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Abstract

Pre-eclampsia (PE) is a leading cause of obstetric morbidity and mortality. Certain groups of women,
including those with chronic kidney disease (CKD) and those of sub-Saharan African (SSA) ethnicity,
are at particularly high risk. There remains no definitive treatment other than expedited delivery of
baby and placenta. Previous studies suggest a role for complement dysregulation in the
pathogenesis of PE, but results are often conflicting, and it remains unclear whether changes in
circulating complement concentrations reflect a general heightened inflammatory state in PE or are

directly associated with placental complement-mediated injury.

This thesis tested the hypothesis that PE is associated with excessive complement activation within
placental tissue, with concurrent complement activation within the maternal and fetal circulation,

and that groups with a high prevalence of PE, and of PE with severe features (women with CKD and
women of SSA ethnicity) would exhibit a greater degree of systemic complement activation. Three

arms of research were conducted, and | report:

e Ina cohort of previously healthy women, PE was associated with significant placental
complement deposition, associated with concurrent changes in maternal and fetal circulating
complement markers (reduced maternal properdin and C4, and elevated maternal and fetal Ba).
Placental C4d deposition was strongly correlated with maternal properdin and C4, suggesting
that those patients with the most excessive changes in circulating markers of complement
activation also have the greatest extent of placental complement-mediated damage.

e There was no evidence of excessive complement activation in the maternal circulation in
superimposed PE in a cohort of women with CKD. However, raised Ba levels were associated
with adverse pregnancy outcomes in women with CKD.

e There was no evidence of excessive complement activation in PE in a Ghanaian cohort of women

of SSA ethnicity when compared to healthy pregnant controls. However, pregnant women of



SSA ethnicity did have significantly elevated levels of C5b-9, serum free light chains, and

immunoglobulin G, when compared to the UK-recruited cohorts; suggestive of a baseline

elevated inflammatory state.

The results suggest that inhibition of complement activation is a potential therapeutic target for
certain groups of women with PE. However, PE is a heterogenous syndrome and additional

pathophysiological mechanisms may contribute to the development of disease in women with CKD

and women of SSA ethnicity.
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INTRODUCTION AND BACKGROUND
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1 Introduction and background

1.1 Summary introduction

Pre-eclampsia (PE) is a multi-system disorder of pregnancy, characterised by new onset
hypertension, and proteinuria or maternal end-organ dysfunction after 20 weeks’ gestation. It is
among the commonest causes of obstetric morbidity both within the UK and globally, and carries
significant long-term implications for the health of mother and child. Despite the high prevalence of
PE, its pathophysiological mechanisms remain poorly understood, and the only definitive treatment
remains delivery of baby and placenta. This is often required preterm. Some groups of women —
including those with chronic kidney disease (CKD), and those of sub-Saharan African (SSA) ethnicity —

have an unusually high incidence of PE.

The complement system plays an essential role in the human innate immune system, and there is
growing interest among research communities around its potential contribution to the pathogenesis
of PE. Animal studies have demonstrated the importance of a tightly regulated complement system
in healthy placental development. Human studies have reported placental complement deposition
in women with PE and healthy pregnancy, and other studies report evidence of complement
activation within the maternal circulation in cases of PE. These studies suggest a role for
complement dysregulation in PE, but the findings are based on small cohorts and results are
conflicting. It remains unclear whether raised concentrations of circulating complement reflect a
general heightened inflammatory state in PE or are directly associated with placental complement-
mediated injury. Little is known about the relative contribution of the complement system to the

high rates of PE seen in women with CKD and women of SSA ethnicity.

This chapter will review the current evidence base for the role of complement in healthy pregnancy,
as well as in adverse pregnancy outcomes including PE. Further assessment will be made of the
potential role of the complement system in the pathogenesis of PE in high-risk groups (including

women with CKD, and of SSA ethnicity).
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The research within this thesis will, for the first time, examine samples of placental tissue, maternal
blood, and umbilical cord blood from a cohort of previously healthy women to assess which
complement components are associated with PE, and to explore how placental complement
deposition might be related to increased levels of circulating complement in the fluid phase. This is
the first study to simultaneously examine for evidence of complement activation in placental tissue
and maternal and fetal circulation. The results would potentially support a role for complement
activation in the pathogenesis of pre-eclampsia, rather than complement being present secondary to

systemic inflammation.

Further analysis of longitudinally collected blood samples from pregnant women with CKD (some of
whom developed PE) will enable a unique assessment of the changes in complement markers during
pregnancy in this high-risk group. Finally, maternal blood samples will be analysed from a cohort of
pregnant Ghanaian women, to provide a novel review of complement biomarkers in PE and healthy

pregnancy in women of SSA ethnicity.

Together, the research findings will enrich the evidence base for the role of complement in the
pathogenesis of PE in previously healthy women and in high-risk groups. This has potentially
important clinical implications. Complement proteins may have a role as novel biomarkers for PE
and help to identify pregnancies at risk. Furthermore, complement-modifying medications are
undergoing rapid development, and many are currently being trialled for treating a variety of
complement-mediated diseases, although there is not yet enough evidence for their use in PE. If a
role for complement in the pathogenesis of PE can be firmly established, complement-modifying
agents could provide a vital means of treating PE and improve global health outcomes for mothers

and babies.
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1.2 The complement system

The complement system is comprised of a series of proteins found widely within the circulation and
on cell surfaces. It forms an essential part of the innate immune system through defence against
bacterial infection and elimination of immune complexes, inflammatory waste products, and

apoptotic and necrotic cells (1, 2).

Complement proteins can become activated through one of three pathways: the classical pathway,
alternative pathway, and lectin pathway (see Figure 1.1). The classical pathway is activated following
antigen-antibody binding and immune complex formation (3). The C1q molecule can be activated by
IgG or IgM immune complexes, or by apoptotic and necrotic cells, to cleave C4 and C2, resulting in

the formation of C3 convertase (2).

Similarly, the lectin pathway is initiated in response to an exogenous stimulus. In this instance,
mannose-binding lectins (MBLs) and ficolins bind to distinct carbohydrate or glycoprotein molecules
on a pathogen’s surface, activating MBL-associated serine proteases (MASPs). These in turn cleave

C4 and C2, leading to the formation of C3 convertase (2).

In contrast, the alternative pathway operates constantly at a low-level steady state (‘tickover’) in the
fluid phase from spontaneous hydrolysis of C3. Factor B is able to bind to hydrolysed C3 in the fluid
phase. Interaction of this compound with Factor D then cleaves Factor B into activation fragments Ba
and Bb, resulting in the formation of the alternative pathway C3 convertase (C3(H20)Bb). This

subsequently cleaves C3 into C3a and C3b (2).

Amplification of the alternative pathway can then occur by C3b binding to factor B on foreign cell
surface components including bacteria and viruses to form an amplification loop C3 convertase

(C3bBb) (1). This enzyme is stabilised by properdin, which significantly prolongs its half-life (2).

The activation of each complement pathway results in the formation of a C3 convertase. The binding

of further C3b leads to C5 convertase formation. All pathways thus converge to the final common
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pathway: C5 convertases cleave C5 into C5a and C5b, resulting in subsequent formation of the
membrane attack complex (MAC), C5b-9. C3a and C5a are potent anaphylatoxins; activating
leucocytes and enhancing inflammatory responses. C3b is crucial in opsonisation, by forming
covalent bonds with foreign pathogens or immune complexes, effectively marking them for
phagocytosis. The MAC forms a pore in the plasma membrane, leading to lysis of invading pathogens

and damaged cells (1, 2).

Meticulous regulation of the complement system is essential in order to prevent inappropriate
activation and injury to the host, whilst at the same time responding appropriately to clear foreign
pathogens or damaged cells. C3b is constantly deposited on cell surfaces that come into contact with
plasma (4). Without regulation, amplification of C3b deposition occurs, followed by further
downstream production of anaphylatoxins C3a and C5a, ultimately leading to cell destruction. In
humans, a number of complement regulatory proteins protect host cells from excessive complement
activation. C1 inhibitor acts as a regulator of the initial steps in both the classical and lectin pathways
through inhibiting C1r, C1s, and MASPs. In the alternative pathway, Factors H and | and properdin
are required for regulation. Inappropriate alternative pathway activation occurs where one of these
factors is absent or non-functioning, causing overconsumption of downstream complement
components and relative complement deficiency. Membrane Cofactor Protein (MCP; encoded by
CD46) binds to C3b and interacts with factor I, to produce the inactivated iC3b, thus preventing
further downstream complement activation and damage to host cells. Other important complement
regulators include Decay Accelerating Factor (DAF; CD55), which limits C3 convertase formation by

competing with factor B, and CD59, which regulates MAC formation by inhibiting C9 (2).

Deficiency or dysregulation of complement proteins and/or their regulators has been linked to
various disease processes, including IgA nephropathy (5), C3 glomerulopathy (6), atypical haemolytic
uraemic syndrome (aHUS) (7), systemic lupus erythematosus (SLE) (3) and overwhelming bacterial

infection; particularly from Neisseria species (1). Furthermore, an emerging body of evidence has
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shown a potential link between complement dysregulation and adverse outcomes in pregnancy,

including PE (8-10). The research within this thesis will explore this association in greater detail.
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Figure 1.1: Complement activation pathways

Reproduced and adapted from (11). Published by Frontiers Media (open access).

PAMP: Pathogen-associated Molecular Pattern, MBL: Mannose-binding Lectin, MASPs: MBL-associated Serine Proteases,

MAC: Membrane Attack Complex.
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1.3 The placenta: structure and function

The human placenta provides a unique interface between fetal and maternal circulations, allowing
nutritional exchange, protection from infection, and secretion of hormones involved in regulating
pregnancy, metabolism and birth. However, the placenta and developing fetus express foreign
antigens and therefore represent potential targets for the maternal immune system (4). Precise
control is required to prevent cellular injury and adverse pregnancy outcomes. Before examining
how the complement system is implicated in both normal and adverse pregnancy outcomes, it is

first important to understand the structure and function of the placenta in healthy pregnancy.

