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Abstract

The complement system protects the host against invading organisms, initiates inflammation and
dispose of immune complexes and the products of inflammatory injury. The complement system
provides an important link between the innate and adaptive immune systems. Experimental
observations suggest that increased complement activation causes and/or perpetuates inflammation
during pregnancy. Recent studies suggest a link between complement activation and preeclampsia.
Excessive activation or insufficient regulation of complement recruits leukocytes and unleashes
potent inflammatory and anti-angiogenic mediators associated with placental insufficiency and
maternal endothelial dysfunction characteristic of preeclampsia. We review the animal and human
studies that link complement activation and pathogenic events in preeclampsia, present evidence that
activation of the complement system is associated with the development of preeclampsia and
provides new targets to prevent its complications.

Angiogenic and Immune Dysregulation in Preeclampsia

Preeclampsia is a complex multisystem disease that contributes significantly to maternal and
neonatal mortality and morbidity. 1-3 The classical clinical manifestations, de novo
hypertension and proteinuria, occur late in pregnancy, in the setting of maternal endothelial
cell activation 4 and excessive systemic inflammation.®

Preeclampsia has been called the “disease of theories” as its cause is unclear. 2 The pathologic
process originates in the placenta, with inadequate cytotrophoblast invasion in early
pregnancy® 7 leading to an oxidatively stressed placenta. 8 9 It is suggested that placental
oxidative stress and inflammation? results in the release of anti-angiogenic factorsll: 12,
syncytiotrophoblast debris 13 and other placental factors 14: 15 into the maternal circulation
where they contribute to widespread endothelial cell dysfunction* and the clinical syndrome
of preeclampsia.14: 16

Normal placental development requires coordinated expression of vascular endothelial growth
factor (VEGF), angiogenic growth factors and placenta growth factor (PIGF), as well as
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expression of their respective receptors on invasive trophoblasts. 17 VEGF promotes placental
development and invasiveness primarily through interaction with VEGF receptor-1
[VEGFR-1; also known as fms-like tyrosine kinase-1, (FIt-1)] and VEGFR-2. 18 Alternative
splicing of VEGFR-1 results in production of the secreted protein, soluble VEGFR-1
(SVEGFR-1, also known as sFIt-1), which lacks the cytoplasmic and transmembrane domains
but retains the ligand-binding domain. 19 Placental trophoblasts exposed to stress, such as
hypoxia and inflammation, release large amounts of SVEGFR-1, a potent anti-angiogenic
molecule that sequesters circulating VEGF and PIGF and prevents their interaction with
endogenous receptors 20 on placental and maternal cells 12 leading to abnormal placentation
associated with preeclampsia and IUGR 11 17: 21 a5 well as the maternal syndrome. Along
with soluble endoglin (sEng), another anti-angiogenic protein of placental origin, SVEGFR-1
to PIGF ratios have been shown to be elevated not only during clinical preeclampsia but also
to anticipate the onset of symptoms by several weeks22: 23, suggesting that they contribute to
disease pathogenesis. Our studies in experimental pregnancy models suggest that inflammation
is a potent trigger of angiogenic dysregulation. 10

