion on normal platelets and increased platelet
activity correlated with complement fixation [96].
Additionally, patients with APS have been found
to have lower levels of soluble CD21, the cell
surface receptor for multiple components of
activated complement protein 3 (C3). These
lower levels of CD21 are independent of the
presence of anti-f3, GPI Abs, which supports the
role of other aPL Abs in immune system activa-
tion in APS [97]. C5 has also been implicated as
blockade of the C5a receptor. The use of specific
inhibitors of C5a prevents aPL Ab-induced TF
expression in neutrophils and knockout of C5a
receptor protects mice from aPL Ab-induced
thrombosis [62,98,99].

Defective apoptosis is thought to be an inte-
gral part of the pathogenesis of systemic lupus
erythematosus (SLE) and has also been impli-
cated in APS [100]. Alessandri et a/. demonstrated
that aCL Abs bind to CL expressed on the surface
of apoptotic endothelial cells in APS patients,
including those that do not have SLE [i01].
They speculated this may represent defective
apoptosis leading to presentation of CL to the
immune system and subsequent development
of autoantibodies. Some patients with APS also
exhibit antiendothelial cell Abs, which decrease
the uptake of neighboring apoptotic debris by
endothelial cells while healthy endothelial cells
will readily uptake apoptotic cells [102]. These
antiendothelial cell Abs also opsonized the apop-
totic cells, increasing uptake by macrophages.
Macrophages that took up these apoptotic cells
exhibited increased TF production, resulting in
a prothrombotic state.

Nonthrombotic mechanisms in APS
APS & atherosclerosis

Antiphospholipid syndrome is associated with

markers of accelerated atherosclerosis including

increased carotid intima medial thickness and
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impairment of flow-mediated dilatation, a meas-
ure of endothelial function [103]. APS sera were
also able to suppress high-density lipoprotein-
induced nitric oxide release, VCAM-1 expres-
sion and superoxide production by endothelial
cells as well as inhibiting monocyte adhesion to
endothelial cells, indicating decreased endothe-
lial cell activation [103]. B,GPI exerts anti-athero-
sclerotic effects in normal physiology by bind-
ing of B,GPI to oxLDL, forming complexes that
inhibit the uptake of oxLDL by the macrophage
scavenger receptor [104]. Anti-3, GPI Abs can bind
to oxLDL—f3,GPI complexes, facilitating uptake
by the macrophage scavenger receptor and induc-
ing transformation of macrophages into foam
cells, thus promoting atherogenesis [105,106].
Some patients with APS express anti-oxLDL Abs,
which can bind to 3, GPI and are also associated
with increased risk of arterial thrombosis [107].

Obstetric manifestations of APS

As described in aPL-mediated thrombosis,
several pathogenic mechanisms have been sug-
gested to play a role in APS-associated obstet-
rical manifestations, which is supported by
the heterogeneity of the histological lesions
found [108].

Intraplacental thrombosis with maternal—fetal
blood exchange impairment was initially sug-
gested to be the main pathogenic mechanism.
Widespread thrombosis and infarction of pla-
centas obtained from women with APS was
reported both in first- and second-trimester
abortions. However, such a histological find-
ing is not specific for APS, also being present in
other conditions [108,109].

