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Abstract

Adverse pregnancy outcomes significantly contribute to morbidity and mortality for mother and
child, with lifelong health consequences for both. The innate and adaptive immune system must be
regulated to insure survival of the feta allograft, and the complement system is no exception. An
intact complement system optimizes placental development and function and is essential to
maintain host defense and fetal survival. Complement regulation is apparent at the placental
interface from early pregnancy with some degree of complement activation occurring normally
throughout gestation. However, a number of pregnancy complications including early pregnancy
loss, fetal growth restriction, hypertensive disorders of pregnancy and preterm birth are associated
with excessive or misdirected complement activation, and are more frequent in women with
inherited or acquired complement system disorders or complement gene mutations. Clinical
studies employing complement biomarkers in plasma and urine implicate dysregulated
complement activation in components of each of the adverse pregnancy outcomes. In addition,
mechanistic studies in rat and mouse models of adverse pregnancy outcomes address the
complement pathways or activation products of importance and allow critical analysis of the
pathophysiology. Targeted complement therapeutics are already in use to control adverse
pregnancy outcomes in select situations. A clearer understanding of the role of the complement
system in both normal pregnancy and complicated or failed pregnancy will allow a rational
approach to future therapeutic strategies for manipulating complement with the goal of mitigating
adverse pregnancy outcomes, preserving host defense, and improving long term outcomes for both
mother and child.
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1. Introduction

Pregnancy is a complex process with incredible changes occurring in the cardiovascular and
immune system of the mother to insure a successful birth. More than 4 million births occur
in the United States alone each year with the majority of them being uneventful (but no less
miraculous). Despite modern medicine and the advancements that have been made in
prenatal care, adverse pregnancy outcomes still occur at a disturbing rate, including
spontaneous abortion and early pregnancy loss, preterm labor, preterm birth, fetal growth
restriction and gestational hypertension including preeclampsia and HELLP syndrome
(hemolysis, elevated liver enzymes, low platelet count). Preterm birth rates have increased
during the last 20 years, with up to 12% of births in the United States occurring before 37
weeks of a normal 40 week gestation. Preeclampsia is characterized by new onset high
blood pressure and often protein in the urine after 20 weeks of gestation (ACOG, 2013) and
affects 3-6% of all pregnancies (Ananth et al., 2013). In the 1990s, preeclampsia accounted
for 15% of maternal deaths in pregnancy (NHLBI, 2000). The maternal mortality has
improved, with 9% mortality attributable to hypertensive disorders of pregnancy in 2010
(Creanga et al., 2015), yet the only clear treatment for preeclampsia is delivery of the
placenta. Adverse pregnancy outcomes take a severe toll on quality of life with long-term
adverse cardiovascular and respiratory sequelea in both mother and child. Survivors of fetal
growth restriction and preterm birth have increased risk of cardiovascular disease as adults
(Lewandowski et al., 2014; Lewandowski and Leeson, 2014) as well as metabolic and
respiratory complications and developmental delays (Saigal and Doyle, 2008). An increased
lifetime risk for cardiovascular disease is also associated with mothers who experienced
hypertension in pregnancy (Bellamy et al., 2007; Veerbeek et al., 2015).

Significant adaptations of the immune system occur in pregnancy, both in the innate and
adaptive arms, to insure survival of the fetal allograft and maintenance of an immune system
to defend the mother and fetus from invaders. The complement system is no exception with
marked changes apparent to protect the fetus from complement system attack. In addition,
newer evidence indicates the importance of the complement system in orchestrating normal
development (Kolev et al., 2014), not just protecting from infection. We will first review the
changes in the complement system and its regulators that occur to insure a successful normal
pregnancy and then discuss studies demonstrating dysregulation of the complement system
in adverse pregnancy outcomes, consequences of that dysregulation, and potential
therapeutic strategies.

2. Complement System and Normal Pregnancy

2.1 Complement System

The complement system is comprised of more than 50 proteins and normally operates at a
low steady state level of activation. However, the complement cascade may be amplified by
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one or more of 3 activation pathways; classical, lectin or alternative (Figure 1). Activation
through C3 can result in covalent binding of the C3b fragment to invaders or self i.e. C3
deposition. Activation through C9 can lead to lysis of target cells and is a prominent host
defense mechanism for many microorganisms. C3a and C5a are fluid phase activation
products that interact with G protein coupled receptors on numerous cell types to elicit
inflammation and immune cell activation. C5b-9 forms a membrane pore resulting in cell
lysis. Sublytic concentrations of the Membrane Attack Complex C5b-9 can stimulate cells
and upregulate adhesion molecules. Also, a cytolytically inactive C5b-9 complex that is
soluble (sC5b-9) and is detectable in plasma or serum can also be formed and initiate
cytokine synthesis and vascular leakage in endothelial cells (Tedesco et al., 1997).
Complement activation is controlled by soluble and membrane bound inhibitors, primarily at
C3 and C5b-9 (Figure 1). C1-INH inhibits both C1r and C1s of the classical pathway and the
mannose associated serine proteases (MASP) of the MBL pathway. Factor H and C4
binding protein (C4BP) are soluble plasma regulators that target C3 and C4, respectively, to
limit activation. Complement receptor 1 (CR1), CD55 (DAF; Decay accelerating factor),
CD46 (MCP, Membrane cofactor protein) and CD59 are membrane-associated regulators
that limit activation on self. In contrast to widespread expression in humans, in mice and rats
the CD46 molecule is exclusively expressed in testis. Mice and rats also have complement
receptor 1-related gene protein y (Crry) that regulates C3 activation and has CD46 and
CD55 like activity (Naik et al., 2013).

2.2 Placental development

The fetus and the placenta express paternal antigens and thus present as foreign to the
maternal immune system. This semi-allogeneic graft requires special protection from the
maternal immune system and the exact mechanism of protected status of the fetus is under
continuing investigation. The human placenta (as well as that of rabbit, guinea pig, mouse
and rat) is a hemichorial structure meaning that maternal blood is in direct contact with the
fetal chorion. The placental villi are fetal structures that bridge the uterus and the fetal
chorion and carry the fetal vasculature (Figure 2A). The maternal blood pours into the
intervillous space bathing placental villi to provide nutrients and oxygen for active transport
or diffusion into the fetal blood vessels. Maternal 1gG antibodies are transported by
endocytosis to reach the fetal circulation. In the human, the regions are often designated as
extravillous and villous, whereas in the rodent, the placental layers are designated as the
labyrinth and trophospongium or junctional layer. The trophospongium layer is both fetal
and maternal with fetal trophoblasts invading to remodel maternal spiral arteries. The villous
or labyrinth space is of fetal origin with villous structures carrying fetal blood vessels into
the intervillous space for exchange of oxygen and nutrients. The placental villi and the
intervillous space are lined by fetal trophoblasts, the outermost epithelial like cell layer of
the developing fetus. The trophoblasts differentiate with the task of invading the maternal
uterine decidua to remodel spiral arteries and establish a high flow low resistance source of
maternal blood that enters the intervillous space and bathes the placental villi. The different
trophoblast cell types are depicted in Figure 2B. The interstitial and endovascular
trophoblasts invade maternal decidua to direct remodeling of maternal spiral arteries to a
low resistance blood vessel that can provide adequate maternal blood to the intervillous
space. The villous cytotrophoblasts differentiate into the outer syncytiotrophoblast layer on
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the placental villi in contact with the intervillous space with maternal blood and
complement. The fetal trophoblast on the outermost layer of the embryonic placental villi is
the syncytiotrophoblast that establishes the interface between maternal blood and the fetus.
It is formed by fusion of the underlying layer of villous cytotrophoblasts and lacks gaps for
immune cell penetration. The fetal derived trophoblast is the only cell in contact with the
maternal blood so this is an important site for control of complement activation by
endogenous complement regulators. Complement system activation at the
syncytiotrophoblast must be carefully controlled so the fetus is not harmed by the mothers
innate immune complement system. In addition, a functioning intact complement system is
of critical importance in maintaining host defense to protect the fetus and mother from
infection.