The immune system, a potent initiator of inflammatory pathways, is thought to play an
important role in the etiology of preeclampsia. 24 25 The immune maladaptation hypothesis
of preeclampsia explains why preeclampsia is more frequent in women who have inadequate
time to develop immune tolerance to paternally-derived antigens, such as nulliparous women
(reviewed in 25 26, Indeed, maternal inflammatory responses have been shown by many
authors to be enhanced in preeclampsia. ® 27 It is also recognized that women with risk factors
associated with chronic inflammation (obesity, pre-pregnancy hypertension, diabetes mellitus
and dyslipidemia) are at an increased risk of developing preeclampsia. 16: 28: 29, A striking
example of the association of preeclampsia and inflammatory-mediated injury is its increased
incidence in patients with autoimmune diseases, particularly systemic lupus erythematosus
(SLE) and antiphospholipid syndrome (APS). APS is an autoimmune disease characterized by
venous and/or arterial thrombosis and pregnancy complications that occur in the presence of
antiphospholipid antibodies (aPL). 3% 31 The obstetric criteria for APS are: (1) one or more
otherwise unexplained deaths of the fetus beyond the 101" week of gestation or (2) one or more
premature births before the 34! week of gestation because of eclampsia or severe preeclampsia
or placental insufficiency or (3) three or more unexplained spontaneous abortions before the
10™ week of gestation 32). Pregnant women with SLE have significantly higher rates of
hypertensive disorders compared to the general obstetric population (23% vs 8% 33 and
preeclampsia has been described in 15-37% of patients with lupus nephritis. 34-39 Similarly,
preeclampsia has been reported in 18%-48% of pregnant women with well-characterized APS
40, 41 Conversely, aPL antibodies were newly identified in 12%-17% of women with
preeclampsia 4244, In this review, we focus on the link between inflammation related to
activation of the complement system and the pathogenesis of preeclampsia in women,
particularly angiogenic dysregulation (Figure 1). Because some animal models of miscarriage
and growth restriction are associated with angiogenic dysregulation characteristic of
preeclampsia, studies in such models also will be described to elucidate define triggers of
placental dysfunction.

The Complement System and Tissue Injury

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 2) (described in
45-47)  Like the clotting cascade, the complement cascade contains a potent amplification
mechanism based on sequential cleavage of inactive zymogen forms of proteins by serine
protease mechanisms. Complement activation promotes chemotaxis of inflammatory cells and
generates proteolytic fragments that enhance phagocytosis by neutrophils and monocytes. The
classical pathway is activated when natural or elicited antibodies bind to antigen, the mannose-

Placenta. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lynch and Salmon

Page 3

binding lectin pathway by carbohydrates, and the alternative pathway is initiated
spontaneously. The 3 pathways converge to generate enzymes called C3 convertases which
cleave C3 into C3b and C3a. C3b tags pathogens/foreign surfaces for opsonization and is a
major effector molecule of the complement system. C3a is an anaphylatoxin. Factors B, D and
Properdin initiate activation of C3b directly through the alternative pathway initiation complex
or through the amplification loop where C3b is formed (Figure 2). The production of C3b,
triggered from engagement of the classical or lectin pathways, is augmented through the
alternative pathway amplification. 4> The convergence of three pathways on C3 results in a
common path to effector functions: generation of the fragments C3a, an anaphylatoxin that
activates inflammatory cells, and C3b, that attaches covalently to targets and leads to the
assembly of C5 convertase and subsequent cleavage of C5 to C5a and C5b. Cba is a potent
chemotactic molecule that recruits and stimulates leukocytes and endothelial cells, triggering
release of cytokines and chemokines and expression of adhesion molecules. Binding of C5b
to cell surface initiates assembly of the C5b-9 membrane attack complex (MAC) which inserts
into membranes, damages cells and activates proinflammatory pathways (Figure 2).

By means of these recognition and activation mechanisms, the complement system identifies
and responds to “dangerous” situations presented by foreign antigens, pathogens, apoptotic
cells, ischemia and necrosis and can mediate fetal injury initiated by cellular or humoral
immune mechanisms.

Experimental observations suggest that increased complement activation causes and/or
perpetuates inflammation during pregnancy. 48: 49 As fetal tissues are semi-allogeneic, the
placenta is subject to classical and alternative pathway-mediated immune attack. 48 Because
activated complement fragments have the capacity to bind and damage self-tissues, it is
imperative that bystander cells be protected from the deleterious effects of complement. 47:
50,51 Thus, although complement split products are present in normal placentas 32 53, excessive
complement activation is prevented in successful pregnancy by regulatory proteins that are
highly expressed on trophoblast membranes >4 9, strategically positioned to protect the fetus.
The three membrane proteins are decay accelerating factor (DAF, CD55), membrane cofactor
protein (MCP, CD46), and CD59. DAF and MCP regulate the activation of C3 %6, and CD59
prevents assembly of C5b-9 MAC, blocking the terminal effector functions of complement
57 The role of the soluble regulators of complement, factors H, FHL-1 38, factor | and factor
H-related protein 1, in pregnancy is uncertain. The importance of complement regulation has
been reviewed recently®® and is underscored by recent reports of the strong association of
mutations in membrane bound as well as surface attached soluble complement regulatory
proteins (causing ineffective C3 inactivation) with hemolytic uremic syndrome 69, glomerular
injury and age-related macular degeneration. 61