In favor of the pathogenic role of thrombotic
events in aPL-associated pregnancy loss there
is evidence from in vitro studies that aPL may
induce a procoagulant state at the placental
level [110]. A further thrombophilic mechanism
mediated by aPL Abs involves the relationship
between the autoantibodies and Ann A5. In
physiological conditions, a crystal shield of Ann
A5 is suggested to cover thrombogenic anionic
surfaces and prevent the activation of the coagula-
tion cascade by inhibiting the binding of activated
FX and PT. In vitro studies demonstrated that
aPL/anti-B,GPI might disrupt the anticoagulant
Ann A5 crystal shield; such an effect was also
reproduced on trophoblast and endothelial cell
monolayers [43,111,112]. According to the hypoth-
esis that a loss of the Ann A5 shield may play
a pathogenic role, the same group reported a
significantly lower distribution of Ann A5 cov-
ering the intervillous surfaces in the placenta of
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aPL-positive women [111]. A new mechanistic
test that measures the decrease of the anticoagu-
lant effect of Ann A5 by aPL Abs in plasma has
recently been developed. Studies utilizing this test
have shown that the assay correctly identifies aPL-
mediated thrombosis and pregnancy losses and it
is ‘positive’ in approximately 50% of patients with
APS [113]. Pregnancy loss in APS is due to multi-
ple causes including mechanisms independent of
thrombosis. Trophoblast differentiation and inva-
sion is a vital step in early fetal implantation and
development, and is dependent on altered expres-
sion of the apoptosis regulatory proteins B-cell
lymphoma 2 (Bcl-2) and Bcl-2-associated X pro-
tein (Bax). This change in expression is impaired
by exposure to anti-f,GPI Abs [114]. Patients with
APS without clinical thrombosis but with fetal
loss were found to have lower expression of fibrin-
ogen, which has been identified as a risk factor
for recurrent spontaneous miscarriages due to
impaired trophoblast implantation and vascular
rupture, suggesting another potential factor in the
fetal loss observed in APS [46]. Anti-B,GPI Abs
also cause trophoblasts to express a proinflamma-
tory cytokine profile characterized by increased
IL-8, IL-1B, MCP-1 and growth-regulated onco-
gene-0. via activation of the TLR4/myeloid differ-
entiation primary response protein 88 (MyD88)
pathway [115]. Expression of these proinflamma-
tory cytokines was associated with an increase
in trophoblast apoptosis. Interestingly, heparin
attenuated these increases in cytokine produc-
tion and increased trophoblast survival, suggest-
ing immunomodulatory effects in addition to its
well-characterized anticoagulant properties [115).
Mulla ez 4l. also demonstrated that anti-B,GPI
Abs impaired first-trimester trophoblast migration
by downregulating IL-6 expression and STAT3
activation, which are constitutively expressed by
first-trimester trophoblasts [116]. This occurs in
a TLR4/MyD88-independent manner, suggest-
ing stimulation of other intracellular signaling
pathways [116].

Additional immune system abnormalities
have been associated with recurrent fetal loss
in APS. High levels of circulating natural killer
cells have been found in APS patients with
recurrent miscarriages [117.118]. Natural killer
cell fractions of greater than 18% of circulating
leukocytes were strongly associated with recur-
rent fetal loss [117]. Redecha ez 2/. demonstrated
that aPL Abs that activate complement induce
TF expression on mouse decidua and led to
fetal resorption while the inhibition of comple-
ment activation prevented fetal loss. Induction
of TF production by complement occurred
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independently of membrane attack complex
activation in this animal model while depletion
of granuloctyes or selective knockout of TF in
myeloid cells prevented aPL-induced fetal loss.
This indicates that complement does not directly
cause fetal injury but rather leads to fetal loss
by recruitment of neutrophils and other cells
associated with innate immunity [119]. Further
studies by Redecha ez al. showed that aPL Abs
induce neutrophil recruitment and activation,
with increased TF expression and ultimately
fetal loss, by activation of PAR2 by TF-FVIla
complexes, supporting the role of neutrophils in
obstetric manifestations of APS [120].

Di Simone et al. recently demonstrated
that purified aPL IgG from patients with APS
impaired human endometrial endothelial cell
angiogenesis iz vitro, and this was at least partly
due to suppression of VEGF and matrix metallo-
proteinase 2 expression [121]. Finally, a recent
study by Praprotnik ez 4/. found an intriguing
association with hyperprolactinemia and recur-
rent fetal loss in APS without signs of a prolac-
tinoma or major menstrual disturbances [122].
Elevated prolactin levels also seemed to be pro-
tective of thrombotic manifestations of APS,
implying a nonthrombotic mechanism in fetal
loss in APS [122]. Further studies will need to be
carried out to clarify this relationship.

In vitro effects of novel therapies

& new insights into old medications
Improved understanding of the interactions
between 3,GPI, aPL Abs and cell-surface mol-
ecules such as annexins has led to the develop-
ment of a potential therapy by blocking binding
of anti-B,GPI Abs to 3,GPI. loannou ez al. were
able to demonstrate the use of a recombinant
domain I peptide, which effectively inhibits
binding of anti-B,GPI Abs to B,GPI in vitre. In
a mouse model of thrombosis, the recombinant
domain I peptide inhibited aPL Ab-induced
thrombus formation and also abrogated aPL
Ab-induced upregulation of VCAM-1 expres-
sion in endothelium and TF expression in
macrophages [123].