2.3 Complement and placental development

Complement is very important in a normal pregnancy for development of placenta and
consequently for normal development of the fetus. At initial stages of pregnancy, the uterine
wall undergoes changes and transforms into decidual tissue that is important for
implantation. Inflammation accompanies the trophoblast invasion of the decidual tissue and
successful embryo implantation. Numerous changes in the adaptive immune response are
also important in success of this process, but we will concentrate primarily on the role of the
complement system in successful trophoblast invasion and fetal development. Activated C3
participates in normal phagocytic activity of the mouse trophoblast in vitro suggesting that
C3 may assist in trophoblast invasion of the decidua and endometrial blood vessels (Albieri
et al., 1999). Some trophoblasts invade the uterine decidua as endovascular trophoblasts and
migrate up the uterine spiral artery to replace the endothelial cells and result in vascular
remodeling and a high flow, low resistance vessel. Normally endothelial cells do not
synthesize complement components. However, Bulla et al (Bulla et al., 2008) demonstrated
that endothelial cells in decidual tissue secrete C1q during pregnancy and C1q is seen at
contact sites between endovascular trophoblasts invading the spiral arteries and decidual
endothelial cells. No C4 is detected co-localized with C1q suggesting that C1q does not
initiate complement activation at this location. In vitro studies suggest that C1q is likely a
bridge allowing adherence of decidual endothelial cells and the endovascular trophoblast.
MBL is known to inhibit this interaction (Agostinis et al., 2012). Moreover, MBL is
increased in normal pregnancy compared to hon-pregnant women (van de Geijn et al., 2007)
suggesting it may play a role in limiting endovascular trophoblast invasion of spiral arteries.

The importance of local production of C1q is evident from the localization of C1q in areas
of invading trophoblasts in human placentas (Agostinis et al., 2010; Bulla et al., 2012) as
well as by abnormal placentation in C1q deficient mice. Compared to wild type mice, C1q
deficient mice have reduced placental labyrinth development and spiral artery remodeling
with the end result being reduced litter size and fetal weight. C1q deficient animals
demonstrated a preeclamptic like phenotype with increased blood pressure and proteinuria
indicating the critical importance of C1q for a normal uneventful pregnancy. Also, this
suggests the possibility that lack of C1q, either acquired or genetic, in women may lead to
abnormal placentation and pregnancy complications (Singh et al., 2011). This is consistent
with the increased incidence of pregnancy complications in women with acquired or genetic
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deficiency of classical pathway components such as in systemic lupus erythematosus (SLE),
malaria, or antiphospholipid antibody syndrome (APLAS) (discussed in section 3.2).

2.4 The complement system in normal pregnancy

2.4.1 Complement in the circulation—Changes in circulating complement could
provide readily accessible biomarkers for predicting adverse pregnancy outcomes if we
understand what is ‘normal” for pregnancy. Older literature demonstrates increased C3 in
serum of the mother at term compared to non-pregnant women (Millar and Mills, 1972).
Both C3 and total hemolytic complement were investigated over the continuum of
pregnancy with an initial decrease in serum levels of C3 in first trimester and an increase in
second and third trimester. After delivery, C3 returned to early pregnancy values (Baines et
al., 1974). Earlier studies are contradictory with no change in complement noted over the
course of pregnancy (Prall and Kantor, 1966). Total hemolytic complement is a relatively
insensitive measure and significant complement activation can occur with little change in
this measure. A more recent study by Derzsy et al (Derzsy et al., 2010) using more
contemporary techniques did a thorough examination of healthy non-pregnant and pregnant
women to measure circulating levels of complement components and activation products
C4d, C3a, sC5b-9 along with the regulator Factor H to determine if increased inflammation
in the form of complement activation is associated with normal pregnancy compared to non-
pregnant women. In normal preghancy at 36—-37 weeks of gestation, concentrations of C4d,
C3a, sC5h-9, C3, C9, and Factor H were greater than non-pregnant women whereas C1-INH
was lower. Increases in the C4d/C4 ratio, the C3a/C3 ratio and sC5b-9 indicated increased
complement activation via the classical or lectin pathway in normal pregnancy with no
significant change in the alternative pathway fragment Bb. This study was consistent with an
earlier study by Richani demonstrating increased C3a and C5a during pregnancy (Richani et
al., 2005). In contrast, in an African green monkey model of influenza during pregnancy,
investigators found that C3, C3a and C4 were actually decreased late in gestation compared
to non pregnant animals, correlating with decreased viral neutralization and influenza
susceptibility late in pregnancy (Mayer and Parks, 2014). Clearly when considering
complement and its activation in adverse pregnancy outcomes, a gestationally matched
control group of pregnant women with no adverse outcomes must be used rather than simply
using non-pregnant controls.

2.4.2 Complement in placenta—Complement components are primarily synthesized by
liver, but can also be synthesized locally in numerous tissues including placenta. It is
particularly important to know what is happening locally in the placenta during pregnancy —
where maternal blood meets the semiallogeneic fetal syncytiotrophoblast. Most studies have
examined term placenta available after normal birth or early placenta obtained at abortion.
Lokki et al (Lokki et al., 2014) probed for plasma regulators of complement activation in
term placenta and demonstrated C4BP evident in syncytial bodies or areas of damaged
syncytiotrophoblasts and Factor H in tissue stroma. Buurma (Buurma et al., 2012) clearly
documented message for CD46, CD55 and CD59 in placenta during normal pregnancy.
Older studies of others examined the distribution of complement regulators CD46, CD55
and CD59 on syncytiotrophoblasts, extravillous trophoblasts and villous cytotrophoblasts
using immunohistochemistry. On the syncytiotrophoblast, the differentiated fused
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trophoblast that lines the intervillous space, all three membrane bound complement
regulators are consistently noted in first, second and third trimester placenta i.e. CD46,
CD55 and CD59 (Figure 2B) (Holmes et al., 1992; Holmes et al., 1990; Hsi et al., 1991;
Lokki et al., 2014; Nishikori et al., 1993). Using trophoblasts isolated from first through
third trimester, Holmes (Holmes et al., 1992; Holmes et al., 1990) noted increased presence
of all three regulators in second and third trimester. Extravillous trophoblasts, whether in
trophoblastic columns invading the decidua or as interstitial or endovascular trophoblasts,
also consistently express all 3 regulators, CD46, CD55 and CD59 (Holmes et al., 1992;
Holmes et al., 1990; Hsi et al., 1991; Nishikori et al., 1993). The underlying layer of villous
cytotrophoblasts is apparent early in pregnancy and there is general agreement in the
literature that villous cytotrophoblasts have CD46 (Holmes et al., 1992; Holmes et al., 1990;
Hsi et al., 1991; Nishikori et al., 1993). However, the presence of CD55 in villous
cytotrophoblasts of first term placenta has been reported by some (Hsi et al., 1991; Nishikori
et al., 1993) and less consistently by others (Holmes et al., 1992; Holmes et al., 1990). CD59
was also inconsistently reported in villous cytotrophoblasts, being rarely evident in the study
of Nishikori (Nishikori et al., 1993) but positive in the study by Holmes (Holmes et al.,
1992). It is conceivable that cells most in contact with maternal tissue, the syncytio- and
extravillous trophoblasts would need most protection from the maternal complement
activation, whereas the villous cytotrophoblast is largely confined to the fetal compartment
shielded from the maternal immune system by the syncytiotrophoblast. Certainly, significant
variability can occur when dealing with placental samples from women of varying
gestational ages and using different antibodies and techniques.

Despite the presence of complement regulators in placenta, some degree of complement
activation still occurs in placenta during normal pregnancy. Bulla et al (Bulla et al., 2009)
demonstrated very nicely that both human trophoblast cell lines, as well as freshly isolated
human first trimester trophoblasts secrete C3 and C4 protein and have mRNA for the later
components C6-9, with particularly high mRNA for C7. Presumably these complement
components provide a local source of innate immune protection from infection. An early
study by Faulk et al, (Faulk et al., 1980; Faulk and Johnson, 1977) demonstrated C3,
particularly C3d, in trophoblast basement membranes of full term placenta along with C9
but not C1q, C4 or C2. The most consistent staining of trophoblast basement membranes
was demonstrated with anti C3 with C1q occasionally found in walls of large blood vessels.
Tedesco (Tedesco et al., 1990) documented the terminal complement complex C5b-9 in
normal term placenta in the decidua and stroma of chorionic villi. In normal uteroplacental
spiral arteries (4-40 wk gestational age), C1qg, C3d, C4, C6 and C9 were all evident (Wells
et al., 1987). More recent studies by Lokki et al (Lokki et al., 2014) and Buurma (Buurma et
al., 2012) demonstrated clear C1qg and C9 staining along with C3d, C4BP and Factor H in
normal placenta. As in the circulation, assessing complement activation in placenta
associated with adverse pregnancy outcomes needs to be carefully compared to the same
parameters in a normal pregnancy at the same time point.