Models of the Antiphospholipid Antibody Syndrome and Other Adverse
Pregnancy Outcomes

That appropriate complement inhibition is an absolute requirement for normal pregnancy has
been demonstrated by the finding that deficiency of Crry (a membrane-bound intrinsic
complement regulatory protein in mice, like DAF and MCP, that blocks classical and
alternative pathway activation of C3 2) leads to embryonic lethality in mice; Crry”- embryos
are surrounded by activated C3 fragments and PMN. 3 Importantly, embryos are rescued when
C3 deficiency or factor B deficiency is introduced to Crry”- embryos. 83 Defective placental
development was associated with pregnancy loss and solely dependent on alternative pathway
activation. 64

Inhibition of complement also protects pregnancies from aPL antibody-induced fetal death or
growth restriction. Using a murine model of APS induced by passive transfer of human aPL
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antibodies, we have shown that complement activation plays an essential and causative role in
pregnancy loss and fetal growth restriction. %5 66 Passive transfer of IgG from women with
recurrent miscarriage and high titer aPL antibodies results in increased fetal resorptions
compared to mice treated with 1gG from healthy individuals, and reduction in average weight
of surviving fetuses.®> Using mice deficient in complement elements and inhibitors of
complement activation in our model of APS, we identified C5, and particularly, its cleavage
product C5a as a key mediator of fetal injury and showed that antibodies or peptides that block
C5a-Cba receptor interactions prevent pregnancy complications. Our results indicate that both
classical and alternative pathway activation contribute to damage. Mice deficient in alternative
and classical pathway components (factor B, C4, C3, C5 and C5a receptor) or treated with
inhibitors (anti-factor B mAb, anti-C5 mAb or C5a receptor antagonist peptide) were resistant
to aPL-induced fetal injury. 55 66 Based on the results of these mouse studies, we proposed a
mechanism for pregnancy complications associated with aPL antibodies: aPL preferentially
targets placental tissue and activate complement via the classical (Fc- and C4-dependent)
pathway, leading to generation of potent anaphylatoxins (C3a and C5a), and the release of
proinflammatory (TNF-a and tissue factor) 86: 67, 68 (and anti-angiogenic factors (SVEGFR-1,
see below). The result is an influx of inflammatory cells into the placenta leading to intrauterine
fetal demise or intrauterine growth restriction.

Given that anticoagulation with heparin reduced the incidence of pregnancy loss among women
with APA-related pregnancy loss in a number of studies 3% 69, we considered the possibility
that heparin inhibits complement activation on trophoblasts and that anticoagulation, in and of
itself, is not sufficient to prevent pregnancy complications in APS. We found that treatment of
mice with unfractionated or low molecular weight heparin protected pregnancies from aPL-
induced damage even at doses that did not prolong coagulation parameters. 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. /0 Furthermore, heparins inhibited both aPL-induced elevations in circulating C3a
and increased C3b deposition in decidua (neither was altered by hirudin or fondaparinux) and
blocked C3 cleavage in vitro. These studies provide a framework for understanding how sub-
anticoagulant doses of heparin exert beneficial effects in antibody-mediated tissue injury, and
suggest that heparin ameliorates pregnancy complications by limiting complement activation
and the ensuing inflammatory response at the maternal-fetal interface, rather than by inhibiting
thrombosis. 70