The placenta is comprised of maternal tissue (arising from the endometrium; termed the decidua
basalis), and fetal tissue (arising from the chorionic sac; sometimes termed the ‘chorion’). These
layers are separated by the intervillous space, which acts as the interface between maternal and
fetal circulation, and is where the exchange of nutrients and gases takes place (12, 13). This is shown

in greater detail in Figure 1.2.
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Figure 1.2: Structure of human placenta

Reproduced from (14). Published by Blackwell Munksgaard (open access).
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Placental development is initiated following successful implantation of the blastocyst. Fetal
trophoblast cells thereafter undergo rapid proliferation. Some differentiate into extravillous cells
that invade the maternal decidua and contribute to uterine spiral artery remodelling (see Figure
1.3). The resultant dilated, compliant blood vessels enhance the blood supply to the placenta. Other
trophoblast cells differentiate to form syncytiotrophoblast (STB) cells, which form the outer
epithelial cell layer of the chorionic villi (12). The chorionic villi protrude into the intervillous space,
where they are bathed in maternal blood, allowing transfer of oxygen and nutrients from the

maternal to fetal circulation, and reciprocal removal of waste products.

The human placenta is haemochorial in structure, meaning that fetal blood (contained within the
chorionic villi) comes into almost direct contact with maternal blood in the intervillous space,
separated by only a few layers of placental membrane. Meticulous regulation of the maternal
immune system is therefore of crucial importance to prevent a harmful immune response to the

semi-allogeneic fetus, while at the same protecting mother and fetus from infection (4).
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Reproduced from (12) with permission from Elsevier Ltd.
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1.4 The role of complement in healthy pregnancy

1.4.1 Introduction: the role of complement in healthy pregnancy
The developing fetus expresses paternal as well as maternal antigens and can therefore be regarded
as semi-allogeneic. Careful regulation of the maternal innate immune system, including complement

activation pathways, is necessary to prevent adverse pregnancy outcomes and harm to the fetus (4).

Some degree of complement activation occurs in normal pregnancy; with a role in enhancing
placental development and protecting mother and baby from pathogens. However, evidence from
animal and human studies has shown that defects in complement pathways (leading either to
complement deficiencies or excessive complement activation) have been associated with adverse

pregnancy outcomes (15-18).

It is important to first consider the role of the complement system in normal healthy pregnancy
before examining pathogenic conditions, including PE, where this system may be disrupted. This may
in turn enable the identification of biomarkers of disease and targets for potential therapeutic

intervention. The role of complement in healthy pregnancy is discussed in further detail below.

1.4.2 Complement and healthy placental development

From the onset of pregnancy, placental tissue undergoes rapid development and continuous
remodelling. Extensive cell debris is produced, causing activation of the complement cascade. The
developing placenta is therefore inevitably exposed to complement activation, which must be
carefully regulated in order to prevent damage to the semi-allogeneic fetus at a site where the

maternal and fetal circulation are in close contact (4, 19, 20).

1.4.2.1 The role of complement in placental development: animal and in vitro human studies
A number of animal studies and in vitro studies of human pregnancy have sought to investigate the

role of complement in normal placental development.

11
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During the early stages of healthy placental development, fetal trophoblast cells perform a crucial
role in invading the maternal decidual tissue and endometrial vasculature to allow successful
implantation. Murine studies have demonstrated the contribution of the complement system to this
process. Albieri and colleagues showed, in an in vitro study of mouse trophoblast cells, that
phagocytosis of erythrocyte cells was enhanced in the presence of activated C3 (21). Furthermore, in
C3-deficient plasma, phagocytic activity of trophoblast cells was very low. These findings suggest
that C3 plays a role in trophoblast invasion (phagocytosis) of the maternal decidua in healthy

placental development.

Following implantation, differentiated endovascular trophoblast cells migrate to the endometrial
spiral arteries and adhere to decidual endothelial cells to bring about their remodelling (see Figure
1.3). The resulting compliant blood vessels which are non-responsive to vasoconstriction ensure a
continuous blood supply to the placenta. There is a significant body of evidence highlighting the
importance of the complement component Clq in this step of healthy placental formation (4).
Studies of human placental tissue in early pregnancy have demonstrated that decidual endothelial
cells express Clq, and Clq is found at contact sites between endovascular trophoblast cells and
decidual endothelial cells (22). However, no evidence of immunoglobulins or C4 were found to co-
localise with Clq, suggesting that complement activation was not responsible for this finding. This is
in contrast to other endothelial cells (such as blood vessels of skin and brain), which only express
Clq in pathological conditions, in the presence of complement activation. In vitro studies of human
placenta have demonstrated that C1q may act as a ‘molecular bridge’, allowing adhesion between
endovascular trophoblasts and decidual endothelial cells (22), thus promoting spiral artery

remodelling and healthy placentation.

Agostinis et al. performed histopathological analysis of placental tissue from C1q knockout mice and
found evidence of reduced trophoblast invasion and vascular remodelling, and deficient matrix

development, as compared to wild type controls (23). Furthermore, C1g-deficient mice had smaller

12
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litter sizes and an increased incidence of fetal death (23, 24). These findings help illustrate why
acquired or inherited deficiencies of complement present an increased risk of adverse pregnancy

outcomes (see Section 1.5.2).

1.4.2.2 Placental complement regulators in healthy pregnancy

The haemochorial structure of the human placenta necessitates precise regulation of the
complement system in order to prevent excessive complement activation at the sites where
maternal and fetal circulation are in close contact. Several studies have examined for the presence
of membrane-bound complement regulatory proteins MCP, DAF and CD59, typically in early
placental tissue following elective termination of pregnancy, or in healthy placenta taken following
delivery at term. These studies consistently report evidence of all three complement regulators at
the STB surface (25-27) during all three trimesters of normal pregnancy. Furthermore, the presence
of MCP, DAF and CD59 has variably been reported on villous and extravillous cytotrophoblast cells,
depending on the stage of pregnancy (26, 27). Overall, DAF appeared to stain less strongly within
placental tissue than MCP and CD59 (25, 26). Further evidence of the presence of complement
inhibitors within healthy term placenta has been reported by Lokki et al, who found classical
pathway inhibitor C4 binding protein (C4BP) deposited on the apical syncytium, and alternative

pathway inhibitor Factor H deposited on the STB membrane (25).

It is interesting to note that complement regulatory proteins are most prevalent within the most
superficial layers of the placenta. STB cells and extravillous trophoblasts that invade the maternal
decidua form the closest contact points between maternal and fetal circulations, so it would follow
that they require the greatest degree of protection from excessive maternal complement activation

in response to trophoblast cells which bear paternal antigens.

13
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1.4.2.3  Placental complement deposition and secretion in healthy pregnancy
Several studies have employed immunohistochemical and immunofluorescent analysis of healthy
term placenta, demonstrating deposition of components from early and late in the complement

cascade within placental tissue (8, 19, 20).

Among the earliest studies of placental complement deposition, Faulk et al. reported positive
staining for C3d and C9 in the trophoblast basement membrane (28), and Wells et al. reported
expression of C3d and C9 in decidual spiral arteries of healthy placental tissue (29). Cl1q, C4 and C6
were also deposited, although the staining was less intense. Furthermore, Tedesco et al.
demonstrated MAC deposition in the decidual basal plate and chorionic villi stroma in term
placentae (30). The findings from these early studies are corroborated by more recent reports of
positive staining for C3d (25, 31) and C9 (25), deposited at the basal membrane of the STB in healthy

placental tissue.

Although the majority of complement synthesis takes place in the liver, other tissues, including the
placenta, are able to synthesise complement too. This may enhance the immune response locally at
a tissue level, in order to improve immune complex clearance, and elimination of invading
pathogens and other cell debris (20). Bulla et al. demonstrated that human trophoblast cells (taken
following elective termination of pregnancy between 8 and 12 weeks’ gestation) secrete C3 and C4
(20). The authors postulate that this enhances host defences against infection and inflammation by
promoting phagocytosis of pathogens. The same research laboratory also demonstrated that
decidual endothelial cells are able to secrete C1q, unlike endothelial cells derived from other organs
(22). Furthermore, Goldberg et al. reported that chorion-derived cells were able to secrete a number
of components from the classical and alternative complement pathways, including factor B, C3, Cir,
C1s, C1 inhibitor, factor H, C4 and C2 (32). This study investigated placental tissue taken at full term,
from both vaginal and elective Caesarean deliveries. There were no significant differences in

concentrations of complement components found at 4 hours, or after being cultured overnight, and

14



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

components were still expressed after 5 days in culture. These findings supported the view that

expression of complement was not solely a result of inflammatory stimulation from giving birth.

Collectively, these findings provide evidence of complement activation at the maternal-fetal
interface within placental tissue in physiological pregnancy. It is important to understand these
patterns of complement activity in healthy pregnancy so that comparisons can be drawn with

pathological processes, including PE.

1.4.3 Circulating complement in healthy pregnancy
A number of studies have sought to characterise the profile of circulating complement components
and their activation products during healthy pregnancy, as compared to the non-pregnant state. The

results are summarised in Table 1.1 by complement component tested and stage of gestation.

In a cross-sectional study comparing 134 pregnant women between 20 weeks’ gestation and full
term with 40 non-pregnant women, Richani et al. reported significantly higher levels of
anaphylatoxins C3a (median 2364.7 ng/ml versus 1340.4 ng/ml), C4a (median 10125.4 ng/ml versus
2625.4 ng/ml), and C5a (median 12.4 ng/ml versus 4.1 ng/ml) in the pregnant group versus the non-

pregnant group, respectively; all p<0.001 (33).