2.5 Complement and embryo/fetal development

Besides playing critical roles in host defense and pattern recognition, recent studies are
defining an important role for the complement system in embryonic and fetal development.
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Embryotrophic factors largely derived from the uterus promote embryo growth prior to
development of placenta. In the human, embryotrophic factor 3 (ETF-3) is the most
abundant embryotrophic factor and contains C3 along with C3b and its degradation product
iC3b. iC3b is the most potent embryotrophic factor in mice preimplantation in the oviduct
(Lee et al., 2009). In the rat, C3 on the visceral yolk sac is important for embryonic
development in early post implantation embryos. In explant rat embryo culture, adding
intact C3 significantly favors development, without a requirement for C3 activation (Usami
et al., 2010). Thus, C3 appears to be an important embryotrophic factor prior to formation of
the placenta.

Whether complement plays an unrecognized role in long term health outcomes associated
with preterm and low birth weight pregnancies by altering developmental trajectories of
fetal organs and/or the pool of resident progenitor cells in those organs remains largely
unexplored. Complement receptors are expressed on hematopoietic stem-like progenitor
cells (HSPCs) and studies by Reca et al and others report that activation of complement
receptors modulates cellular functions such as homing response and regeneration (Ratajczak
et al., 2004; Reca et al., 2003). Likewise, previous studies report interactions between
platelet derived microparticles and complement factors that may play important roles in
HSPC function (Baj-Krzyworzeka et al., 2002). In preeclampsia, endothelial progenitor cells
are decreased in cord blood compared to normal pregnancy (Beasley et al., 2014; Munoz-
Hernandez et al., 2014). Further research is needed to determine if complement activation in
adverse pregnancy outcomes alters levels of HSPCs and directly contributes to long term
health concerns in offspring.

3 Complement Deficiencies and Pregnancy

3.1 Complement deficiencies and mutations and pregnancy complications

Inherited complement deficiencies are rare with population prevalence estimated at 0.03%
(Figueroa and Densen, 1991; Grumach and Kirschfink, 2014). Homozygous C2 deficiency
is one of the most commonly inherited complement defects, occurring in up to 0.01% of the
population (Alper, 1987). In general, severe deficiency of complement components
predisposes to infection with encapsulated bacteria, such as Neisseria meningitidis or
Streptococcus pneumonia. Deficiencies in C1, C2, and C4 may predispose to collagen
vascular disease and systemic lupus erythematosus (SLE) (Aggarwal et al., 2010; Jonsson et
al., 2007; Meyer et al., 1985). Descriptions in pregnancy are limited to case reports or
familial clusters of heterozygous carriers (Dantant et al., 1978; Dixit et al., 1985; Sullivan
and Winkelstein, 1994). In light of the critical position of C3 in the complement cascade,
inherited deficiency of this component results in overwhelming infections at an early age
and no cases of human pregnancy have been reported in the literature among women with
inherited C3 deficiency.

Although true complement deficiencies are rare, there is increasing evidence that inherited
gene mutations in complement regulatory proteins predispose to adverse pregnancy
outcomes (Mohlin et al., 2013; Salmon et al., 2011). Most commonly, these are loss of
function gene mutations in complement regulators resulting in increased complement
activation. Gain of function mutations in complement effectors have not yet been linked to
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adverse pregnancy outcomes, but they have been identified in individuals with atypical
hemolytic uremic syndrome (Loirat and Fremeaux-Bacchi, 2011). In a study among women
with recurrent pregnancy loss (defined as =3 consecutive embryonic losses before 10 weeks
gestation or =2 fetal losses after 10 weeks gestation), specific mutations in C4b binding
protein (C4BP) and CD46 were identified (Mohlin et al., 2013). C4BP polymorphism
R120H was detected in two subjects with recurrent pregnancy loss and was associated with
decreased C3b degradation capability. Two polymorphisms in CD46 included P324L, which
caused significant decreased cell surface expression of CD46 and N213I, which was
associated with decreased degradation of both C4b and C3b. In a large prospective
investigation among women with SLE or with aPL antibodies (PROMISSE Study) (Salmon
etal., 2011), 18% of those with preeclampsia had detectable mutations in genes encoding
complement regulatory proteins MCP (CD46), factor I, or factor H. Three women with
preeclampsia were heterozygous for the MCP gene variant A304V, shown to be deficient in
cell-surface alternative pathway activation (Fang et al., 2008a). The same variant was
detected in 7% of non-autoimmune patients with severe preeclampsia or HELLP syndrome,
and has been detected in patients with aHUS (Caprioli et al., 2006).

Studies in animal models with genetic deficiencies have also demonstrated the importance
of an intact complement system in a successful pregnancy. As previously noted, mice
deficient in C1q experience abnormal placentation and fetal loss (Singh et al., 2011). Crry
knockout mice experience complete fetal loss during embryonic development (Xu et al.,
2000) due to excessive alternative pathway complement activation through C3. Experiments
demonstrated that animals deficient in C3, Factor B and properdin (Kimura et al., 2010)
were protected from fetal loss in Crry knockout mice, whereas C4 or C5 deficient animals
were not. More detailed study of Crry knockout mice indicated that a normal placental
vasculature does not develop (Mao et al., 2003). C3 deficient mice have a higher fetal
resorption rate with reduced placental development in the labyrinth and spongiotrophoblast
layer than control mice (Chow et al., 2009). In addition, fetal and placental weight decreased
suggesting fetal growth restriction as a result of the C3 deficiency.

3.2 Complement Deficiencies and Pregnancy complications

True complement deficiencies are associated with severe, recurrent infections and are
uncommon in pregnancy. However, there is increasing recognition of acquired complement
deficiency in pregnancy, which may be triggered by underlying complement gene mutations
or complement-associated disorders such as SLE or paroxysmal nocturnal hemoglobinuria
(PNH). In pregnancy, deficiencies in specific complement regulators (e.g., PNH or
complement gene mutations) may predispose to excess complement activation or
alternatively, complement deficiency may arise as the end result of excess complement
activation (e.g., SLE). Depending on the underlying trigger and the gestational age of the
pregnancy, complement biomarkers and clinical manifestations of disease will vary. We will
review pregnancy complications in select situations where deficiencies or mutations of
complement, whether genetic or acquired, are associated with pregnancy complications.

3.2.1 Systemic lupus erythematosus (SLE) and antiphospholipid antibody
syndrome (APLAS)—Immune complex formation triggers complement activation and

Mol Immunol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Regal et al.

Page 9

predisposes to adverse pregnancy outcomes in women with SLE and APLAS. Recurrent
embryonic loss (<10 weeks), unexplained fetal death (>10 weeks), and severe preeclampsia
or growth restriction <34 weeks are heightened in both disorders, but these adverse
pregnancy outcomes specifically define the diagnosis of APLAS. SLE is defined clinically,
but is associated with a number of auto-antibodies including anti-nuclear, anti-Smith and
anti-double stranded DNA antibodies. Anti-C1q antibodies have also been described in
lupus nephritis (Marto et al., 2005). Anti-phospholipid (aPL) antibodies (e.g., lupus
anticoagulant, anti-cardiolipin antibody, anti-B2 glycoprotein 1) are diagnostic for APLAS.

