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Abstract

The antiphospholipid syndrome (APS) is a leading cause of miscarriage and maternal and fetal
morbidity. APS is characterized by thrombosis and pregnancy loss that occur in the presence of
antiphospholipid (aPL) antibodies. Using a mouse model of APS induced by passive transfer of
human aPL antibodies, we have shown that complement activation plays an essential and causative
role in pregnancy loss and fetal growth restriction, and that blocking activation of the complement
cascade rescues pregnancies. Conventional treatment for APS patients is sub-anticoagulant doses of
heparin throughout pregnancy. Could heparin prevent pregnancy loss by inhibiting complement? In
our experimental model of APS, heparin inhibits activation of complement on trophoblasts in vivo
and in vitro, and anticoagulation in and of itself is not sufficient to prevent pregnancy complications.
These studies underscore the importance of inflammation in fetal injury associated with aPL
antibodies and raise the importance of developing and testing targeted complement inhibitory therapy
for patients with APS.

Introduction

The antiphospholipid antibody syndrome (APS) is characterized by arterial and venous
thrombosis and pregnancy complications in association with antiphospholipid (aPL)
antibodies. In addition to recurrent miscarriage and fetal death, pregnancy complications in
women with APS include preeclampsia, placental insufficiency, and fetal growth restriction
(Wilson et al., 1999; Lockshin et al., 2000; Levine et al., 2002). The pathogenic mechanisms
that lead to injury in vivo are incompletely understood and therapy for pregnant women with
APS, currently aimed at preventing thrombosis (Levine et al., 2002; Derksen et al., 2004), is
only partially successful in averting pregnancy loss.

Recent experimental observations suggest that altered regulation of complement, an ancient
component of the innate immune system, can cause and may perpetuate complications of
pregnancy (Xu et al., 2000; Girardi et al., 2003). We have found that aPL antibodies mediate
pregnancy complications by initiating activation of the complement cascade, and that the local
increase in complement activation fragments is highly deleterious to the developing fetus
(Holers et al., 2002a; Girardi et al., 2003). Thus, the identification of this new mechanism for
pregnancy loss in women with aPL antibodies holds the promise of new, safer and better
treatments.
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Complement activation, tissue injury and fetal tolerance

The complement system, composed of over 30 proteins that act in concert to protect the host
against invading organisms, initiates inflammation and tissue injury (Figure 1) (Abbas et al.,
2000;Schmidt and Colten, 2000). Complement activation promotes recruitment and activation
of inflammatory cells. The classical pathway is activated when antibodies bind to antigen and
unleash potent effectors associated with humoral responses in immune-mediated tissue
damage. The mannose-binding lectin (MBL) pathway is activated by MBL recognition of
carbohydrates (often on infectious agents). Alternative pathway activation mechanisms differ
in that they are initiated by the binding of spontaneously activated complement components
to the surface of pathogens. Recent data show that oxidative stress initiates complement
activation by all three pathways (Thurman et al., 2003;Hart et al., 2004;Gadjeva et al., 2004).
By means of these recognition and activation mechanisms, the complement system identifies
and responds to ‘dangerous’ situations presented by foreign antigens, pathogens, tissue injury,
ischemia, apoptosis and necrosis (Fearon, 1997). This capacity places the complement system
at the center of many clinically important responses to pathogens, as well as to fetal injury
mediated by cellular or humoral immune mechanisms.

The convergence of three complement activation pathways on the C3 protein results in a
common pathway of effector functions (Figure 1). The initial step is generation of the fragments
C3a and C3h. C3a, an anaphylatoxin that binds to receptors on leukocytes and other cells,
causes activation and release of inflammatory mediators (Hugli, 1990). C3b and its further
sequential cleavage fragments are ligands for complement receptors 1 and 2 and the g2
integrins, CD11b/CD18 and CD11¢/CD18, present on a variety of inflammatory and immune
accessory cells (Brown, 1991;Holers, 1995). C3b attaches covalently to targets, followed by
the assembly of C5 convertase with subsequent cleavage of C5 to C5a and C5b. C5a is a potent
soluble inflammatory, anaphylatoxic and chemotactic molecule that promotes recruitment and
activation of neutrophils and monocytes and mediates endothelial cell activation through its
receptor. Binding of C5b to the target initiates the non-enzymatic assembly of the C5b-9
membrane attack complex (MAC). Insertion of C5b-9 MAC into cell membranes causes
erythrocyte lysis through changes in intracellular osmolarity, while C5b-9 MAC damages
nucleated cells primarily by activating specific pro-inflammatory signaling pathways (Rus et
al., 2001;Morgan and Meri, 1994).