Another cross-sectional study found that circulating concentrations of C4d, C3a, C5b-9, C3, C9 and
factor H antigen were significantly higher in blood drawn from pregnant women at 36-37 weeks’
gestation, compared to non-pregnant women (34). This study also reported significantly reduced
levels of C1 inhibitor in healthy pregnant women, when compared to non-pregnant controls (34).
The authors argue that their data demonstrate increased classical and/or lectin pathway activity in
normal pregnancy, leading to increased terminal pathway activation. They postulate that the
classical and/or lectin complement pathways become activated during normal pregnancy as a result

of cellular debris and apoptosis of trophoblast cells during placental growth and remodelling.
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It has been shown that concentrations of complement components change throughout gestation,
although the evidence base is still developing. An historic study by Baines et al. reported that C3
levels decreased in the first trimester, and then gradually increased throughout pregnancy
thereafter (35). A more recent prospective study by He et al. sought to define gestational
complement changes in greater detail, analysing peripheral blood samples taken longitudinally
throughout pregnancy (36). This study found that C3 levels in early pregnancy were comparable to
non-pregnant women but began to rise from the second trimester onwards, in keeping with the
earlier findings from Baines et al. (35). In contrast, C4 levels were elevated from early pregnancy,
and increased gradually throughout pregnancy thereafter. This is consistent with earlier in vitro
research findings (discussed in Section 1.4.2.3), which demonstrated trophoblast cells being able to
secrete C4, which may play an important role in early placental development (20). Furthermore, He
et al. reported that levels of factors B and H rise from early pregnancy until the end of the second
trimester, plateauing from 28 weeks’ gestation. Concentrations of C1q, C5a and C5b-9 did not
change significantly during pregnancy (36). High levels of factor B indicate alternative complement
pathway activity, even from early in normal pregnancy. However, the authors postulate that the
concomitant high concentration of factor H prevents excessive alternative pathway activation, and
therefore levels of late complement components (such as C5b-9) are relatively unchanged. Whilst
this study provided the first detailed longitudinal insight into gestational complement changes, it is
important to note that less than one-third of subjects had more than three blood samples drawn

during pregnancy.

Another recent longitudinal study compared circulating complement concentrations in 100 healthy
pregnant women with normal laboratory reference ranges (37). This found that C1q levels peaked in
the first trimester then levelled off later in pregnancy. Conversely, concentrations of C3 and C4 rose
throughout pregnancy, to peak in the third trimester; in keeping with findings from other cohorts
(36). Of the complement components tested, none of the mean concentrations fell outside the
normal laboratory reference ranges. Despite this, however, the 95" percentile concentrations for C3
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in trimester 2 and at term were above the upper limit reference range, as well as the 95" percentile
C4 concentrations at term in the pregnancy group. This study also only measured one blood sample
from each trimester of pregnancy. Almost all of the cohort tested were of Caucasian ethnic origin, so

the results may not be generalisable to the wider population.

In conclusion, the evidence presented above suggests that complement concentrations differ
between healthy pregnancy and non-pregnant individuals, with pregnancy itself being a
‘complement-active’ state. Patterns in complement activation and deposition appear to differ
according to gestational age. Adaptive immunity is often compromised even in healthy pregnancy,
so increased complement activation during pregnancy may counterbalance this effect and help

protect mother and fetus from external pathogens (33).
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Table 1.1: Complement component changes by trimester in healthy pregnancy, compared to non-pregnant groups

Complement

Complement

Trimester 1 Trimester 2 Trimester 3
pathway component
Classical Clq No difference: No difference: No difference:
(36): in preghant women (n=362) in 1% trimester, vs. | (36): in pregnant women (n=362) in 2" trimester vs. | (36): in preghant women (n=362) in 3" trimester, vs. non-
non-pregnant controls (n=65) non-pregnant controls (n=65) pregnant controls (n=65). Static levels through pregnancy
(37): in pregnant women (n=100) in 1% trimester, vs. | (37): in pregnant women (n=100) in 2" trimester, (37): in pregnant women (n=100) in 3" trimester, vs.
normal lab reference ranges. C1q highest in 1%t vs. normal lab reference ranges. normal lab reference ranges.
trimester then levels off.
Classical / lectin ca Elevated levels: Elevated levels: Elevated levels:
(36): in pregnant women (n=362) in 1t trimester, vs. | (36): in pregnant women (n=362), vs. non-pregnant (36): in pregnant women (n=362), vs. non-pregnant
non-pregnant controls (n=65) controls (n=65). C4 levels rise during pregnancy controls (n=65). C4 levels rise during pregnancy
No difference: No difference: No difference:
(37): in pregnant women (n=100) in 1% trimester, vs. | (37): in pregnant women (n=100) in 2" trimester, (34): in pregnant women (n=60) median gestation 36
normal lab reference ranges. vs. normal lab reference ranges. weeks, vs. non-pregnant controls (n=59)
(37): in pregnant women (n=100) in 1% trimester, vs.
normal lab reference ranges. C4 levels rise during
pregnancy
cad Elevated levels:
(34): in pregnant women (n=60) median gestation 36
weeks, vs. non-pregnant controls (n=59)
C1 inhibitor Reduced levels:
(34): in pregnant women (n=60) median gestation 36
weeks, vs. non-pregnant controls (n=59)
Lectin MBL Elevated levels: Elevated levels: Elevated levels:
(36): in pregnant women (n=362) in 1% trimester, vs. | (36): in pregnant women (n=362) in 2" trimester, (36): in pregnant women (n=362) in 3" trimester, vs. non-
non-pregnant controls (n=65) Vs. non-pregnant controls (n=65) pregnant controls (n=65). Static levels through pregnancy
Alternative Cc3 Reduced levels: Elevated levels: Elevated levels:
(35): C3 levels fall in 1% trimester normal pregnancy | (35): C3 gradually rises from 2" trimester onwards (34): in pregnant women (n=60) median gestation 36
(longitudinal study; n=478 pregnant women) (longitudinal study: n=478 pregnant women) weeks, vs. non-pregnant controls (n=59)
No difference: (36): in pregnant women (n=362), vs. non-pregnant (36): in pregnant women (n=362), vs. non-pregnant
(36): in pregnant women (n=362) at 6-13 weeks controls (n=65). C3 rises from 2" trimester onwards | controls (n=65). Levels rise throughout pregnancy
gestation, vs. non-pregnant controls (n=65) No difference: No difference:
(37): in pregnant women (n=100) in 1% trimester, vs. | (37): in pregnant women (n=100) in 2" trimester, (37): in pregnant women (n=100) in 1t trimester, vs.
normal lab reference ranges. vs. normal lab reference ranges. normal lab reference ranges. C3 levels rise during
pregnancy
FH Elevated levels: Elevated levels: Elevated levels:

(36): in pregnant women (n=362) in 1t trimester, vs.

non-pregnant controls (n=65)

(36): FH levels rise during 2" trimester in pregnant
women (n=362)

(34): in pregnant women (n=60) median gestation 36
weeks, vs. non-pregnant controls (n=59)
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(36): FH levels remain high in pregnant women (n=362),
vs. non-pregnant controls (n=65), but level off between
2" and 3" trimester

FB Elevated levels: Elevated levels: Elevated levels:
(36): in pregnant women (n=362) in 1% trimester, vs. | (36): FB levels rise during 2" trimester in pregnant (36): FB levels remain high in pregnant women (n=362),
non-pregnant controls (n=65) women (n=362) vs. non-pregnant controls (n=65), but level off between
2" and 3 trimester
Bb No difference:
(34): in pregnant women (n=60) median gestation 36
weeks, vs. non-pregnant controls (n=59)
Anaphylatoxins C3a No difference: Elevated levels:
(36): in pregnant women (n=362), in 1t trimester vs. (33): in pregnant women (n=134) median gestation 35.5
non-pregnant controls (n=65). weeks, vs. non-pregnant controls (n=40)
(34): in pregnant women (n=60) median gestation 36
weeks, vs. non-pregnant controls (n=59)
C5a No difference: No difference: Elevated levels:
(36): in pregnant women (n=362), in 1%t trimester vs. | (36): in pregnant women (n=362), in 2" trimester (33): in pregnant women (n=134) vs. non-pregnant
non-pregnant controls (n=65). vs. non-pregnant controls (n=65). controls (n=40), median gestation 35.5 weeks
No difference:
(36): in pregnant women (n=362), in 3™ trimester vs. non-
pregnant controls (n=65). Static levels during pregnancy
Terminal C5b-9 No difference: No difference: Elevated levels:
(36): in pregnant women (n=362), in 1%t trimester vs. | (36): in pregnant women (n=362), in 2" trimester (34): in pregnant women (n=60) median gestation 36
non-pregnant controls (n=65). vs. non-pregnant controls (n=65). weeks, vs. non-pregnant controls (n=59)
No difference:
(36): in pregnant women (n=362), in 3™ trimester vs. non-
pregnant controls (n=65). Static levels during pregnancy
c9 Elevated levels:

(34): in pregnant women (n=60) median gestation 36
weeks, vs. non-pregnant controls (n=59)

MBL: mannose-binding lectin; FH: complement factor H; FB: complement factor B. Numbers in tables relate to reference list / publications from where data was derived.
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1.4.4 Complement and the fetal circulation

Relatively little is known about complement activation within the fetal circulation during healthy
pregnancy. Earlier studies have instead examined circulating complement markers in preterm infants
and compared them with infants born at term. One such study reported very low concentrations of
Clq, C2-C9, factor B and properdin in infants born between 28-33 weeks, with higher levels in
infants born between 34-36 weeks, and higher again in those born at 37-42 weeks (38). Similarly,
another study reported increasing neonatal blood concentrations of complement factors H and |, as
well as increasing classical pathway (CH50) activity, as gestational age increased (39). Interestingly,
neonatal complement concentrations were not correlated with other birth outcomes, such as birth
weight. There was also no reported association with mode of delivery (vaginal versus Caesarean), or
with gender (38). In all cases, neonatal complement concentrations were significantly lower than

adult reference ranges (38, 39).

These findings have been replicated in a recent study, showing reduced umbilical cord blood C1q, C3
and C4 concentrations compared to maternal blood complement concentrations in healthy
pregnancies (37). Globally depressed umbilical cord blood complement concentrations are indicative
of the immaturity of the neonatal complement system. This presents a significant risk of infection;

particularly to those babies born more prematurely.
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1.5 Complement and adverse pregnancy outcomes

The evidence presented in Section 1.4 highlights the pivotal role of a well-functioning and precisely
regulated complement system in physiological pregnancy. However, there is a growing body of
evidence linking complement deficiency, or inappropriate stimulation and activity, to disease and

adverse pregnancy outcomes.

1.5.1 Animal studies of complement genetics and pregnancy

In a landmark study investigating the importance of complement regulation in pregnancy, Xu et al.
developed a mouse model of Crry (complement receptor 1-related gene/protein y) knockout (40).
The Crry gene has a similar mode of action in mice to the human membrane-bound complement
regulator proteins MCP and DAF, limiting excessive complement activation (4). Xu et al.
demonstrated that when mice with heterozygous Crry deficiency (Crry +/-) were mated, no Crry -/-
offspring were born (from 245 births). They hence concluded that the absence of complement
regulatory genes was lethal to embryos. Histological analysis found that the placental tissue of Crry -

/- mice demonstrated defective formation of vasculature (41).