Another new treatment for APS is the use of
inhibitors of B-cell activating factor (BAFF), a
cytokine that promotes B-cell expansion and its
receptors BAFF-R, TACI and B-cell maturation
antigen (BCMA), which have shown promise
in treating SLE [124-126]. A recent study demon-
strated that blockade of BAFF-receptor (BAFF-R)
and TACI with BAFF-R-Ig or TACI-Ig blocked
the expression of VCAM and P-selectin, resulted
in fewer activated B and T cells, delayed disease
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onset and enhanced survival in a mouse model
of APS. There were no changes in the develop-
ment of aCL Abs and, interestingly, no preven-
tion of thrombocytopenia in this study [127). A
tetramer of domain I peptide that interacts with
B cells has also been developed with the goal of
inducing tolerance to 3,GPI and is currently in
preclinical trials [128,129].

The use of older medications is also being
evaluated in APS. Hydroxychloroquine has
been associated with lower rates of throm-
bosis in cohorts of patients with APS as well
as in mouse models of APS [87.130,131]. These
protective effects may be mediated by inter-
action with Ann A5. Hydroxychloroquine
treatment induces Ann A5 deposition over
anti-B,GPI Ab—B,GPI complexes deposited on
the PL bilayer but do not affect the immune
complexes per se. Augmented deposition of
Ann A5 results in restoration of the Ann A5
anticoagulant ratio, indicating normalization
of the hypercoaguable state found in APS [44,45].
Hydroxymethylglutaryl coenzyme A reductase
inhibitors, more commonly called statins, have
also been investigated in APS with promising
results. Simvastatin has decreased neutrophil
activation and prevented aPL Ab-induced fetal
loss in a mouse model of APS, and fluvastatin
mitigates the increased proinflammatory and
prothrombotic changes in APS with reduc-
tions in expression of ICAM, selectins, VEGF,
TF, IL-6 and TNF-a and decreased thrombus
formation and platelet aggregation in animal
models of APS [60,120,132-134]. These effects
may be due to inhibition of NF-kB binding to
DNA (60]. These treatments offer the promise of
improved outcomes in APS without the toxicities
associated with chronic anticoagulation.

Conclusion & future perspective

While recent advances in our understanding
of the pathogenesis of APS have revealed many
interesting insights, they have also unveiled sev-
eral areas of interest to be explored. The discov-
ery of binding of B, GPI to cell-surface molecules
such as Ann A2, which does not itself initiate
intracellular signaling but rather is located in
lipid rafts in association with intracellular pro-
teins and cell-surface receptors capable of initiat-
ing cell signaling, reinforces the need for further
study of these receptors and intracellular signal-
ing molecules and possibly interactions induced
by anti-B,GPI-B,GPI complexes. Studies
are already ongoing to evaluate interactions
between annexins and TLR4 and their effects
on intracellular signaling and protein expression.
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Recognition of the importance of domain I
in binding for anti-B,GPI Abs opens additional
avenues of study in APS. Blockade of binding
of anti-B,GPI to B,GPI by decoy domain I and
induction of tolerance to ,GPI are concep-
tually very promising therapies for APS but
need to be further evaluated in animal studies
and clinical trials. Additionally, development
of clinical assays for domain I-specific anti-
B,GPI Abs may be able to identify patients
truly at increased risk for thrombosis and
who would thus potentially benefit from pri-
mary prophylaxis against a thromboembolic
event while sparing those without increased

Insights into the intracellular signaling
involved in APS also opens the possibility of treat-
ments targeting cell signaling pathways, particu-
larly the p38 MAPK pathway and NF-xB, with
early evidence of abrogation of the prothrombotic
state induced by APS [50,135]. Inhibition of ERK
signaling also has in vitro data supporting it as
a possible therapeutic target with abrogation of
anti-B,GPl-induced TNF-a and TF expression
by monocytes [90]. Supporting the feasibility of
modulating cell signaling in the treatment of
autoimmune diseases, the use of signaling inhibi-
tors has shown promising results in Phase II trials
in rheumatoid arthritis [136-138]. Further studies