Studies in mouse models indicate that even antibody-independent fetal allograft rejection is
associated with complement activation and influx of inflammatory cells, perhaps mediated
through the alternative pathway. /1 CBA/J-mated female DBA/2 mice have been extensively
studied as a model of immune-mediated pregnancy loss. Embryos derived from mating CBA/
J females with DBA/2 males show an increased frequency of resorption and surviving CBA/
J x DBA/2. Fetuses show consistent and significant growth restriction (IUGR). Factor B, C3,
C5 and Cba receptor are required for pregnancy loss and growth restriction in this antibody-
independent model of spontaneous miscarriage 1%fetuses from DBA/2-mated CBA/J pregnant
mice are rescued by inhibiting complement. Importantly, in experimental mouse models
complement activation triggers dysregulation of the angiogenic factors required for normal
placental development, creating an angiogenic imbalance similar to that of preeclampsia. CBA/
J x DBA/2 matings complicated by miscarriage or growth restriction were characterized by
inflammatory infiltrates in placentas, functional deficiency of free VEGF, elevated levels of
soluble VEGF receptor-1; a potent anti-angiogenic molecule) and defective placental
development. Inhibition of complement activation in vivo blocked the increase in SVEGFR-1
and rescued pregnancies. In vitro stimulation of human neutrophils and monocytes with
products of the complement cascade directly triggered release of sSVEGFR-1, which sequesters
VEGF. C5a-induced expression of tissue factor on neutrophils and monocytes potentiates
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inflammation and release of anti-angiogenic factors. /2 These studies provided the first
evidence linking complement to the angiogenic factor imbalance associated with placental
dysfunction, and identified a new effector of immune-triggered pregnancy complications. 10

Overall, mouse models support the hypothesis that appropriate complement regulation is
necessary to control placental inflammation and that increased complement activation
fragments are highly deleterious to the developing fetal-placental unit. Although the mouse
models described focus on placental inflammation and pregnancy loss, ongoing studies suggest
that similar mechanisms contribute to systemic features of preeclampsia in these experimental
models.

Complement and Human Pregnancy

Little information is available about complement activation in normal and abnormal human
pregnancy. '3 During normal gestation, serum levels of C3, C4, and total hemolytic
complement (CH50) gradually increase 10%-50% /4, likely reflecting increased synthesis, and
levels of complement split products increase, suggesting low grade classical pathway
activation’®. Studies performed nearly 20 years ago showed marked elevations in levels of Bb,
C3a, C4d, and soluble C5b-9 in preeclampsia, indicating excess classical and alternative
pathway activation.”8: 77 Complement activation with release of anaphylatoxins and terminal
C5b-9 complement complexes was also noted in women with the HELLP syndrome.”8
Recently, Richani et al. confirmed these findings and also noted higher concentrations of
complement activation fragments (C3a, C4a and C5a) in the maternal circulation in normal
human pregnancy compared with non-pregnant women. ’® Complement activation products
have been found in deciduas, chorionic villi, and as subendothelial deposits in vessel walls in
normal and preeclampsia placentas. 77+ 80: 81 Recently, Rampersad et al reported that the
presence in C5b-9 MAC on trophoblasts was associated with fibrin deposits at sites of villous
injury in vivo in normal placentas, but especially in placentas from pregnancies complicated
by IUGR or preeclampsia.82 Again, these findings implicate complement in tissue injury, but
do not address the question of whether complement activation is a cause or consequence of
placental damage nor do they indicate whether specific patterns of complement activation
detected in the circulation will predict fetal loss or injury.