In light of immune complex formation and complement deposition in the kidney, SLE flares
are often associated with low C3 and C4 levels (Birmingham et al., 2010). Normalization of
C3 and C4, irrespective of therapy, is associated with a reduction in severe flares (Stohl et
al., 2012). Lupus flares in pregnancy are often characterized by severe hypertension and
proteinuria, and distinction from severe preeclampsia is difficult. While preeclampsia is not
characterized by low C3 or C4 levels as seen with lupus in pregnancy (Buyon et al., 1986),
the ratio of complement split products (i.e., C3a/C3 and C4d/C4) are elevated in
preeclampsia suggesting excess complement activation with relative depletion of C3 and C4
(Derzsy et al., 2010). On the other hand, both severe preeclampsia and lupus have been
associated with increased terminal complement activation as measured by plasma and urine
biomarkers C5a and sC5b-9 (Burwick et al., 2013; Chiu et al., 1998; Gou et al., 2013). In
preeclampsia, urinary excretion of sC5b-9 correlates most closely with kidney injury
molecule 1 (KIM-1), a marker of proximal tubule injury (Burwick et al., 2014b). Extrinsic
C5 activation by serine proteases in the coagulation cascade may also contribute to increased
levels of C5a and sC5b-9 in severe preeclampsia (Amara et al., 2010; Burwick et al., 2014a;
Huber-Lang et al., 2006).

APLAS complicates disease in a subset of patients with SLE, but it also occurs in the
absence of clinical lupus. For women with pregnancies complicated by severe, early-onset
preeclampsia or growth restriction (<34 weeks gestation), the persistence of circulating aPL
antibodies is sufficient to diagnose APLAS. This emphasizes the pathophysiologic link
between autoantibodies, complement activation, and placentally driven adverse pregnancy
outcomes. For example, aPL antibodies may fix complement to platelets, contributing to
platelet activation and venous thrombosis (Lood et al., 2014). This may occur within the
placental vasculature or systemic circulation. In mice, targeted C5 inhibition is sufficient to
mitigate aPL associated thrombosis (Romay-Penabad et al., 2014) and pregnancy loss
(Girardi et al., 2006). In human pregnancy, low molecular weight heparin reduces adverse
pregnancy outcomes in women with APLAS (Bates et al., 2008) although it is unclear if this
is due specifically to an anti-complement or anti-thrombotic effect or both.

3.2.2 Paroxysmal nocturnal hemoglobinuria (PNH)—Paroxysmal nocturnal
hemoglobinuria (PNH) results from an acquired defect in glycosylphosphatidylinositol
(GPI) anchoring of complement regulators CD55 and CD59 in blood cells, predisposing to
complement-mediated hemolysis, thrombocytopenia and thrombosis. Complement
hemolytic activity (e.g., CH50 assay) may be used to assess disease activity and response to
treatment in PNH, and CH50 activity >10% of normal values correlates with the need for
blood transfusion (Peffault de Latour et al., 2014). Nearly half of pregnancies in women
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with PNH result in either spontaneous miscarriages or early termination, and among those
carrying the pregnancy beyond the second trimester more than 50% are delivered
prematurely (Bais et al., 1994; Fieni et al., 2006; Ray et al., 2000). However, the anti C5
antibody eculizumab was FDA approved for treatment of PNH in 2007 and its use has
successfully allowed management of pregnancy in women with PNH (Kelly et al., 2010).

3.2.3 Atypical hemolytic uremic syndrome (aHUS)—Atypical hemolytic uremic
syndrome is a life-threatening disorder characterized by microangiopathic hemolytic
anemia, thrombocytopenia and renal failure. Uncontrolled complement activation is a
common feature of disease and complement gene mutations have been found in more than
50% of patients with aHUS, including women with pregnancy associated HUS (Noris and
Remuzzi, 2010). Interestingly, similar complement gene mutations are found in women with
preeclampsia and HELLP syndrome (Fang et al., 2008a; Salmon et al., 2011). Serum C5a
and sC5b-9 levels are also elevated in all three conditions (Burwick et al., 2013; Cataland et
al., 2014; Haeger et al., 1990). Eculizumab is now FDA approved for treatment of aHUS
and it appears to be effective in mitigating complement-mediated hemolysis, platelet
destruction and kidney injury (Legendre et al., 2013).

HELLP syndrome and aHUS have been compared because they are both thrombotic
microangiopathies associated with hemolytic anemia and thrombocytopenia (Fang et al.,
2008b). HELLP syndrome is most often present in conjunction with preeclampsia, but it can
occur independently in 10-15% of cases. Complicating matters, aHUS can occur in
pregnancy or postpartum. When HELLP presents in the absence of hypertension the
distinction from pregnancy associated aHUS is less clear, but liver dysfunction suggests the
former and acute renal failure the latter. In women with prior aHUS, pregnancy may trigger
recurrent disease in up to 20%, and most recurrences are among those with gene mutations
in complement regulatory proteins (e.g., Factor H, Factor I, MCP) (Fakhouri et al., 2010).
Outcomes for these women are particularly poor, with over 80% requiring hemodialysis and
over 60% reaching end stage renal disease within one month of the episode. Rates of
pregnancy loss and preeclampsia are also elevated.

Haeger et al. reported increased complement activation in 10 women with HELLP syndrome
as assessed by plasma levels of C3a, C5a, and Ch5b-9 (Haeger et al., 1990). Over the next
few decades, advancements in the understanding of complement disorders led investigators
to consider that complement gene mutations might predispose to HELLP syndrome, as seen
with aHUS. Fang et al. described a mutation in MCP (A304V) in a subject with HELLP
syndrome that was also seen in subjects with aHUS, shiga toxin associated HUS, and
glomerulonephritis with C3 deposits (Fang et al., 2008a). It was determined that the A304V
mutation led to deficient control of the alternative pathway of complement activation on a
cell surface. This mutation was subsequently reported by Salmon et al. in a subject with
HELLP syndrome and neonatal demise at 22 weeks (Salmon et al., 2011) and by Fakhouri et
al. in a subject with HELLP syndrome and renal involvement (Fakhouri et al., 2008).
Fakhouri et al. also identified other complement gene mutations in HELLP syndrome
subjects, including Factor H (1 subject) and Factor | (2 subjects). More recently, Crovetto et
al. (Crovetto et al., 2012) evaluated 33 women with HELLP syndrome and detected
complement gene mutations in three subjects (9.1%), including Factor I (2 subjects) and
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MCP (1 subject). The overall prevalence of complement gene mutations in women with
HELLP syndrome remains unclear due to small sample size, but it is likely to be lower than
the prevalence in individuals with aHUS (>50%). Regardless, complement gene mutation
testing may ultimately be useful for providers managing high-risk pregnancies such as those
with a prior history of HUS or HELLP syndrome.

3.2.4 Placental malaria—In placental malaria, parasitized RBCs have access to the
intervillous space (Conroy et al., 2011). Infection with the malarial plasmodium results in
excessive complement activation, and when the individual is pregnant, this increased
activation occurs in the intervillous space as well, exposing the fetus and
syncytiotrophoblasts and developing placenta to excessive complement activation products.
Placental malaria predisposes to hypertension, which is not typical of malaria infection
outside of pregnancy (Muehlenbachs et al., 2006; Ndao et al., 2009). Some very elegant
studies by Conroy et al demonstrated an important role for complement activation and C5a
in the placental insufficiency and low birth weight associated with placental malaria
(Biryukov and Stoute, 2014; Conroy et al., 2013). Besides hypertension in the mother with
placental malaria, fetal growth restriction results in long term consequences for the child in
terms of poor health outcomes.

4. Complement and early pregnancy loss

Miscarriage, affecting approximately 15% of pregnancies, is spontaneous loss of pregnancy
where the fetus is not viable. In general, miscarriage is categorized as antibody dependent
and antibody independent miscarriage or spontaneous abortion. Cunningham et al
(Cunningham and Tichenor, 1995) examined trophoblasts from recurrent spontaneous
abortions associated with hypocomplementemia and noted a significant reduction in DAF/
CD55 expression in the trophoblasts, with a loss of protection from complement activation
resulting in an unsuccessful pregnancy. They estimated that up to 20% of cases of first
trimester loss are associated with hypocomplementemia (Tichenor et al., 1995). Indeed, in
the human placenta after spontaneous abortion a significant decrease in complement
regulators CD46 and CD55 with a subsequent increase in complement activation has been
described (Banadakoppa et al., 2014), reaffirming the importance of limiting placental
complement activation to ensure a successful pregnancy.