Further studies demonstrated that when Crry +/- mice that were also deficient in either C3 (C3-/-)
(40), factor B (fB-/-) (41), or properdin (P-/-) were mated, pregnancies were rescued and an expected
proportion of Crry -/- live births were seen (42). This is presumably because the absence of C3, factor
B, or properdin resulted in limited alternative complement pathway activity. In contrast, deficiency
of C4 or C5 did not result in rescue of pregnancy (40). These results imply that uncontrolled
alternative complement pathway activation is responsible for embryo lethality in the absence of
complement regulatory genes. Inhibition of excessive alternative complement pathway activation
(via complement regulatory proteins) may therefore be crucial in facilitating successful pregnancy

outcomes.
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1.5.2 Complement-mediated diseases and adverse pregnancy outcomes

A number of acquired and inherited complement-mediated diseases have observed associations
with adverse pregnancy outcomes. Research into these diseases has strengthened the evidence base
for the role of complement in pregnancy pathologies, and its relationship with disease states

including PE.

1.5.2.1  Systemic lupus erythematosus (SLE) and antiphospholipid syndrome (APS)

SLE is a multi-system autoimmune disease, typically presenting in females of childbearing age.
Formation of immune complexes cause complement activation, predominantly via the classical
pathway. Low levels of complements C3 and C4 are typically seen during disease flares; indicative of
complement consumption. Systematic reviews have consistently reported adverse pregnancy
outcomes in the setting of lupus, including PE, intra-uterine growth restriction (IUGR), and
premature birth (43-45). The greatest risks are conferred in women with active or flaring disease

(44).

APS occurs in a proportion of patients with SLE but may also arise independently (‘primary APS’). It is
characterised by arterial or venous thrombosis, and in the context of pregnancy is associated with
recurrent miscarriage, unexplained fetal death after 10 weeks’ gestation, and preterm birth (PTB)

(46, 47).

Girardi et al. developed a mouse model which demonstrated that complement activation is
implicated in fetal tissue injury and adverse pregnancy outcomes in the setting of APS (48). Mice
injected with human IgG containing antiphospholipid antibodies demonstrated high rates of embryo
resorption, fetal growth restriction, and evidence of placental tissue necrosis with significant C3
deposition. Interestingly, mice that were deficient in C5, or that were treated with an antagonist of
C5a receptor, were protected from fetal loss or growth restriction. Similarly, C4 deficient mice
injected with antiphospholipid antibodies were also protected from adverse pregnancy outcomes

(48). The authors postulate that antiphospholipid antibodies initiate classical complement pathway
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activation, leading to placental tissue damage via C3 deposition. The subsequent production of C5
and C5a appears to cause further amplification of complement activation via the alternative

pathway (19, 48).

Studies of human placental tissue in patients with SLE and APS have reinforced the evidence base.
Placental tissue from patients with SLE has been reported to show significantly greater levels of C4d
deposition when compared to healthy control pregnancies (49). Increased deposition of C4d (50)
and C5b-9 (46) has been reported in the placental tissue of APS patients. The intensity of C4d
deposition was significantly correlated with the presence of pathological placental lesions (p<0.001)

(50).

The prospective, multi-centre ‘PROMISSE’ study sought to examine adverse pregnancy outcomes in
patients with SLE and APS in further detail. Nearly 1 in 5 of those women who went on to develop PE
were found to have mutations in genes encoding complement regulatory proteins CD46,
complement factor | or factor H (n=7) (18). This study identified variants of CD46 and factor | that
have previously been linked to aHUS, and a novel CD46 mutation that was linked to defective C4b
binding (18). Of the 7 cases of PE, 3 were complicated by very preterm delivery (prior to 34 weeks
gestation), and 3 women had PE with severe features. It is notable, however, that in over 80% of PE
cases within the PROMISSE cohort, no complement risk variant was identified. The majority of
women with autoimmune disease and PE in this cohort therefore did not have a clearly defined

complement-mediated risk.

Analysis of maternal blood samples taken longitudinally throughout pregnancy from the same
‘PROMISSE’ cohort found that at 12-15 weeks’ gestation, levels of Bb and C5b-9 were significantly
higher in women who went on to have an adverse pregnancy outcome (including fetal death,
preterm delivery and fetal growth restriction) as compared to women with SLE and APS without an
adverse outcome. After controlling for confounding factors, a significant association remained

between levels of Bb and C5b-9 at 12-15 weeks, and adverse pregnancy outcome (OR 1.41, 95% Cl
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1.06-1.89, p=0.019 for each standard deviation increase in Bb, and OR 1.37, 95% Cl 1.05-1.80,

p=0.022 for C5b-9) (45).

1.5.2.2  Paroxysmal nocturnal haemoglobinuria (PNH)

PNH is caused by an acquired mutation of the gene encoding the production of
glycosylphosphatidylinositol (GPI). GPl anchors the complement regulators DAF and CD59 in
erythrocytes, protecting them from complement-mediated damage. Where this process is defective,
the clinical syndrome of PNH results; typically featuring complement-mediated haemolysis and
thrombosis. Historically, pregnancy outcomes in women with PNH were extremely poor, and

pregnancy was generally discouraged among this patient cohort (51, 52).

The advent of the novel anti-C5 monoclonal antibody eculizumab has revolutionised the treatment
of PNH in more recent times, leading to reduced incidence of intravascular haemolysis (53), reduced

dependence on blood transfusions, and improved overall survival (54).

There is encouraging evidence for the successful use of eculizumab during pregnancy, with improved
pregnancy outcomes for patients with PNH. In a retrospective multicentre analysis of 75 pregnancies
in 61 women with PNH, there were 69 recorded live births, 6 first trimester miscarriages and 3
stillbirths (55). There were no reported cases of maternal death. One-third of births occurred
preterm (< 37 weeks), but all offspring achieved normal developmental milestones at follow up. This
study may have been vulnerable to selection bias however, as it was administered in survey format
to clinical centres and relied on individual reporting of relevant pregnancies. The dose and/or
frequency of eculizumab had to be escalated in 54% of pregnancies; reinforcing the view that
pregnancy itself is a ‘complement-active’ state. Interestingly, rates of invasive meningococcal
disease are significantly reduced in pregnancy when compared to non-pregnant women of

childbearing age, which would further support this view (56).
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1.5.2.3 Atypical Haemolytic Uraemic Syndrome (aHUS)

aHUS is a rare thrombotic microangiopathy, characterised by microangiopathic haemolytic anaemia,
thrombocytopenia, and acute kidney injury (AKI). Mutations in genes encoding complement factors
H and I, MCP, factor B and C3 have all been linked to aHUS (7). It is believed that uncontrolled
alternative complement pathway activity results, leading to widespread endothelial dysfunction

(57). This process may be triggered by various stimuli, including pregnancy.

Up to 20% of aHUS cases are diagnosed during pregnancy or in the postpartum period (58).
Diagnosis of pregnancy-associated aHUS is challenging to differentiate from HELLP syndrome
(Haemolysis, Elevated Liver enzymes and Low Platelets), which has a similar phenotype, although

tends to occur in tandem with PE (8, 59). HELLP syndrome is discussed further in Section 1.6.1.1.

Complement mutations have been reported in a large proportion of cases of pregnancy-associated
aHUS; particularly in genes encoding complement factors H and | (57, 60). Pregnancy complications
are common in this patient cohort, including gestational hypertension or PE in 57% of cases,

reported in a recent systematic review (58).

Eculizumab was licensed as a treatment for aHUS in 2011, and appears to be effective in inducing
remission (58). Furthermore, there were no reports of renal failure, dialysis or death in patients
treated with eculizumab for a first episode of aHUS, as compared to an incidence of 24% in patients
not treated with eculizumab (p=0.04) (58). One case report however did demonstrate placental
transfer of eculizumab from a mother receiving treatment for aHUS to a newborn baby, with
suppression of both the classical and alternative complement pathways in the neonatal circulation
(61). The higher doses of eculizumab used in aHUS (as compared to PNH), together with the

relatively later gestational age of the baby may have contributed to this finding.

1.5.2.4 Summary: complement-mediated diseases and adverse pregnancy outcomes
Collectively, these research findings highlight a relationship between complement abnormalities and

adverse pregnancy outcomes, including PE. The evidence presented suggests a potential opportunity
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for using complement components as biomarkers for adverse pregnancy outcomes in certain disease
conditions. Furthermore, targeted inhibition of C5 using eculizumab appears to be safe during
pregnancy and has been linked to improved obstetric outcomes (55, 58, 59). Existing data are
however based on retrospective case series, and there remains no randomised controlled trial
evidence for the use of eculizumab in pregnancy. Longer term outcomes of this medication and the

potential effects of neonatal immunosuppression are not yet known (61).

1.5.3 Complement and miscarriage

Through mouse modelling, Girardi et al. demonstrated that complement activation is implicated in
recurrent early pregnancy loss in the setting of APS (48) (discussed previously in Section 1.5.2.1).
Systemic lupus erythematosus (SLE) and antiphospholipid syndrome (APS)However, complement
abnormalities have also been linked to recurrent miscarriage in women without a known
autoantibody-mediated disease. Between 20 and 30% of first trimester losses in women affected by
recurrent miscarriage have been associated with hypocomplementaemia (low levels of C3 and

Factor B; indicative of a consumptive process via excessive alternative pathway activity) (62).

Abnormalities of complement regulatory proteins have also been linked with miscarriage. A three-
fold decrease in expression of MCP and DAF was reported in the placental tissue of women with
spontaneous abortion, as compared to cases of elective abortion (63), together with significantly
elevated plasma concentrations of C5a. Furthermore, a genetics study from a French cohort
reported mutations in MCP and C4BP in women with recurrent unexplained miscarriage (64). These
findings were contradicted, however, by a later study of Iranian women in whom no genotype

differences in MCP were found between fertile women and those with recurrent miscarriage (65).
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1.5.4 Complement and preterm birth (PTB)

Several studies have reported complement abnormalities in association with PTB (delivery prior to
37 weeks’ gestation). Significantly increased concentrations of Bb have been reported in cases of
PTB in early pregnancy maternal plasma samples (66, 67), and in third trimester maternal plasma
(68), as compared to pregnancies ending in spontaneous labour at term. The differences persisted
even in the absence of intra-amniotic infection. Increased early pregnancy concentrations of C3a

have also been reported in cases of PTB (16).