risk from the long-term complications of in animal models of APS and clinical trials of

chronic anticoagulation. cell signaling inhibitors should be carried out to

Structure & binding of p2-glycoprotein |
B,-glycoprotein | (B,GPI) is the primary antigenic target in antiphospholipid syndrome (APS) and acts in normal physiology by binding
with exposed anionic phospholipids and associated proteins to produce overall procoagulant effects.
Interaction with exposed anionic phospholipids induces a conformational change, unfurling the circular conformation found in
plasma to a fish-hook shape, thereby allowing binding to proteins involved in hemostasis by domain V and interaction with anti-p,GPI
antibodies (Abs) by domain I.
Dimerization of B,GPI by anti-B,GPI Abs leads to close association and interaction of cell surface-associated signaling proteins associated
in lipid rafts, particularly in association with annexin (Ann) A2, and induction of intracellular signaling cascades.
Disruption of the Ann A5 crystal shield by anti-B,GPI-B,GPI complex interaction with the exposed anionic phospholipid bilayer leads to
prolonged exposure of the phospholipid bilayer and activation of coagulation factors.

Effects of antiphospholipid Abs on monocytes, platelets & endothelial cells
Antiphospholipid (aPL) Abs activate platelets, monocytes and endothelial cells by activation of p38 MAPK and ERK1/2 signaling
pathways, resulting in increased nuclear factor kB activation and expression of prothrombotic proteins. Inhibition of these signaling
cascades is a potential therapeutic target.
aPL Abs activate platelets by interaction with both GPIb-IX-V receptor and ApoER2".
Platelet factor 4 (PF4) may be involved in APS by increased platelet activation by anti-B,GPI-B,GPI-PF4 complexes, resulting in activation
of the p38 MAPK pathway.

Effects of aPL Abs on humoral regulators of thrombosis
aPL Abs induce increased thrombin generation by interfering with inactivation of factor (F)Xa and FIXa by anti-thrombin and inducing
resistance to activated protein C.
Antiplasminogen Abs contribute to thrombosis in APS by inhibition of fibrinolysis.

Induction of proinflammatory changes by aPL Abs
aPL Abs induce expression of proinflammatory cytokines via activation of p38 MAPK in endothelial cells and monocytes.
TLR2 and 4 are activated by anti-B,GPI-B,GPI complexes, resulting in activation of p38 MAPK and ERK pathways.
Complement activation occurs in APS and is associated with neutrophil activation.

APS & atherosclerosis
APS is associated with markers of accelerated atherosclerosis, and atherogenesis may be driven by interaction with oxididzed
low-density lipoprotein.

Obstetric complications in APS
Fetal loss in APS is associated with a prothrombotic state at the level of the placenta, including disruption of the Ann A5 shield.
Fetal loss in APS is also associated with impairments with trophoblast differentiation, migration and induction of proinflammatory
phenotype, resulting in trophoblast apoptosis.
Natural killer cells and neutrophils may be involved in the fetal loss in APS and further studies are necessary.

In vitro effects of novel therapies & new insights into old medications
Promising therapies targeting domain | of B,GPI by inhibiting binding of anti-B,GPI Abs to native 8,GPI and induction of B-cell tolerance
to B,GPI have emerged.
Hydroxychloroquine is associated with improved outcomes in APS. This is at least partially due to restoration of Ann A5 function.
B-cell activating factor blockade is a potential new therapy for prevention of thrombosis in APS but does not prevent the development
of anticardiolipin autoantibodies.
Statin therapy is another potential therapy for APS by modulation of the proinflammatory changes in APS.
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determine the efficacy and safety of these medi-
cations in the prevention of thrombosis in APS.
Well-designed clinical trials, some of which are
ongoing, are also needed to evaluate the potential
benefit of currently available medications with
clearly defined and generally favorable risk pro-
files such as statins and hydroxychloroquine for
the prevention of thrombosis.

Further studies are needed to clarify the effects
of aPL on trophoblast differentiation and func-
tion as well as involvement of cells associated with
the innate immune system in the pathogenesis of
APS. Hopefully, these studies will reveal insights
leading to the development of novel therapies

potential immunomodulatory effects of heparin
also warrant further investigation and may provide
additional insights into the pathogenesis of APS.
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