4.1 Antibody dependent miscarriage models

As discussed in section 3.2.1 women with APLAS are plagued with thrombosis and
increased risk of pregnancy complications and early pregnancy loss. To examine the
mechanism of this fetal loss aPL antibodies were administered to a mouse and resulted in
fetal loss and fetal growth restriction in survivors with significant neutrophil accumulation at
sites of fetal loss (Girardi, 2008). Using the power of mouse genetics, as well as neutrophil
depletion, they demonstrated the importance of neutrophils and the classical and alternative
pathway through C5 in the fetal loss. In addition, using C5aR deficient animals as well as
the C5aR antagonist PMX-53 [AcPhe(L-ornithine-Pro-D-cyclohexylalanine-Trp-Arg)] C5a
was demonstrated to be critical for the pathology. C5a was also essential for increased tissue
factor expression (Redecha et al., 2007) thus connecting the thrombosis and complement
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activation in this animal model of APLAS. Placental inflammation and fetal death are also
associated with another inflammatory disease neuromyelitis optica with antibodies against
aquaporin. Injection of these antibodies into mice results in activated complement,
miscarriage and damaged fetoplacental unit (Saadoun et al., 2013).

4.2 Antibody independent miscarriage models

An antibody independent mouse model of pregnancy loss that has also been extensively
used is an abortion prone mating, the CBA/J female X DBA/2 male, that results in increased
fetal resorption and growth restriction. In this model, the semiallogeneic placenta is likely
being rejected by effector cells from the mother. The control mating is the MHC identical
CBA/J X BALB/c mating combination that has disparate minor loci (Chaouat et al., 2009).
Cb5a is the key complement activation product resulting in fetal rejection and growth
restriction in the CBA/J X DBA/2 mating (Girardi et al., 2006). Normal placental
development is affected. There is a large volume of literature regarding the importance of
angiogenesis in development of normal vasculature for the placenta with the proper balance
of angiogenic [e.g. vascular endothelial growth factor (VEGF), Placental growth factor
(PIGF)] and anti-angiogenic factors [soluble fms-like tyrosine kinase-1 (sFlt-1)] being
important. In the CBA/J female X DBA/2 male abortion prone mating, C5a triggers release
of sFlt-1 (a soluble VEGF receptor) from monocytes, thus sequestering VEGF and affecting
angiogenic balance and normal placental development leading to pregnancy loss and fetal
growth restriction (Girardi et al., 2006). Inhibition of complement activation in this model
using the C3 inhibitor CR2-Crry on gestation day 5 blocked placental complement
activation and prevented placental dysfunction (Qing et al., 2011). However, in this model,
placental dysfunction was not associated with hypertension, but with oxidative stress and
increased sFlt-1, an occurrence that is consistent with reports from the clinical literature
investigating idiopathic fetal growth restriction (Crispi et al., 2006; Espinoza et al., 2007,
Shibata et al., 2005; Wathen et al., 2006).

C57BI/6 mice provide another example of potential complement involvement in antibody
independent pregnancy loss. About 10% of fetuses from C57BI/6 mice are aborted at day 14
of gestation. Immunohistochemical examination of abortion sites compared to normal sites
revealed increased C3 in cytoplasm of invasive trophoblast giant cells. High levels of
adipsin, a mouse homolog of alternative pathway human Factor D, was also present
(Kusakabe et al., 2008) suggesting complement involvement in the pregnancy loss.
However, further studies in this model are necessary to determine if the complement
activation is causative rather than a result of the spontaneous abortion.

5. Complement and Fetal growth restriction

A growth restricted neonate is 3 times more likely to die as a neonate than a normal weight
child (Garite et al., 2004). Adverse long-term consequences of fetal growth restriction can
include increased risk for respiratory (e.g. BPD), cardiovascular, or metabolic diseases as
well as neurodevelopmental outcomes that may result in a variety of mental health issues.
Thus, understanding the underlying causes of fetal growth restriction and its potential
prevention are of considerable interest for improving public health.
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Unilateral uterine ischemia/reperfusion has been used as a model of fetal growth restriction.
In this mouse model, partial flow restriction for 30 min (fetal growth restriction) or total
flow restriction for 5 min (fetal loss) was accomplished mechanically clamping the uterine
and ovarian arteries of the right horn on gestation day 13.5. The left horn was not
manipulated. When assessed on gestation day 18.5, unilateral ischemia reperfusion resulted
in bilateral fetal loss and fetal growth restriction. Blood pressure was not measured. In the
absence of C5, the mouse was protected from ischemia reperfusion induced fetal growth
restriction and fetal loss. Uterine myeloperoxidase indicative of neutrophil infiltration was
increased following ischemia reperfusion, but not in C5 deficient mice (Qu et al., 2012).

The reduced uterine perfusion pressure (RUPP) model of placental ischemia in the rat leads
to fetal growth restriction and hypertension (See section 6.2). Interestingly our studies in the
RUPP model indicate that inhibition of complement activation reduces blood pressure but
does not improve fetal growth or viability (Lillegard et al., 2013; Lillegard et al., 2014),
whereas in unilateral uterine ischemia reperfusion in the mouse, C5 deficiency protected
from fetal growth restriction (Qu et al., 2012). Also, a case report by Burwick and Feinberg
showed that anti C5 antibody treatment improved outcomes in preeclampsia and HELLP
syndrome including lengthening gestation by 17 days and allowing fetal growth and
maturation (Burwick and Feinberg, 2013). Although exciting, this observation highlights a
limitation of many current animal models for studying pregnancy disorders. In particular,
rodent models cannot easily incorporate the pre-term delivery aspect of preeclampsia and
fetal growth restriction. Taken together, the exact role for complement factors in fetal
growth restriction remains unclear. While a certain amount of complement activation is
required during early pregnancy for normal embryonic and fetal development, excessive
complement activation in early or late pregnancy can be deleterious. Hence, continued
studies in the basic sciences as well as the clinic are required to identify further therapeutic
targets to improve maternal and fetal well-being.

6. Complement and Hypertensive Disorders of Pregnancy

Hypertensive disorders of pregnancy are classified into 4 categories: 1) Preeclampsia —
eclampsia, 2) chronic hypertension of any cause (pre-dates pregnancy or evident in early
pregnancy before 20 weeks gestation), 3) chronic hypertension with superimposed
preeclampsia, 4) gestational hypertension. The diagnosis of preeclampsia has required the
presence of proteinuria since at least the 1930’s (Irving, 1939) and continuously through
2013. Prior to 2013, the American College of Obstetricians and Gynecologists (ACOG)
required =300mg protein in a 24 hour urine collection to make a formal diagnosis of
preeclampsia (2002). However, due to the heterogeneous and systemic nature of disease,
ACOG has broadened the diagnosis of preeclampsia (ACOG, 2013). The diagnosis of
preeclampsia and gestational hypertension remain dependent on new onset blood pressure
>140 mmHg systolic or 290 mmHg diastolic after 20 weeks of gestation. However,
proteinuria (=300mg protein in a 24 hour urine collection or urine spot protein/creatinine
ratio =0.3) is sufficient but not necessary for the diagnosis of preeclampsia. In the absence of
proteinuria, preeclampsia is now confirmed by new onset hypertension with signs or
symptoms of systemic disease including thrombocytopenia, impaired liver function, renal
insufficiency, or cerebral or visual disturbances. Gestational hypertension is distinguished
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from preeclampsia by absence of proteinuria or systemic signs or symptoms. Hypertensive
disorders of pregnancy are also characterized by fetal growth restriction and are a leading
cause of medically indicated preterm birth. Thus, the discussion here will concentrate
primarily on the role of the complement system in mediating the hypertension or proteinuria
associated with preeclampsia with full knowledge that the complement system may also be
involved in preterm birth (Section 7) and fetal growth restriction (Section 5) due to
hypertensive disorders of pregnancy. It should also be noted that the studies cited are
generally based on the ‘old’ classification of preeclampsia with the requirement for
proteinuria. Preeclampsia is also distinguished as early onset vs late onset preeclampsia
(Moore and Redman, 1983; Paruk and Moodley, 2000) based on evidence that the two
entities have distinct pathophysiologic underpinnings (Nelson et al., 2014; Pinheiro et al.,
2014) Investigators have most often classified early-onset and late-onset disease as
preeclampsia that prompts delivery <34 weeks or =34 weeks gestation, respectively.