Collectively these findings support a role for inappropriate complement activation in the

pathogenesis of PTB, but also as potential biomarkers for predicting preterm labour.

1.5.5 Complement and the hypertensive disorders of pregnancy

1.5.5.1 Definitions and classification

Hypertensive disorders of pregnancy are common, affecting around 10% of women at some stage
during their pregnancy (69, 70). Historically, they were classified according to the gestation of onset
and presence or absence of significant proteinuria (urine protein to creatinine ratio (PCR) 230
mg/mmol, or albumin to creatinine ratio (ACR) 28 mg/mmol, or urine dip protein >2+) (70, 71). The
diagnostic criteria for pre-eclampsia have recently been updated; in the absence of proteinuria, new
onset hypertension after 20 weeks gestation and evidence of maternal end organ dysfunction or

uteroplacental dysfunction is sufficient to make the diagnosis (72) (see Table 1.2).
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Table 1.2: Definition and severity classification of hypertensive disorders of pregnancy

Definition Gestation at Presentation | Significant Proteinuria
Chronic hypertension <20 weeks No

Gestational hypertension >20 weeks No

Pre-eclampsia (PE) >20 weeks Yes*

PE superimposed on chronic hypertension | >20 weeks Yes*

Hypertension severity Systolic BP (mmHg) Diastolic BP (mmHg)
Hypertension 140-159 90-109

Severe hypertension >160 >110

Adapted from (72). Significant proteinuria is defined as urine protein to creatinine ratio (PCR) >30 mg/mmol, or
albumin to creatinine ratio (ACR) 28 mg/mmol, or urine dip protein >2+. *In the absence of significant
proteinuria, new onset hypertension after 20 weeks’ gestation and evidence of maternal end organ dysfunction
(thrombocytopenia, haemolysis, renal or liver insufficiency, pulmonary oedema, cerebral symptoms) or
uteroplacental dysfunction is sufficient to make the diagnosis.

1.5.5.2 Epidemiology and health outcomes

In Western populations, trends towards increasing maternal age and body mass index (BMI) have led

to arising incidence of chronic hypertension in the pregnant population (73). This has potentially

serious implications for the health outcomes of mother and baby.

A meta-analysis of almost 800,000 pregnancies in women with chronic hypertension reported strong
associations with a variety of adverse pregnancy outcomes (73). When compared to a United States
(US) national dataset of healthy pregnancies, women with chronic hypertension had a significantly
higher incidence of superimposed PE (relative risk (RR) 7.7; 95% ClI 5.7-10.1), Caesarean section (1.3;
1.1-1.5), delivery prior to 37 weeks’ gestation (2.7; 1.9-3.6), low birth weight below 2500 g (2.7; 1.9-

3.8) and perinatal death (4.2; 2.7-6.5) (73).

In the United Kingdom (UK), hypertensive disorders of pregnancy account for between 2 to 8% of
maternal deaths each year (74, 75), and almost 40% of obstetric admissions to intensive care units

(76). Although the proportion of deaths attributable to maternal hypertension has been decreasing
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over recent decades in the UK, many of these deaths are preventable. Accurate monitoring with

early detection and treatment of hypertension in pregnancy is therefore of paramount importance.

The body of research within this thesis will focus on the role of complement in the pathogenesis of
PE; one of the major hypertensive disorders of pregnancy. This will be discussed in greater detail in

the sections that follow.
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1.6 Pre-eclampsia

1.6.1 Pre-eclampsia: definitions and classification

PE is a common multi-system disorder of pregnancy, characterised by the de novo onset of elevated
blood pressure (BP) (> 140/90 mmHg) and significant proteinuria (urine protein to creatinine ratio
(PCR) 2 30 mg/mmol, or albumin to creatinine ratio (ACR) 2 8 mg/mmol, or urine dip protein > 2+)
after 20 weeks’ gestation. In the absence of proteinuria, evidence of maternal end-organ
compromise, including uteroplacental dysfunction, in tandem with new onset hypertension is
sufficient to make the diagnosis (72). Recent international consensus diagnostic criteria are detailed

in Table 1.3, and will be used throughout this thesis when defining or referring to PE.

PE is a heterogenous syndrome, with wide variations seen in its presentation. It can be classified
according to the timing of onset during pregnancy (early PE < 34 weeks’ gestation, late PE > 34
weeks’ gestation) (77), and the presence or absence of severe features (including severe
hypertension > 160/110 mmHg, acute renal or liver dysfunction, haematological complications,
respiratory symptoms, or cerebral disturbance including seizures, severe headache, or visual

scotomata) (70, 71, 78, 79).

1.6.1.1 HELLP Syndrome

Some women present atypically with features of HELLP syndrome which does not always fit the
standard diagnostic criteria but is widely accepted as a severe form of PE (77). Many, but not all, of
this subset of patients have evidence of hypertension and proteinuria. Interestingly, HELLP
syndrome is phenotypically similar to pregnancy-associated aHUS (a complement-mediated
thrombotic microangiopathy; see Section 1.5.2.3), and it can be extremely challenging to distinguish
between the two conditions (59, 80). In contrast to aHUS, HELLP syndrome tends to resolve quickly

following delivery of baby and placenta (80).
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Table 1.3: Pre-eclampsia diagnostic criteria

Blood pressure e > 140 mmHg systolic or 2 90 mmHg diastolic on two occasions at
least 4 hours apart after 20 weeks gestation in a woman with
previously normal blood pressure

e > 160 mmHg systolic or 2 110 mmHg diastolic (severe hypertension)

and

Proteinuria e Urine protein to creatinine ratio 2 30 mg/mmol, or
e Urine albumin to creatinine ratio 2 8 mg/mmol, or
e Dipstick reading of 2 2+ (used only if other quantitative methods not

available)
In the absence of proteinuria, new-onset hypertension with the new onset of any of the following:
Haematological e Platelet count < 100 x 10%/L
complications e Haemolysis or disseminated intravascular coagulation
Renal insufficiency e Creatinine 2 90 pmol/L or a doubling of the serum creatinine
concentration in the absence of other renal disease

Impaired liver e Risein liver transaminases (ALT or AST > 40 IU/L)
function
Respiratory e Pulmonary oedema
symptoms
Cerebral or visual e Severe headache / altered mental status / visual scotomata
symptoms e Clonus

e Seizures (eclampsia)
Uteroplacental e Fetal growth restriction
dysfunction e Placental abruption

e Abnormal umbilical artery Doppler waveform

e Angiogenic imbalance (low PIGF, or increased sFLt-1:PIGF ratio)

e  Stillbirth

Table adapted from ISSHP 2021 guideline (72). ISSHP: International Society for the Study of Hypertension in
Pregnancy. ALT: alanine aminotransferase; AST: aspartate aminotransferase; PIGF: placental growth factor;
sFIt-1: soluble fms-like tyrosine kinase-1.

1.6.2 Epidemiology and health outcomes

PE is a major global obstetric problem and a leading cause of maternal and fetal morbidity and
mortality, causing significant burden to healthcare services (81). PE affects up to 5% of all
pregnancies (82), and is implicated in around 40,000 maternal deaths per year (83) - the vast
majority of which occur in developing countries (84, 85). The large regional variations reflect in part
the more advanced antenatal surveillance and treatment in the healthcare systems of more

economically developed countries (74, 75).
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In addition to the immediate clinical risk to pregnant women, PE can also pose significant long-term
health implications (86). One large meta-analysis found that women previously diagnosed with PE
have a substantially increased risk of developing cerebrovascular disease (odds ratio (OR) 1.77, 95%
Cl 1.43-2.21), and cardiovascular disease (OR 2.28, 95% Cl 1.87-2.78) later in life (87). These findings
are corroborated by another large meta-analysis which reported on vascular outcomes between 10-
14 years after PE. The relative risks of stroke, ischaemic heart disease, and hypertension were 1.8,
2.1, and 3.7, respectively (88). Another potential sequela of PE is an increased lifetime risk of
maternal CKD (79, 89, 90). One meta-analysis reported an up to 4-fold increased risk of
microalbuminuria following PE at a mean of 7 years postpartum, with the risk increasing to 8-fold in
cases of severe PE (91). Two large Scandinavian cohort studies have established links between PE
and an increased future risk of end stage renal disease, with the relative risks higher in women with

early-onset PE, or with PE in more than one pregnancy (92, 93).

Adverse fetal outcomes in pregnancies affected by PE are commonplace and have potentially
devastating consequences. One in three cases of PE occurs before 35 weeks of pregnancy (94).
Deteriorating maternal health and fetal growth restriction (resulting from defective placentation)
often necessitate preterm delivery. In the UK, up to 10% of all premature births result from maternal
hypertensive disease, and as many as 25% of preterm births in pre-eclamptic women are small for
gestational age (birth weight below the tenth percentile) (95). Many will require admission to a
neonatal unit (NNU). Beyond the neonatal period, premature birth also confers an elevated risk of
long-term adverse health outcomes, such as cardiorespiratory disease and neurodevelopmental

disability (86, 96).

1.6.3 Pathophysiology of pre-eclampsia
The pathophysiological mechanisms underpinning PE are complex and remain a subject of debate.
Redman first proposed a two-stage model of PE (97), which has since been widely adopted by

academic and clinical communities. Stage 1 PE comprises the ‘pre-clinical’ phase, characterised by
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poor placental formation in early pregnancy. Stage 2 PE is the consequent ‘clinical’ phase during

which the maternal clinical syndrome becomes evident (98). See Figure 1.4.

Genetic factors Pre-existing risk factors Immunological factors
(FLT1 SNPs and (chronic hypertension, diabetes (dNK cells and T, cell
trisomy 13) and antiphospholipid antibodies) imbalance)
L > Shallow placentation < J
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trimesters)

|

TCirculating sFLT1 and SENG
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* Cerebral oedema (eclampsia) ¢ Hypertension
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Figure 1.4: Pathogenesis of pre-eclampsia

Reproduced from (86) with permission from Springer Nature.

SFLT1: soluble fms-like tyrosine kinase 1; SNP: single-nucleotide polymorphism; dNK: decidual natural killer; ER: endoplasmic

reticulum; sENG: soluble endoglin; PIGF: placental growth factor; VEGF: vascular endothelial growth factor; AT1:
angiotensin Il type 1 receptor; HELLP: haemolysis, elevated liver enzymes and low platelets.