Asdescribed above, pregnancy inwomen with SLE or APS, two systemic autoimmune diseases
characterized by complement-mediated injury, is associated with an increased risk for
preeclampsia, placental insufficiency, fetal growth restriction and miscarriage. 8 In these
patients, autoantibodies targeted to the placenta initiate local complement activation which, if
unabated, leads to abnormal placental development. Indeed, complement activation products
have been demonstrated in deciduas, chorionic villi and vessel walls in placentas of patients
with aPL and in patients with preeclampsia. ’’» 81, 84 Studies performed over a decade ago
found evidence of complement activation in pregnant patients with SLE. 75 76, 85-87 |t may
be difficult to identify decreased complement synthesis or increased consumption due to lupus
because changes induced by gestation can either falsely normalize (if synthesis increases) or
exaggerate (if synthesis does not increase) disease-related hypocomplementemia.’®: 76. 88
Buyon et al. have suggested that certain patterns of complement activation are associated with
either disease flare or preeclampsia, but it is particularly difficult to differentiate these
conditions in patients with nephritis. In normal pregnancies, excessive complement activation
is prevented by complement regulatory proteins that are highly expressed on trophoblast
membranes °% %5 (MCP, DAF, and CD59) as well as circulating complement regulatory
proteins [complement factor H (CFH), C4b binding protein and complement factor | (CFI)].
It has been suggested that abnormal function of complement regulators may predispose to
preeclampsia. 89 (see below).
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In 2003, we 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 findings in mice to humans and
evaluate the role of complement in SLE and aPL antibody-associated pregnancy complications.
The study is ongoing and will test the hypotheses that (1) classical, alternative and terminal
complement pathway activation and (2) dysregulation of angiogenic factors will be detected
in the circulation of patients destined for complications, defined by the composite outcome of
unexplained fetal death, early neonatal death due to complications of prematurity, and
medically indicated preterm birth because of gestational hypertension, preeclampsia or IUGR.
Our goal is to study 700 pregnant patients, and we have already enrolled over 500. The
PROMISE study has the potential to identify new biomarkers for adverse pregnancy outcomes
that in addition to being good predictors of these outcomes are also part of the mechanistic
process of these pregnancy complications. In the future, it may be possible to perhaps direct
attention to the use of complement inhibitors to prevent or modify the inflammatory-related
sequelae associated with adverse pregnancy outcomes.

Complement Activation in Preeclampsia Patients

In 2005, inspired by novel research in the animal model of APS 65,90, 91 | ynch et al conducted
a prospective study in human pregnancy (n = 701) to investigate whether elevated levels of
complement activation fragment Bb (reflecting alternative complement pathway activation) at
asingle pointin early pregnancy (less than 20 weeks gestation) were predictive of preeclampsia
later in pregnancy. 92 This was the first large prospective study to examine the relationship
between Bb levels in the early part of pregnancy with preeclampsia in humans. Adjusted for
other risk factors, women with levels of Bb in the top decile in early pregnancy were almost
four times more likely to develop preeclampsia later in pregnancy compared with women with
levels less than the top decile in early pregnancy.

As discussed above, it has been demonstrated that preeclampsia has pathogenic links to an
imbalance in placental-derived angiogenesis-related factors, notably placental growth factor
(PIGF), soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin (SEng). 11+ 12: 23 The
inter-relationship between complement activation and angiogenesis-related factors in humans
is unknown, although a causal link has been suggested in an animal model of pregnancy loss.
10 The primary objective of a secondary analysis of this Denver cohort was to determine if
altered levels of complement activation fragments (Bb, C3a and sC5b-9) and angiogenesis-
related factors (PIGF, sFlt-1 and sEng) at 10 to 15 weeks gestation independently predict the
development of preeclampsia, and if these biomarkers were related to one another. 93
Univariate analysis showed that women who developed preeclampsia later in pregnancy had
significantly higher levels of complement fragment Bb in early pregnancy as reported
previously.?2 No meaningful relationships were found between the complement-activation
fragments and the angiogenesis-related factors examined as continuous variables. The study
by Lynch et al. suggests that the innate immune system is triggered in early pregnancy to
activate complement, particularly the alternative pathway, and that elevated concentrations of
circulating complement-activated fragment Bb are associated with subsequent development of
preeclampsia 92, which may not be absolutely dependent on angiogenesis-related factors. 93
The study was relatively small (only 32 patients had preeclampsia) and preeclampsia is a
heterogeneous disease with many triggers. Future studies will determine the relative
importance of complement activation in its pathogenesis. That complement activation
fragments are elevated in early pregnancy in women who have a preterm birth (<34 weeks’
gestation) and in women who develop gestational hypertension®* 95 underscores the
importance of complement in pathological pregnancies.
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We also considered the role of complement in pregnancy complications in women with
impaired complement regulatory function. Loss-of-function mutations in CFH, MCP and CFlI
that lead to undesirable complement activation, and gain-of-function mutations in complement
components factor B and C3, occur in patients with atypical hemolytic uremic syndrome
(aHUS), a microangiopathy characterized by microvascular endothelial activation, cell injury
and thrombosis 967101, Complement dysregulation (specifically, enhanced function of the
alternative pathway) contributes to the pathology of aHUS, a disease associated with
glomerular endothelial cell injury and microthrombi not unlike that seen in preeclampsia. In
some of these patients, aHUS presents during pregnancy.% Indeed, pregnancy precipitated
microthrombotic angiopathy in the form of atypical HELLP with severe renal involvement in
four patients with genetic defects in complement regulatory protein function89: 102