It is generally considered that preeclampsia and related hypertensive disorders of pregnancy
arise from early placental aberrations that impair blood flow and oxygenation to the
placenta. A leading hypothesis is that spiral artery remodeling is impaired in placental
development leading to reduced perfusion of the intervillous space and relative placental
ischemia. Two questions arise regarding pathophysiology: what causes the impaired
placental development, and once placental ischemia has occurred, what leads to the
increased blood pressure and fetal growth restriction. As appropriate, we will consider
complement involvement in both stages of development of preeclampsia.

6.1 Human studies

Early studies using CH50 measurements of total hemolytic complement activity revealed no
difference in plasma from normal pregnancies vs. preeclamptic pregnancies (Kitzmiller et
al., 1973). Advances in measurement of complement activation products in clinical studies
have clearly demonstrated that complement activation is even greater in preeclamptic
pregnancies compared to normal pregnancies. Derzsy et al. (Derzsy et al., 2010) reported
1TC3a/C3 ratio and 1sC5b-9 in preeclamptic pregnancies compared to normal pregnancies, as
well as a significant decrease in C3. These measures all support the conclusion that
excessive complement activation had occurred in the preeclamptic pregnancy leading to a
depletion of C3 in the plasma — C3 synthesis was outpaced by C3 activation. They also
found that increased terminal lytic pathway activation (sC5b-9) was associated with fetal
growth restriction. Soto et al. (Soto et al., 2010) compared complement activation products
C3a, C4a and C5a in preeclamptic pregnancies vs pregnancies with small for gestational age
fetuses and noted increased C5a was associated with preeclampsia but not small for
gestational age fetuses. Both of these studies evaluated complement activation products in
the last half of pregnancy when preeclamptic symptoms were evident.

To determine if complement activation products early in pregnancy were predictive and/or
potentially causal in preeclampsia, Lynch and colleagues (Lynch et al., 2008) measured
complement activation products and followed patients for development of preeclampsia and
other pregnancy complications. They reported increased Factor Bb suggesting excessive
alternative pathway activation early in pregnancy, and this increase was associated with
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preeclampsia development later in pregnancy. Predictive differences in C3a or sC5b-9 were
not detected. In continuing studies, outcomes were expanded to include hypertensive disease
of pregnancy, preterm birth (<37 wk), premature rupture of the membranes, intrauterine fetal
loss, and growth restriction. In this analysis women in the highest quartile of C3a were 3
times more likely to have an adverse pregnancy outcome. (Lynch et al., 2011).
Hypertension, preterm birth and premature rupture of membranes had the strongest
association with high C3a levels early in pregnancy.

In patients with severe preeclampsia, increased complement activation products C5a and
sC5b-9 have also been detected in plasma and urine indicating activation of the terminal
complement components (Burwick et al., 2013). Urinary excretion of sC5b-9 was markedly
increased in severe preeclampsia but minimal or absent in gravidas with chronic
hypertension or healthy controls. Furthermore, urinary detection of sC5b-9 correlated well
with the anti-angiogenic condition, characterized by increased sFlt-1 and decreased PIGF
and VEGF (Guseh et al., 2014). Overall, clinical data clearly suggest excessive complement
activation is associated with adverse outcomes of pregnancy, including high blood pressure
and renal insufficiency. The excessive complement activation precedes the symptoms and
may be predictive, suggesting a causal role in the process. However, excessive complement
activation also occurs during preeclampsia, indicating that increased complement activation
perpetuates pathology during later pregnancy when preeclamptic symptoms are evident.

More recent studies have examined changes in complement regulators to determine if
decreased regulation in placenta is responsible in part for increased complement activation
in preeclampsia compared to normal pregnancy. Mutations in complement regulatory
proteins have been detected in 8-18% of women with preeclampsia (Salmon et al., 2011).
The involvement of early complement components in preeclampsia is suggested by the fact
that deficiency in C4A or C4B is twice as prevalent in early onset preeclampsia patients
compared to normal pregnant controls (Lokki et al., 2014). C4 is produced by 2 loci with the
normal situation involving 2 C4A and 2 C4B genes. In control pregnancies, higher C4
deposition and reduced presence of C4BP is contrasted with low C4 deposition and high
C4BP in early and late onset preeclampsia (Lokki et al., 2014). C4ABP was intense in
apoptotic fragments and syncytial bodies. In contrast, Buurma observed increased C4d on
syncytiotrophoblasts in preeclamptics compared to controls (Buurma et al., 2012).
Differences in CD46, CD55 and CD59 by immunohistochemistry were not evident in
normal pregnancies vs early and late onset preeclampsia (Lokki et al., 2014). However,
mRNA for CD55 (DAF, decay accelerating factor) and CD59, but not CD46 were
significantly upregulated in placenta from preeclamptic pregnancies (Buurma et al., 2012;
Lokki et al., 2014). Overall these studies point to dysregulation of complement activation in
preeclamptic placenta in response to placental insufficiency and damage, with upregulation
of endogenous regulators in an attempt to keep complement activation under control.

6.2 Animal studies

Animal studies of hypertensive disorders of pregnancy are important to critically test
hypotheses regarding pathophysiology and putative treatments that are not possible in
humans, as well as to inform critical studies in humans. Many studies have utilized mice and
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rats that share hemichorial placentation with humans. Both humans and rats exhibit deep
trophoblast invasion in placental development, in contrast to mouse where invasion is
shallow and placentation is more superficial (Soares et al., 2012). Genetic manipulation of
the mouse has been very valuable, and tools for genetic manipulation of the rat are
becoming increasingly available. Studies have primarily examined pathophysiology of
preeclampsia once placental ischemia has been realized with a few studies investigating the
cause of the placental insufficiency. As previously noted, C1q deficient mice result in an
abnormal placenta being formed and increased blood pressure developing over pregnancy
with increased protein in the urine (Singh et al., 2011). Clearly, C1q is necessary for normal
placental development and in the absence of a normal placenta, the mice develop defective
decidual invasion and symptoms of preeclampsia.

Other models of preeclampsia are focused on events in the later part of pregnancy to
investigate the consequences of placental ischemia once it has developed. In these models,
preeclampsia symptoms are initiated either by surgical intervention to cause placental
ischemia or by infusion of mediators resulting from placental ischemia. Placental ischemia
in rat and mouse results in elaboration of many factors including but not limited to agonistic
autoantibodies to the angiotensin Il type 1 receptor (AT1-AA), TNF, endothelin, increased
sFlt-1, decreased VEGF and increased reactive oxygen species (LaMarca et al., 2013).
Studies by Lillegard et al (Lillegard et al., 2013; Lillegard et al., 2014) using the reduced
uterine perfusion pressure (RUPP) model of placental ischemia in the rat were the first to
mechanistically link complement activation, particularly C3a and C5a, with the hypertension
caused by placental ischemia. Chronic placental ischemia in the RUPP model (mechanically
reducing blood flow to the uteroplacental unit to ~40%) results in increased blood pressure
in the mother, fetal growth restriction, and complement activation. Inhibiting complement
activation using a soluble version of endogenous CR1 (sCR1) significantly attenuated
hypertension. Continued studies using the C5a receptor antagonist PMX 53 and the C3a
receptor antagonist SB290157 demonstrated that C3a and C5a were the important products
of complement activation responsible for the hypertension. In addition, PMX 53 prevented
endothelial dysfunction in small mesenteric blood vessels and changes in heart rate that
occur following placental ischemia suggesting that they both contribute to hypertension. The
conclusion of these studies regarding C3a involvement relies on specificity of SB290157 at
the dosage used (5 mg/kg). Certainly SB290157 has been criticized for its partial agonist
activity as well as its effect on neutrophils so the involvement of C3a in placental ischemia
induced hypertension should be considered cautiously (Proctor et al., 2004). What is unclear
at this point is whether complement activation and C3a/C5a generation are linked to other
mediator systems with a known role in placental ischemia induced hypertension i.e.
endothelin, reactive oxygen species, AT1-AA, VEGF, sFlt-1, or whether complement
activation acts in parallel with these other systems to result in hypertension.