Because activated complement fragments have the capacity to bind and damage self-tissues,
it is imperative that autologous bystander cells be protected from the deleterious effects of
complement. To this end, most human and murine cells express soluble and membrane-bound
molecules that limit the activation of various complement components (Abbas et al., 2000;
Song, 2004). Though activated complement components are present in normal placentas (Weir,
1981; Wells et al., 1987), it appears that uncontrolled uncontrolled complement activation is
prevented in successful pregnancy by three regulatory proteins present on the trophoblast
membrane: decay accelerating factor (DAF), membrane cofactor protein (MCP) and CD59
(Cunningham and Tichenor, 1995; Tedesco et al., 1993; Liszewski et al., 1996). All three
proteins are strategically positioned on the trophoblast and provide a mechanism to protect the
fetus from damage due to complement pathway activation.

That appropriate complement inhibition is an absolute requirement for normal pregnancy has
been demonstrated by the finding that deficiency of Crry (a membrane-bound complement
regulatory protein, like DAF and MCP, that blocks C3 and C4 activation) leads to progressive
embryonic lethality in mice (Xu et al., 2000). Importantly, Crry~/~ embryos are rescued when
C3 deficiency or factor B deficiency is introduced to Crry~~ embryos (Xu et al., 2000; Mao
etal., 2002). Based on the evidence that Crry~~ embryos die due to their inability to suppress
complement activation mediated by C3, we proposed that aPL antibodies activate complement
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within decidual tissue, overwhelm the normally adequate inhibitory mechanisms and induce
inflammation and fetal damage.

Role of complement in fetal damage induced by aPL antibodies in a mouse

model

During trophoblast differentiation, phosphatidylserine is externalized on the trophoblast outer
leaflet where it provides a target for aPL antibodies (Rote and Stetzer, 2003; Rote et al.,
1998). We hypothesized that aPL antibodies bound to trophoblasts activate complement via
the classical pathway generating split products that mediate placental injury and cause fetal
loss and growth restriction. Using a murine model of APS induced by passive transfer of human
aPL antibodies, we have shown that complement activation plays an essential and causative
role in pregnancy loss and fetal growth restriction (Girardi et al., 2003; Holers et al., 2002b).
Passive transfer of IgG from women with recurrent miscarriage and aPL antibodies results in
a 40% frequency of fetal resorption compared to <10% in mice treated with 1gG from healthy
individuals, and a 35% reduction in the average weight of surviving fetuses (Holers et al.,
2002b). We observed a similar rate of pregnancy failure using IgG from 5 different patients as
well as monoclonal human aPL antibodies. These in vivo pathogenic effects require both
recognition of relevant target antigens by aPL antibodies and Fc domain-mediated complement
activation that initiates effector functions.

In our initial studies, we found that inhibition of the complement cascade in vivo, using the C3
convertase inhibitor Crry-Ig, prevented fetal loss and growth restriction and that mice deficient
in complement C3 were resistant to fetal injury induced by aPL antibodies. To define the
initiating pathways and critical effectors of aPL-induced pregnancy injury, we used mice
deficient in complement elements (C4, factor B, C5 and C5a receptor) and inhibitors of
complement activation (anti-C5 mAb, anti-factor B mAb and C5a receptor antagonist peptide)
in our mouse model of APS. We identified complement component C5, and particularly its
cleavage product C5a, as key mediators of fetal injury and showed that antibodies or peptides
that block C5a-C5a receptor interactions prevent pregnancy complications (Figure 2).
Furthermore, our results indicate that both classical and alternative complement pathway
activation contribute to damage. Mice deficient in alternative and classical pathway
complement components (factor B, C4, C3 and C5) were resistant to fetal injury induced by
aPL antibodies.

We have begun studies to define the downstream effectors of complement activation. We found
that aPL antibodies, specifically targeted to decidual tissue, cause a rapid increase in decidual
and systemic TNF-a levels. The release of TNF-a isacritical intermediate that acts downstream
of C5 activation. In C5-deficient mice treated with aPL antibodies, there is no increase in TNF-
a levels and, in mice deficient in TNF-a or treated with TNF-a blockade, fetal resorption is
less frequent (Berman et al., 2005). Our results suggest that TNF-a is one mediator that links
complement activation and pathogenic aPL antibodies to fetal damage.