1.6.3.1 Stage 1 (‘pre-clinical’) pre-eclampsia

Stage 1 PE is thought to arise from defective placentation in the early stages of pregnancy. In healthy

placental development, myometrial invasion by differentiated fetal trophoblast cells allows spiral

artery remodelling, ensuring an adequate placental blood supply throughout pregnancy (see Section

1.3). This process is disrupted in PE, leading to shallow invasion of maternal decidua and inadequate

33



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

spiral artery modulation (77). A shallow placenta results, susceptible to recurrent ischaemia-
reperfusion injuries which cause oxidative stress. There is an inadequate utero-placental circulation

to meet the demands of the developing fetus, hence later resulting in IUGR (77, 98).

Pre-existing environmental and genetic risk factors mean that certain individuals are more
susceptible to developing PE than others (discussed later in Section 1.6.4). However, it is
hypothesised that an abnormal maternal immune response to pregnancy is a crucial contributory

factor in disrupting the normal physiological processes of placental formation (77, 86, 98-100).

Decidual natural killer (dNK) cells play an important part in healthy placentation (86, 98). Cavalli et
al. demonstrated that when immunocompromised mice with a raised uterine artery resistive index
(mimicking PE) were injected with human dNK cells, uterine artery resistance decreased, and

placental perfusion was thus enhanced (101).

The interaction between human lymphocyte antigen (HLA) molecules, expressed by trophoblasts,
and dNK cell receptors (killer IgG-like receptors; KIRs) is another crucial aspect of normal placental
development. Extravillous trophoblasts express a combination of HLA molecules, but only HLA-C is
inherited from both parents, and therefore expresses both maternal and paternal antigens. During
invasion of the myometrium, HLA-C expressed by trophoblasts interacts with KIRs on maternal dNK

cells (102), producing haplotypes which either enhance or inhibit NK cell function.

It has been demonstrated that in pregnancies affected by PE, specific subtypes of HLA-C and
haplotypes of KIR are expressed more frequently (86, 98, 102). It is possible that the interaction
between maternal KIRs and paternally-derived HLA-C is crucial in successful trophoblast invasion and
thus in determining the likelihood of a successful pregnancy outcome (103). Studies showing PE to
be more common in primiparity and first pregnancies with a new partner (presumed due to a
shorter ‘coital interval’, a reduced period of exposure to paternal semen, and therefore a reduced

timeframe for developing maternal immune tolerance) appear to support this hypothesis (104, 105).

34



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

Imbalances in T-cell subsets may also contribute to PE. Unlike in healthy pregnancy, there is a
predominance of T helper 1 (Th1) lymphocytes over Th2 in PE, leading to an excess of
proinflammatory cytokines including interferon gamma (IFNy) and tumour necrosis factor alpha

(TNFa) (106). This in turn may contribute to poor placental development.

| have earlier presented evidence for the role of complement in normal placental formation in
healthy pregnancy, and in adverse pregnancy outcomes including recurrent miscarriage and PTB.
There is a growing body of evidence linking abnormal complement activity in early pregnancy to
poor placentation and subsequent development of PE (4, 9). This will be discussed in detail in

Section 1.7.

1.6.3.2 Stage 2 (‘clinical’) pre-eclampsia

Stage 2 PE develops in the second half of pregnancy as a direct result of the significant oxidative
stress placed upon the poorly vascularised placenta. This is thought to stimulate a systemic
inflammatory response leading to the release of pro-inflammatory cytokines and autoantibodies (77,
86, 99). This in turn leads to an imbalance in expression of angiogenic factors (77, 107), and
widespread endothelial dysfunction. The clinical manifestations of PE (including IUGR, hypertension,

and maternal end organ damage) thus become evident.

In a case-control study of PE, anti-angiogenic factor soluble fms-like tyrosine kinase-1 (sFlt-1) was
found to be significantly upregulated when compared to healthy control pregnancies (108). sFlt-1 is
a powerful antagonist of vascular endothelial growth factor (VEGF) and placental growth factor
(PIGF). The same study reported significantly lower PIGF concentrations in women with PE as
compared to controls (108). Maynard et al. demonstrated that administering sFlt-1 to pregnant rats
induces endothelial dysfunction, hypertension and proteinuria; the hallmark features of the clinical

syndrome of PE (109).

There is increasing recognition of the implications for angiogenic factor imbalance in the

development of stage 2 PE within the clinical environment. Assessment of angiogenic factor
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concentrations may have utility in the diagnosis of PE, as abnormal levels can precede clinically
detectable symptoms by several weeks (108). A low sFIt-1:PIGF ratio has been associated with a low
risk of developing PE in the short term in cases where PE is clinically suspected (110). Furthermore, a
recent multicentre randomised controlled trial reported that testing PIGF in women with suspected

PE hastened diagnosis and reduced adverse maternal outcomes (111).

There is significant interest in the temporal relationship between complement activation and
angiogenic factor imbalance in women with PE, with evidence suggestive of the two processes being

intrinsically linked (15, 112-115). This is explored in greater detail in Section 1.7.1.1.

1.6.3.3  Early- and late-onset pre-eclampsia

There remains some debate as to whether early- and late-onset PE are the same disease entity.
Some authors postulate that early-onset PE (prior to 34 weeks’ gestation) has a different underlying
pathophysiological mechanism to late-onset PE (98, 107, 116, 117). The model described above
relating to stage 1 (pre-clinical) and stage 2 (clinical) disease has thus been termed ‘placental PE’
(116). Placental PE is said to develop early in pregnancy as a result of defective trophoblast invasion
and subsequent placental dysfunction, which later drives disordered angiogenesis and maternal
endothelial dysfunction. Such cases tend to be early onset, more severe forms of PE characterised by

small volume placentae and resulting in fetal growth restriction (98).

In contrast, a phenotypically distinct form of the disease has been described as ‘maternal PE’ (116).
Such cases tend to occur later in pregnancy, with fewer placental lesions present, and are not as
commonly associated with fetal growth restriction (118). It is proposed that women with certain
underlying health conditions such as obesity, hypertension and CKD are predisposed to systemic
vascular inflammation, thus lowering their threshold to develop PE during pregnancy (99). Revisions
to this model have since been proposed, with one group postulating that ‘maternal PE’ in fact results
from placental hypoxia in the latter stages of pregnancy, caused by the uterus being unable to

sustain the demands of the growing placenta (107). More recently, Staff et al. argue that existing
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medical conditions predisposing to vascular inflammation may increase the risk of developing either
placental (early-onset) or maternal (late-onset) PE, and can accelerate either of the pathways
involved (119). In either case, inadequate placental perfusion occurs and maternal endothelial

dysfunction results (120).

1.6.4 Risk factors for pre-eclampsia

A complex interplay of environmental, genetic and clinical risk factors is believed to contribute to the
development of PE (77). PE has been observed more commonly in nulliparous women, and those
with a short interval between first coitus with a new partner and conception (104). It is postulated
that a reduced period of maternal exposure to paternal antigens in semen leads to reduced
maternal immune tolerance, and a risk of developing PE when maternal dNK cells are exposed to
paternally derived HLA-C on fetal trophoblasts (104) (see Section 1.6.3.1). Other environmental risk

factors for PE include multiple pregnancy, conferred by a larger placental mass (86).

Heritability may be culpable in over half of PE cases (121). Alterations in both the maternal and fetal
genome are thought to be contributory (86). A large genome-wide study recently reported variations
in the fetal genome near the FLT1 gene that encodes sFlt-1 in the offspring of women with PE (122).
Another area of interest is the high incidence of PE in women of African ethnic origin (86), and the
potential contributory role of alterations in the gene encoding apolipoprotein L1 (APOL-1), which is
only found in those with recent African ancestry (123, 124). This will be discussed in detail in Section

1.8.2.

A number of pre-existing medical conditions increase the risk of women developing PE in pregnancy.
These include CKD, chronic hypertension, and autoimmune diseases including SLE and APS (77, 86).
It is postulated that these conditions predispose to ‘sensitive’ vasculature, lowering the threshold for

systemic inflammation and development of PE (99) (see Section 1.6.3.3).
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1.6.5 Management of pre-eclampsia

There remains no definitive treatment for established PE, other than delivery of baby and placenta.
The focus of care is centred upon primary prevention through regular antenatal surveillance of BP
and proteinuria. Once PE is detected, treatment with antihypertensive medication may delay the
progression of symptoms. However, induced preterm delivery of the baby is frequently necessary
due to deterioration in maternal and/or fetal health. The recent multicentre randomised controlled
‘PHOENIX’ trial recommended earlier planned delivery over expectant management in the setting of
late-onset preterm PE (125). Earlier planned delivery was associated with reduced incidences of
maternal morbidity and severe hypertension when compared to expectant management and was
not associated with an increase in adverse fetal outcomes (although admissions to NNUs did rise as a

result of prematurity).

In high-risk women, the prescription of low dose aspirin from 12 weeks gestation is effective in
reducing the incidence of early-onset PE and fetal growth restriction (126). A large randomised
controlled trial reported an OR of 0.38 for developing pre-term PE in women taking prophylactic low

dose aspirin as compared to women taking a placebo (95% Cl 0.20 to 0.74; P=0.004) (127).

There remains a critical unmet need for additional treatment options to delay the onset of PE and

prolong pregnancy, especially in the setting of early-onset PE (128).
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1.7 Complement and pre-eclampsia

There is a growing body of evidence implicating excessive activity of complement pathways in the
development of PE. The precise mechanisms of injury remain a subject of debate, however, as it is
unclear how systemic complement activation within the circulation relates to complement
deposition and tissue damage within the placenta. Furthermore, the evidence published to date is
often conflicting and features small cohorts of patients. The basis of this thesis will be to examine

the role of complement in the pathogenesis of PE in greater detail.

1.7.1 The role of complement in ‘stage 1’ pre-eclampsia (placental dysfunction)

Defective placentation in early pregnancy is thought to be the central driver for the development of
PE (previously discussed in Section 1.6.3.1, and sometimes termed ‘stage 1 PE’ (98)). Defective
angiogenesis results in a poorly vascularised and shallow placenta which is vulnerable to hypoxic
damage and repeated ischaemia-reperfusion injury (86). There is increasing evidence for the role of

complement dysregulation in this process.