Finally, placental malaria is potentially informative as a model for inflammation-driven
placental dysfunction leading to preeclampsia. A relationship between preeclampsia and
malaria has long been suspected, but its basis was unclear. First-time mothers have the highest
rates of Plasmodium falciparum placental malaria (related to the absence of protective
antibodies). These patients develop severe placental inflammation and go on to poor pregnancy
outcomes. Rather than causing a decrease in blood pressure typical of malaria, placental malaria
in first-time pregnancies is associated with hypertension, elevated levels of sVEGFR-1 and
histological features of placental inflammation. 193 Recent in vitro studies have shown that
parasitized erythrocytes, as well as parasite products, activate C5, induce C5a receptor
expression, and synergistically increase production of inflammatory cytokines, chemokines,
and the anti-angiogenic factor sVEGFR-1. Similar to our findings in mouse models, C5a-C5a
receptor interactions were crucial triggers of inflammatory and anti-angiogenic activities.
Studies extended to patients showed increased levels of C5a in both peripheral and placental
plasma in primigravid women with placental malaria. 194 Although it is not clear whether
elevated products of complement activation are a cause or consequence of placental
dysfunction, taken together, these data provide further evidence that excessive activation of
complement, specifically generation of C5a, contributes to poor pregnancy outcomes by
inducing dysregulated inflammatory and angiogenic responses that impair placental function.

Conclusion

The complement system provides a link between the innate and adaptive immune systems,
recognizing and responding to danger. In preeclampsia, perhaps related to immune
maladaptation or oxidative stress, there is increased complement activation at the maternal-
fetal interface. Excessive activation or insufficient regulation of complement recruits
leukocytes and unleashes potent inflammatory and anti-angiogenic mediators associated with
placental insufficiency and maternal endothelial dysfunction characteristic of preeclampsia.
The link between complement activation and pathogenic events in preeclampsia identifies
potential biomarkers to predict patients at risk for preeclampsia and new targets to prevent its
complications.
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Figure 1.
Immune triggers in early pregnancy leading to preeclampsia: Complement activation
fragments and angiogenesis-related factors
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Figure 2. The human complement system: effectors and regulators

Three pathways are activated by immune complexes and apoptotic cells (classical); microbes
and stressors (lectin); spontaneously (alternative). The effect of complement: clearance of
apoptotic cells, opsonisation of pathogens and immune complexes for phagocytosis, release of
anaphylatoxins and lysis (shown in italics) and activation of effectors cells that express
receptors for C5a and/or C3a (neutrophils, monocytes and platelets) are shown on the left.
Complement inhibitors are indicated in red. Soluble inhibitors are factor | (FI), C4b-binding
protein (C4BP), factor H (FH), and FH-like protein (FHL-1). Membrane bound inhibitors
include: MCP (CD46), DAF (CD55) and CD59.

Adapted from Sjéberg AP et al. Trends in Immunology. 2009;30:83-90%7
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