Based on the results of our mouse studies, we proposed a mechanism for pregnancy
complications associated with aPL antibodies: aPL antibodies preferentially targeted at decidua
and placenta activate complement via the classical pathway (Fc- and C4-dependent), leading
to the generation of potent anaphylatoxins (C3a and C5a) and mediators of effector cell
activation, including TNF-a. Recruitment of inflammatory cells accelerates local alternative
pathway activation and creates a proinflammatory amplification loop that enhances C3
activation and deposition, generates additional C3a and C5a, and results in further influx of
inflammatory cells into the placenta. Depending on the extent of damage, either death in
utero or fetal growth restriction ensues.
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Heparin prevents aPL antibody-induced fetal loss by inhibiting complement

activation

These studies underscore the importance of inflammation, rather than thrombosis, in fetal
injury associated with aPL antibodies, yet therapy for pregnant women with APS is focused
on preventing thrombosis and anticoagulation is only partially successful in averting
miscarriage. Histopathologic findings in placentas from women with APS also argue that pro-
inflammatory factors may contribute to tissue injury (Out et al., 1991; Magid et al., 1998).
Given that the primary treatment for APS patients is anticoagulation throughout pregnancy,
usually with sub-anticoagulant doses of heparin, and evidence that heparin inhibits complement
activation in vitro, we considered the possibility that heparin prevents pregnancy loss by
inhibiting complement activation on trophoblasts and that anticoagulation, in and of itself, is
not sufficient to prevent pregnancy complications in APS. We found that treatment with
unfractionated heparin or low molecular weight heparin protected pregnancies from aPL-
induced damage even at doses that did not cause detectable interference with coagulation. In
contrast, treatment with hirudin or fondaparinux (anticoagulants without anti-complement
effects) was not protective demonstrating that anticoagulation is insufficient therapy for APS-
associated miscarriage (Girardi et al., 2004). Furthermore, heparins inhibited both aPL
antibody-induced elevations in circulating C3a and increased C3b deposition in decidual
tissues (neither was altered by the other anticoagulants) and blocked C3 cleavage in vitro. Thus,
heparin may prevent pregnancy complications by limiting complement activation and the
ensuing inflammatory response at the maternal-fetal interface, rather than by inhibiting
thrombosis. This work provides a framework for understanding how sub-anticoagulant doses
of heparin exert beneficial effects in antibody-mediated tissue injury.

Conclusions

Our experiments indicate that aPL antibodies targeted to decidual tissues damage pregnancies
by engagement of the classical pathway of complement activation, followed by amplification
through the alternative pathway, and it appears the heparins prevent obstetrical complications
caused by aPL antibodies because they block activation of complement. We have initiated the
the PROMISSE Study (Predictors of pRegnancy Outcome: bioMarkers In antiphospholipid
antibody Syndrome and Systemic lupus Erythematosus), a prospective, multi-center
observational study to translate our findings in mice to humans and evaluate the role of
complement in aPL antibody-induced pregnancy loss in women. The PROMISSE Study will
test the hypothesis that classical, alternative and terminal complement pathway activation will
be detected in the circulation and placentas of patients with aPL antibodies and will be
associated with poor pregnancy outcomes. Characterization of biomarkers that predict poor
pregnancy outcome will identify clinically applicable indicators that will enable us to initiate
an interventional trial, perhaps using complement inhibitors, in patients at risk for aPL
antibody-associated fetal loss.
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Figure 1.

Complement cascade. Schematic diagram of the three complement activation pathways and
the products they generate. From Hughes Syndrome, 2" Edition, Khamashta, MA (Ed.), 20086,
page 396, chapter 31, by Girardi, G and Salmon, J, Figure 31.1. With kind permission of
Springer Science and Business Media.
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Figure 2.

Proposed mechanism for the pathogenic effects of aPL antibodies on tissue injury. APL
antibodies are preferentially targeted to the placenta where they activate complement via the
classical pathway. The complement cascade is initiated leading to generation of C5a and
recruitment and activation of neutrophils, monocytes and platelet cells, and release of
inflammatory mediators, including reactive oxidants, proteolytic enzymes, cytokines,
chemokines and complement factors. Depending on the extent of damage, either death in
utero or fetal growth restriction ensues.
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