Infusion of sFlt-1, AT1-AA or TNF can also mimic symptoms of preeclampsia in rodent
models, and manipulating these mediator systems attenuates placental ischemia-induced
hypertension (LaMarca et al., 2013). Wang et al hypothesized that interaction of the AT1-
AA with the angiotensin receptor would be responsible for increased complement activation
and the preeclamptic symptoms in a mouse model. Infusion of the human AT1-AA
mimicked symptoms of preeclampsia with increased blood pressure, albuminuria, fetal
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growth restriction and significant complement deposition in placenta and kidney (Wang et
al., 2012). SB290157 (30 mg/kg) attenuated the hypertension, albuminuria, intrauterine
growth restriction and sFlt-1 changes suggesting that the C3a receptor was an important
mediator of these events and contributed to the angiogenic imbalance in preeclampsia.
Again studies with SB290157 need to be viewed with caution given its documented off
target effects.

Evidence for complement involvement in pathophysiology of preeclampsia has also been
reported using another rat model of preeclampsia developed by crossing rats transgenic for
the human angiotensinogen gene and the human renin gene to produce a female rat that
develops hypertension during pregnancy with excessive stimulation of angiotensin receptor
(Dechend et al., 2005). Increased AT1-AA are also produced by this rat and react with a
defined epitope on the second extracellular loop of the receptor resulting in activation that
can be prevented by the epitope or the angiotensin receptor antagonist losartan. Complement
activation was noted in the kidney of these animals as evidenced by glomerular C3
deposition. In addition, increased C3 was apparent in the placental blood vessels of these
rats (Hering et al., 2008) co-localized with actin indicating it was associated with vascular
smooth muscle. In contrast to C1q deficient mice where placental development is reduced
and hypertension ensues, this rat model results in significantly deeper trophoblast invasion
and placental development associated with complement activation and increased C3 in
placental blood vessels with hypertension.

7. Complement and Preterm Birth

7.1 Preterm birth

Preterm birth constitutes delivery before 37 weeks of gestation and approximately 12% of
births in United States are preterm. Approximately a third of those births are medically
indicated (Goldenberg et al., 2008) to protect the health of the mother and/or child. The
remaining 70% of the preterm births are spontaneous — occurring after spontaneous onset of
labor. Studies suggest spontaneous and medically indicated preterm births are clinical
subtypes with possible overlapping mechanisms (Ananth, 2014; Ananth and Vintzileos,
2006a; lams, 2014; Roberts, 2014). Ischemic placental disease includes preeclampsia,
intrauterine growth restriction, and placental abruption (Ananth and Vintzileos, 2006b;
Friedman and Cleary, 2014; Roberts, 2014) and accounts for half of medically indicated
preterm births in United States or about 2% of all births (Friedman and Cleary, 2014).
Spontaneous preterm labor can occur for many different reasons including infection,
cervical disease, disruption of maternal fetal tolerance, and vascular disease (Romero et al.,
2014). Labor involves uterine contractility, cervical dilatation and rupture of the
chorioamniotic membranes. With spontaneous preterm labor one or more of these events is
prematurely activated by the disease process. Strategies to prevent preterm birth are urgently
needed (Newnham et al., 2014).

7.2 Complement and preterm birth in humans

Increased levels of Factor Bb early in pregnancy are associated with preterm birth (Lynch et
al., 2008; Vaisbuch et al., 2010) and occurred whether or not intra-amniotic infection or
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inflammation was present. Increased C5a also was evident in the circulation of women
delivering preterm, but only associated with intra-amniotic infection or inflammation (Soto
et al., 2005) indicating increased Bb has greater potential as a predictor of preterm birth of
multiple causes. Spontaneous idiopathic preterm birth is associated with coding variants in
CR1 (McElroy et al., 2013) reaffirming that control of complement activation helps to
ensure a successful pregnancy.

Excessive inflammation has been posited as a mechanism that leads to preterm birth.
Complement regulator CD55 normally increases during pregnancy on circulating white
blood cells and is even further elevated in subjects with preterm labor (Nowicki et al., 2009)
presumably due to activation of the inflammatory response in the maternal peripheral
circulation. Greater increases in CD55 were seen in women who experienced preterm labor
yet carried their pregnancies past 34 weeks suggesting that the increase in CD55 was an
attempt to limit inflammation and extend the pregnancy (Pacheco et al., 2011). CD55 in
peripheral white blood cells may be a useful predictor of preterm labor (Nowicki et al.,
2009), either alone or in combination with TLR4 (Pratap et al., 2013), consistent with the
extensive literature on crosstalk with TLR4 and complement activation (Song, 2012).

7.3 Complement and preterm birth — animal models

Preterm birth in humans can have numerous causes including infection and inflammation.
Girardi et al developed a mouse model of inflammation induced preterm delivery using LPS
administered intravaginally on gestation day 15 in the mouse. In this model, more than 90%
of the females delivered within 24-36 hours after LPS and there was no maternal morbidity
or mortality observed. LPS is both a TLR4 ligand as well as an activator of the alternative
complement pathway. Complement activation via a C5a/C5aR interaction resulted in
macrophage recruitment and matrix metalloprotease (MMP) production resulting in cervical
ripening and preterm birth (Gonzalez et al., 2011b). Now this mechanism is different from
the mechanism that leads to cervical remodeling at term where cervical fibroblasts and
columnar epithelial cells are the source of MMPs (Gonzalez et al., 2013) leading to cervical
ripening without complement recruitment of macrophages. These data suggest that
monitoring complement activation may serve as a biomarker for preterm birth (Gonzalez et
al., 2011a) but the clinical translation of this information has not yet been realized.

A clear complication of preterm delivery is inadequate development of critical organ
systems including the brain. In their model of preterm birth, Girardi et al also found that
complement inhibition using a C5aR deficient mouse prevented fetal brain cortical
abnormalities associated with inflammation induced preterm birth (Pedroni et al., 2014).
Using ultrasmall superparamagnetic iron oxides conjugated to anti C3 and magnetic
resonance imaging, they were able to detect C3 deposition in placenta and brain in animals
undergoing LPS induced preterm birth or APLAS preterm birth (Girardi et al., 2014). This
noninvasive in utero method can determine the presence of C3 deposition in the placenta
and fetal brain and may serve as a very useful experimental method to further probe
complement involvement in preterm birth.
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8. Therapeutic manipulation of the complement system in pregnancy

The association between complement activation and adverse pregnancy outcomes suggests
that targeted complement regulation has the potential to reduce maternal and neonatal
harms. Targeted therapeutics could potentially act by preventing complement activation,
mitigating the effects of activated complement components, or by depleting complement.
Sensibly, there has been hesitancy to introduce complement blockade in pregnancy in light
of the potential risk for infection in a vulnerable host. Terminal complement deficiency has
been associated with increased risk of infections with encapsulated organisms, particularly
Neisseria species (Hellerud et al., 2010; Petersen et al., 1979). While blockade of the
complement cascade at the level of C5 could theoretically pose a lower risk of infection than
does blocking complement at the level of C3, all pregnant women with complement
deficiency (including C5 blockade) are advised to receive the meningococcal vaccine (Cohn
etal., 2013).

Use of eculizumab for treatment of PNH has provided evidence that complement blockade is
well tolerated and beneficial in pregnancy (Hallstensen et al., 2014; Kelly et al., 2010). As
noted previously, PNH carries high morbidity in pregnancy and historically, more than 50%
of pregnancies end in fetal loss or premature delivery (Bais et al., 1994; Fieni et al., 2006;
Ray et al., 2000). Due to these maternal and neonatal risks, eculizumab is often initiated or
maintained for pregnant women with PNH and a few cases have been described (Hallstensen
et al., 2014; Kelly et al., 2010). Eculizumab levels in cord blood have been minimal or
undetectable and importantly, the low cord levels of eculizumab that have been found do not
alter classical or alternative complement signaling pathways in the neonate (Hallstensen et
al., 2014).