1.7.1.1  Animal studies of placental complement deposition in pre-eclampsia

A number of animal studies have investigated placental complement deposition in the setting of PE.
These studies have provided mechanistic insights into the pathogenesis of PE by suggesting a
contributory role for complement deposition in placental dysfunction, rather than complement

purely being present as a consequence of PE-driven inflammation.

The CBA/J x DBA/2 mouse model is characterised by poor placentation, maternal proteinuria,
recurrent miscarriage, and growth restriction in surviving offspring, and has therefore been used for
investigating PE (4, 9, 11). However, hypertension is not a feature of this model and thus any

inferences relating to PE pathophysiology must be treated with some caution.
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Girardi and colleagues have conducted extensive experiments with CBA/J x DBA/2 mice, and report
increased deposition of C3 in early pregnancy placental tissue, associated with embryonic death (15)
when compared to controls. Treatment with anti-C5 monoclonal antibody resulted in rescue of
pregnancy, and subsequent immunohistochemical analysis found minimal placental C3 deposition or
inflammation. The research group hypothesised that early placental inflammation in diseased mice
triggered further alternative pathway amplification. Interestingly, treatment with anti-factor B
monoclonal antibody prevented fetal demise and growth restriction. Further experiments by this
group showed that mice with diseased placentas had disordered angiogenesis, with depressed levels
of VEGF, and increased anti-angiogenic sFlt-1. Complement inhibition with C3 and anti-C5 inhibitors
during early pregnancy prevented sFlt-1 concentrations from rising, and from subsequent fetal

demise or growth restriction (15).

Another study of the CBA/J x DBA/2 mouse model reported elevated circulating concentrations of
C3a compared to control mice, together with increased placental C3 deposition (129). Treatment
with C3 convertase inhibition was associated with reductions in placental oxidative stress (measured
by isoprostane 8-iso-prostaglandin (STAT-8)), and circulating sFlt-1 levels. Furthermore, CBA/J x
DBA/2 mice that had been treated with C3 convertase inhibitors or anti-C5 monoclonal antibody
(mAb) had reductions in urea and urine ACR when compared to mice that had not received

complement inhibition, and reduced renal endothelial damage on histological examination.

More recent studies of the CBA/J x DBA/2 model have shown disordered lectin pathway activity
when compared to healthy pregnant control mice (130). MBL is found deposited at implantation
sites in early pregnancy in diseased mice, but pregnancy loss is prevented by administering anti-C5

antibody, and in MBL-A deficient mice.

The other major mouse model used to investigate PE is BPH/5. In this model, mice are mildly
hypertensive prior to pregnancy, but hypertension and proteinuria increase as the pregnancy

progresses. Rates of early pregnancy loss and growth restriction are high, and litter sizes tend to be
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small. Gelber and colleagues reported significant placental C3 deposition in early pregnancy (day 6)
of BPH/5 mice, which preceded neutrophil infiltration and subsequent complement amplification.
Treatment with complement inhibition blocked placental neutrophil infiltration and resulted in
increased concentrations of pro-angiogenic VEGF. Furthermore, placental spiral artery diameter

normalised, and placental weights increased (112).

Lillegard and colleagues investigated the role of complement in PE using the reduced utero-placental
perfusion pressure (RUPP) model in rats, in which a procedure inducing placental ischaemia is
performed, leading to reduced uteroplacental blood flow and maternal hypertension (131). RUPP
treated rats had reduced circulating concentrations of C3 and increased C3a when compared to
controls; indicative of placental ischaemia resulting in complement activation. Subsequent
complement inhibition treatment in the RUPP treated group led to a reduction in C3a levels and

restored maternal blood pressure to normal levels.

Collectively, these research studies provide important evidence directly linking inappropriate
complement activation to abnormal placentation and tissue damage from very early in pregnancies
affected by PE. Crucially, these studies also demonstrate improvement of pregnancy outcomes when

complement activation is blocked.

Sones et al. sought to clarify the link between complement activation and angiogenic factor
imbalance in PE, using the BPH/5 mouse model. They established that very early changes in VEGF
pathway gene expression occur during the peri-implantation and decidualisation stages. Increased
messenger ribonucleic acid (mRNA) expression of complement components including C3 and factor
B then follows at the peak of decidualisation and during placental formation (114). A schematic
illustrating this is shown in Figure 1.5. Analysis of implantation sites found C3 deposition, along with
compromised decidual angiogenesis. The authors postulate that very early imbalances in angiogenic

factors precede complement activation before the placenta begins to develop. This in turn leads to
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defective myometrial trophoblast invasion, and inadequate placentation in pregnancies affected by

PE, stimulating further complement activation and amplification.
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Figure 1.5: Changes in angiogenic factor and complement component mRNA expression in BPH/5
mice, compared to controls

Reproduced from (114) with permission from John Wiley and Sons.
Numbers in figure relate to embryonic days. VEGF: vascular endothelial growth factor; VEGFR: vascular

endothelial growth factor receptor; CfB: complement factor B; PIGF: placental growth factor; RGC: response
gene to complement; sFit-1: soluble fms-like tyrosine kinase-1.

1.7.1.2 Human studies of placental complement deposition in pre-eclampsia

Studies of human pregnancy have built upon evidence gathered from animal studies of placental
complement deposition in pregnancies affected by PE. The inherent difficulties in collecting human
placental tissue mean that much of the existing research base is observational in nature, has limited
cohort sizes, and features placental tissue taken after delivery (often some time after the clinical

features of PE became apparent).

Excess deposition of C4d at the STB membrane has been consistently reported in women with PE,

when compared to healthy pregnant controls (31, 132-134). In a study of 28 women with PE and 44
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pregnant controls, Buurma et al. reported placental C4d deposition in half of PE cases, versus just 3%
of controls, p=0.001. Furthermore, in women with PE, diffuse C4d staining was associated with
significantly earlier gestation at delivery (albeit with only 5 subjects categorised as having diffuse
deposition) (31). Kim et al. reported increased placental C4d deposition in 21 cases of PE with fetal
growth restriction, as compared to 20 non-growth restricted PE cases; C4d deposition was seen on
the STB membrane in 76.2% versus 10.0% of cases, respectively, p<0.001 (132). Another study
examining placental tissue sections from 111 subjects with PE reported significant associations
between C4d deposition and earlier gestation at delivery, and with reduced birth weight (134). The
results from these studies are suggestive of a potential link between placental complement

deposition and disease severity.

Buurma et al. argue that placental C4d deposition in the context of PE is driven by classical (rather
than lectin) complement pathway activation (31). Immunohistochemical analysis of placental tissue
taken from subjects with PE found no evidence of MBL deposition, but co-localisation of C1q with
diffuse C4d deposition. Further analysis found a trend towards IgM immune deposits (rather than
other immunoglobulin isotypes) in placentas exhibiting diffuse C4d deposition (31). The authors
suggest that this is indicative of classical pathway activation, driven by IgM binding to damaged
endothelium. This hypothesis is supported by Kim et al, who found that expression of maternal HLA
class | or Il antibodies does not appear to correlate with placental C4d deposition (132). In this study,
C4d deposition was more commonly observed in cases of PE with fetal growth restriction, with
evidence of placental malperfusion (132). Thus, an inflammatory / ischaemia-driven model of
classical pathway activation is favoured in PE, rather than by antibody-mediated ‘rejection’ to fetal

alloantigens.

Further studies of human placental tissue offer evidence of alternative complement pathway
activity, with increased deposition of C3d at the basal plate (135) and within villous epithelial cells

(136). The evidence is sometimes conflicting however, with other studies reporting no significant
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differences in placental deposition of C3d (25) or properdin (31) — another marker of alternative

complement pathway activity — between cases of PE and healthy pregnant controls.

Reports of MAC (C5b-9) deposition are similarly variable. Whilst one study found no significant
differences in placental C9 deposition between PE cases and healthy pregnant controls (25), other
research groups have reported increased MAC deposition in PE (30, 133). In a study comparing
placental tissue from 18 healthy controls, 25 women with PE, and 6 women with HELLP syndrome,
Collier et al. reported significantly increased immunofluorescence intensity for MAC in PE placentas
compared to controls (p=0.003), and in HELLP syndrome placentas compared to controls (p=0.02)
(133). There were no significant differences in staining intensity however between cases of PE and
HELLP syndrome. These findings suggest that placental complement activation in PE (and HELLP

syndrome) may extend all the way to the terminal complement pathway.

Upregulated mRNA expression of placental membrane-bound complement regulatory proteins DAF
and CD59 has been demonstrated in PE when compared to healthy control pregnancies (31). Their
increased expression may be necessary to prevent complement-mediated damage at the STB
membrane, and subsequent amplification of the complement cascade, in the setting of excessive
complement activation at the placental surface in women with PE. Again, the evidence is sometimes
conflicting. Another study reported profuse expression of MCP, DAF and CD59 at the STB membrane
in placental tissue taken from healthy control pregnancies and from PE, with no significant

differences between groups, or between cases of early-onset and late-onset PE (25).

Finally, recent studies have shown a link between placental complement deposition and angiogenic
factor expression in women with PE. One group demonstrated a significant positive correlation
between placental C4d deposition and placental expression of sFlt-1 (Spearman’s R=0.72; p<0.001),
and between placental C9 and sFlt-1 expression (R=0.59; p=0.01) (133). Another study examined the
effect of in vitro complement activation on trophoblast cells isolated from human placentas.

Complement activation stimulated upregulation of sFlt-1 mRNA, as well as inducing sFIt-1 secretion
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from trophoblast cells. MAC was also associated with release of sFlt-1 (137). Together, the findings
from these studies imply that complement activation within placental tissue is associated with
angiogenic dysregulation (via upregulation of anti-angiogenic sFlt-1) in pregnancies affected by PE.

Defective angiogenesis, poor placentation, and adverse pregnancy outcomes result.

1.7.2 The role of complement in ‘stage 2" pre-eclampsia: vascular inflammation and
endothelial dysfunction

1.7.2.1 Complement in maternal circulation in pre-eclampsia

A number of studies have investigated biomarkers of complement activation within the maternal
circulation. A prospective study of 701 pregnant women examined blood samples taken during the
first half of pregnancy, and found that subjects with elevated concentrations of Bb (within the top
decile) were significantly more likely to develop PE later in pregnancy than those women with Bb
concentrations beneath the 90 decile (RR 3.3, 95% Cl 1.6-7.0, p<0.001) (17). This is suggestive of
alternative pathway dysregulation from early in pregnancy in PE as the placenta is developing, and
also that plasma Bb may be a potentially useful biomarker in identifying women at risk of PE. This
hypothesis is corroborated by a more recent study by He et al. who report significantly elevated first
trimester factor B and factor H concentrations in women who later developed PE, compared to

healthy pregnancies (138).