There is scant human data on the use of complement blockers specifically for the prevention
of adverse pregnancy outcomes. Studies in a mouse model of antiphospholipid antibody
mediated fetal loss have demonstrated that controlling complement activation using a
neutralizing antibody to C5 (Agostinis et al., 2014; Girardi et al., 2003) or using a CH2
deleted recombinant antibody to f2-Glycoprotein 1 (Agostinis et al., 2014) can prevent fetal
loss. In humans, a single case report describes successful use of eculizumab for the
treatment of preeclampsia and HELLP syndrome (Burwick and Feinberg, 2013). Treatment
with eculizumab was commenced, after meningococcal vaccination, at a dose of 1200mg IV.
The patient tolerated the treatment without adverse effect and the pregnancy was prolonged
17 days with transient resolution of HELLP syndrome and a neonate born at 2927 weeks
gestation with no major complications. The cord blood level was low (15ug/ml) and likely
insufficient to block complement, as others have reported. In a subsequent report, the
authors report that sC5b-9, but not C5a, levels in maternal blood and urine decreased after
treatment, concordant with disease resolution (Burwick et al., 2014a). This unique case
description supports the belief that complement activation is an important mediator of
disease in preeclampsia and HELLP syndrome and that reduction in terminal complement
activation may mitigate features of disease. The ability of complement blockers to mitigate
other adverse pregnancy outcomes, such as growth restriction or preterm birth, has yet to be
reported in human investigations.

Mol Immunol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Regal et al.

Page 20

There are many other potential therapeutic agents that target complement and they include,
but are not limited to: Compstatin derivatives (e.g., Cp40, C3 inhibitor) (Risitano et al.,
2014); soluble CR1 (CDX-1135, Celldex Therapeutics, C3 convertase inhibitor) (Lillegard
et al., 2013; Weisman et al., 1990); Pexelizumab (C5 inhibitor) (Armstrong et al., 2007;
Martel et al., 2012); C5a antagonists (e.g., PMX53) (Finch et al., 1999; Lillegard et al.,
2014); and recombinant human cobra venom factor (Vogel et al., 2014). These agents have
been tested in a variety of pre-clinical and clinical studies (Ricklin and Lambris, 2013a;
Ricklin and Lambris, 2013b) but none have been specifically utilized in pregnancy. While it
is a daunting task to investigate novel agents in pregnancy, and there are legitimate safety
considerations for each, the building literature on complement activation and adverse
pregnancy outcomes urges investigators and the pharmaceutical industry to pursue more
trials in the field. In the interim, important information may be gleaned from complement
inhibitors already in use (e.g., eculizumab) or existing agents with anti-complement effects
such as heparin (Garlatti et al., 2010; Girardi et al., 2004; Oberkersch et al., 2010). Heparin,
unfractionated or low molecular weight, appears to decrease the recurrence of placentally-
driven adverse pregnancy outcomes (Ghidini, 2014; Kupferminc et al., 2011) and may
improve live birth rate in APLAS (Girardi et al., 2004; Rai et al., 1997). Until additional
complement therapeutics become readily available, it may be helpful to investigate the anti-
complement effects of heparin in pregnancy to better understand the role of complement
blockade in reducing adverse pregnancy outcomes. While novel and existing agents will
need continued safety testing for pregnancy, we ultimately believe that the complement
cascade can be specifically targeted to improve pregnancy outcomes. The optimal
complement therapeutic for a given pregnancy condition should have an acceptable safety
profile while offering the hope of a healthier pregnancy outcome for both mother and child.

9. Conclusions and Future Directions

An intact complement system is important for a successful normal pregnancy, both for host
defense and to ensure proper placental and fetal development. Complement regulation in the
placenta is extremely important to prevent the mother’s innate immune system from
harming the fetus. Although some degree of complement activation compared to the non-
pregnant state is requisite for a successful pregnancy, recent studies have made it clear that
too little or too much complement at the wrong time in gestation can have devastating
consequences for the mother and the baby. Indeed, adverse pregnancy outcomes can result
from excess activation leading to placental damage or fetal demise, or be the result of
inherited or acquired complement deficiencies that do not facilitate adequate placental and
fetal development, or the normal regulation of complement activation. Hypertensive
disorders of pregnancy with compromised placental perfusion can result from excessive
activation of the system or can result from deficiencies in the system not allowing the proper
development and perfusion of the uteroplacental unit. Because of the variety of outcomes
associated with deviations [in either direction] from the normal level of complement
activation there may be a need to develop reference values across the gestational time span.

One of the many challenges is to develop procedures for using excessive complement
activation, or complement mutations or dysregulation, as biomarkers to predict the varied
adverse outcomes i.e. early pregnancy loss, hypertension, preterm birth, that might occur
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throughout gestation. Future investigations should also consider the role of inherited fetal
complement gene mutations (maternal or paternal) in adverse pregnancy outcomes.
Throughout this review we have alluded to maternal mutations but it is possible that fetal
inheritance of complement gene mutations is more closely linked to altered complement
regulation at the placental interface. Considering the role of the paternal genes on placental
development this may be especially important.

Another challenge facing the complement field in general is how to therapeutically impact
adverse complement activation without jeopardizing the complement activation necessary
for host defense. Many lessons are being learned from use of the anti-C5 antibody
eculizumab, including the management of preeclampsia and HELLP syndromes. Clearly
therapeutic manipulation of complement should be directed at preventing abnormal
placental or fetal development so that fetal demise, growth restriction, or hypertension does
not occur. However, as evidenced in our review, striking an acceptable balance of
complement activation may not be a straightforward endeavor.

Acknowledgments

This work was supported in part by NIH R15 HL109843 (JFR, JSG), R0O1HD079547-01 (sub-contract to JSG),
Mission Support Award Grant #64553600, Department of Obstetrics and Gynecology Oregon Health and Science
University (RMB).

Abbreviations

aHUS atypical hemolytic uremic syndrome

aPL antiphospholipid

APLAS antiphospholipid antibody syndrome

AT1-AA agonistic autoantibodies to the angiotensin Il type 1 receptor
CH50 complement hemolytic activity

C1-INH C1 esterase inhibitor

CR1 Complement receptor 1

Crry Complement receptor 1-related gene protein y

C4BP C4 binding protein

DAF decay accelerating factor, CD55

HELLP hemolysis, elevated liver enzymes, low platelet count
HSPC hematopoietic stem-like progenitor cells
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Figure 1. Complement System
Three activation pathways of complement are depicted with regulators of complement

activation in red text. Blue boxes highlight products of complement activation of interest in
normal pregnancy or associated with adverse pregnancy outcomes. The C3 convertase is a
molecular complex generated from the classical or lectin pathway (C4bC2a) and the
alternative pathway (C3bBb) that cleaves C3 generating the C5 convertase (C4bC2aC3b or
C3bBbC3b). Once activated, C3b and C4b can be further degraded to smaller fragments C3d
and C4d that are still covalently bound to target and maintain many biological activities but
do not participate as components of the C3 and C5 convertase to propagate activation of the
pathway. The rodent specific regulator of complement activation Crry (CR-1 related gene y)
is not included but has CD46/CD55 like activities. C1-INH, C1 inhibitor; MCP, membrane
cofactor protein; C4BP, C4 binding protein; CR1, complement receptor 1; DAF, decay
accelerating factor; MASP, mannose associated serine protease; MBL, mannose binding
lectin
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Figure 2A. Schematic of a portion of a hemochorial placenta depicting comparable zones in
human and rodent. Portion enclosed by dashed line is expanded in Figure 2B to illustrate in
more detail the villous structure and maternal spiral artery with subtypes of trophoblasts and

complement components/regulators of most interest.

Figure 2B. Schematic of hemochorial placenta illustrating subtypes of trophoblasts and
associated selective complement components/regulators of interest that participate in normal
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placental development and protection of the trophoblast subpopulations from maternal
complement attack. Intervillous space and maternal spiral artery is illustrated with maternal
blood and plasma complement proteins bathing the villous structure for exchange of
nutrients and oxygen with the fetal blood supply within the villous structure.
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