Bb concentrations have also been investigated at the time of PE diagnosis in cross-sectional studies.
Research groups have reported significant increases in plasma Bb in women with PE compared to
healthy pregnant controls, although with no significant differences reported between early-onset
and late-onset PE (139, 140). Contrary to this however, Derzsy et al. found no significant difference
in Bb concentration between women with PE and healthy pregnant controls (34). Potential

differences with the Derzsy study were that it featured an entirely Caucasian cohort, whereas other
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studies had a more diverse mix of ethnicities, and that it included subjects with less severe, later

onset PE (139, 141).

There are consistent reports of reduced concentrations of C4 in maternal blood in cases of PE, when
compared to healthy control pregnancies (140, 142, 143). This is indicative of C4 consumption via
classical or lectin pathway activity in the setting of PE. Jia et al. also found reduced concentrations of
Clqin PE, in a gestationally-matched study comparing PE with healthy pregnancy (140). There were
however no significant associations found between Clq or C4 and PE severity, with comparable

levels of both complement components in early-onset and late-onset PE (140).

Data on lectin pathway activation in PE is conflicting. In one study comparing 99 women with PE with
187 healthy pregnant controls, PE was associated with significantly elevated plasma MBL
concentrations (144). In contrast, two other studies report comparable MBL levels in women with
PE, when compared to healthy pregnant controls (145, 146). Overall, there is weaker evidence for
lectin pathway activation in the context of PE, than for classical and alternative complement

pathway activation.

There is evidence of increased production of anaphylatoxins in PE, with raised levels of C3a (34, 147,
148) and C5a (149) reported in women with PE, when compared to healthy pregnant controls. C3a
concentration may be associated with disease severity, with significantly increased levels reported in

early-onset versus late-onset PE (147, 148).

Complement activation in the maternal circulation may extend as far as the terminal complement
pathway, with reports of increased C5b-9 concentrations in women with PE when compared to
healthy pregnant controls (34, 147, 148, 150). C5b-9 activity has been linked to disease severity, with
one group reporting in subgroup analysis elevated C5b-9 concentrations in PE pregnancies
complicated by IUGR, compared to non-growth restricted PE pregnancies (34). However, in other
studies, plasma C5b-9 levels did not distinguish between early-onset (severe) PE and late-onset PE

cases (148, 150). In early pregnancy blood testing, there were no significant differences in C5b-9
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concentrations between women with a healthy pregnancy, and those who later developed PE (115,
138). Downstream terminal pathway activation may therefore develop later in pregnancy once the

clinical signs of PE become established.

1.7.2.2 Complement in fetal circulation in pre-eclampsia

There is a paucity of evidence for complement activation in the fetal circulation in cases of PE. Denny
et al. compared umbilical cord blood samples from 29 pregnancies affected by PE, with 14
gestational hypertension pregnancies, and 35 healthy pregnancies. They reported elevated
concentrations of the activation fragment C5a in PE, and levels positively correlated with maternal
plasma C5a concentrations (149). The authors suggest that this may reflect diffusion of C5a across
the placenta from maternal to fetal circulation. There was however no significant difference in cord

C3a levels between the study groups.

There is conflicting evidence on umbilical cord plasma Bb in the setting of PE. Hoffman et al.
compared umbilical cord blood samples from 15 cases of early-onset PE with 15 healthy control
pregnancies (139). They reported significantly elevated levels of Bb in PE cord plasma and postulated
that this represented alternative complement pathway activation occurring within the fetal
circulation as well as the maternal circulation in cases of PE. In contrast, in a larger study of 154
subjects of predominantly African American (AA) ethnicity, there was no reported difference in cord

plasma Bb concentration between PE and healthy pregnancy (141).

The data presented above is sometimes contradictory, but there is some evidence for complement
activation occurring within the fetal compartment in pregnancies affected by PE. Alternatively,
complement proteins may diffuse across the placenta, and simply reflect complement activation
within the maternal circulation, rather than activation within the fetal circulation per se. Regardless,
it is possible that fetal exposure to complement and subsequent inflammatory mediators has an

injurious effect, and may contribute to adverse events including miscarriage and fetal death (149).
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1.7.2.3 Complement in renal tissue and urine in pre-eclampsia

Penning et al. examined kidney tissue taken from autopsy samples from women diagnosed with PE
during pregnancy, and from pregnant controls with no history of hypertension. They reported
evidence of classical complement pathway activation, with increased staining for C4d and Clq in the
renal tissue of women with PE (151). There were no significant differences in MBL, properdin, C3d,

or C5b-9 staining between groups.

Renal endothelial dysfunction is a key clinical manifestation of PE, and therefore there is also
interest in examining urine complement component levels during pregnancy. Urine C5b-9
concentrations have consistently been reported to be raised in women with PE, compared to healthy
pregnant controls (150, 152-154). Urine C5b-9 concentrations appear to be associated with end-
organ injury (defined in one study as thrombocytopenia and/or renal dysfunction) (154), and were
also associated with raised plasma sFlt-1 and reduced plasma PIGF concentrations (153).
Furthermore, urine C5b-9 levels appear to differentiate PE from chronic hypertension and from
healthy pregnancy, and are better indicators of PE severity than plasma C5b-9 levels (150, 152, 153).
Overall, the findings suggest that terminal complement pathway activation within the kidneys is a

feature of severe PE.

1.7.3 Complement pathway genetics and susceptibility to pre-eclampsia

Certain individuals may be more susceptible to complement dysregulation than others and have
been shown to have an increased risk of developing PE during pregnancy. Salmon and colleagues
investigated genes encoding complement regulatory proteins (CD46 and complement factors | and
H) in women with SLE and/or APS who developed PE in pregnancy. They found that approximately
one fifth of the 40 subjects with PE had complement regulator gene mutations encoding CD46 and
factor | (18). These mutations have previously been shown to be risk variants for aHUS. A novel

CD46 mutation was also found which was linked to defective C4b binding (18). All but one of the PE
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cases with a gene mutation had a severe phenotype (preterm delivery, fetal growth restriction, or
HELLP syndrome). It is notable, however, that the majority of PE cases within this cohort did not

have an identifiable complement risk variant (of the complement regulators that were sequenced).

A later study examining polymorphisms in the gene encoding CD46 did not report any association
between CD46 variants and PE; with the authors refuting the suggestion that CD46 single nucleotide
polymorphisms (SNPs) bear functional consequences (155). Demographic differences between
cohorts may contribute to the contrasting findings. The study by Salmon et al. solely included
women with autoimmune disease, who may have had a lower threshold for complement

dysregulation and developing PE (18).

Another study reported a significantly increased prevalence of SNPs in the genes encoding maternal
C3 and factor H, in addition to fetal CD46, in pregnancies affected by PE compared to healthy
pregnancies (156). Interestingly, specific fetal CD46 variants were associated with reduced placental
CD46 expression (suggestive of a lack of complement regulation at the maternal-fetal interface). In
addition, specific factor H variants were associated with increased alternative pathway (AP50)

activity (156). The authors argue that, in combination, these mutations predispose to a risk of PE.

Inherited mutations in complement genes have also been associated with PE severity. A Chinese
cohort study found an association between polymorphisms in the genes encoding C6 and MASP1,
and an increased risk of developing early-onset PE (157). Lokki and colleagues identified several SNPs
in the gene encoding C3 that were associated with PE with severe features (158). Another case-
control study compared rates of mutations in alternative complement pathway genes in women
with HELLP syndrome and healthy pregnant controls. Mutations in alternative pathway genes were

far more common in the HELLP group (48% versus 8%, p<0.01) (159).

Lokki and colleagues sought to clarify the link between complement polymorphisms and the risk of
PE, through functional studies within a Finnish cohort. They demonstrated that specific mutations

affecting complement receptor 3 (CR3) and complement receptor 4 (CR4) were linked to an overall
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increased risk of PE, through their altered adhesion to iC3b (160). iC3b is a crucial opsonin, marking
cells for phagocytosis through binding to CR3 and CR4. Where this process is defective, disordered

clearance of cellular debris and inflammation may result (161).

A recent study of the same Finnish cohort identified 5 variants in factor H that were associated with
severe PE (162). Affected cases were characterised by early-onset PE, small for gestational age
babies, and HELLP syndrome, and none of the subjects were later diagnosed with aHUS (10-year
follow up period). 4 of the 5 polymorphisms were found to have deleterious functional

consequences, through impaired C3b and C3d binding, and dysfunctional factor H activity.

Collectively, these findings highlight links between polymorphisms in complement and complement
regulatory genes, and PE. Some, but not all, of these variants have demonstrable deleterious
consequences, highlighting the complexity of PE pathogenesis. The findings reinforce the importance
of a functioning complement system in pregnancy and may also provide therapeutic targets for

complement blockade treatments in certain groups of patients with PE.

1.7.4 Summary and proposed model for the role of complement in pre-eclampsia
pathogenesis

The evidence presented above supports the theory of excessive complement activation being an
important factor in the pathogenesis of PE. However, despite the growing body of evidence,
published reports are sometimes contradictory and are predominantly derived from cross-sectional
studies of limited size. Furthermore, the precise mechanisms of PE pathogenesis and potential
involvement of the complement system remains unclear, with no studies in human subjects
demonstrating how systemic complement activation within the fluid phase relates to complement

deposition, and injury, at a placental tissue level.

Animal studies do provide clear supporting evidence of complement activation during early

pregnancy leading to poor placental formation and causing harmful outcomes including failure of
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pregnancy (15, 112, 114). Subsequent complement inhibition has been shown to improve placental
vascularisation and rescue pregnancy (15, 112), with reduced angiogenic dysregulation or maternal

endothelial dysfunction (129).

Studies of human pregnancy report excess complement deposition in placental tissue in subjects
with PE; particularly involving components of the classical pathway (31, 132). In addition, there is
evidence of increased alternative pathway activity from early pregnancy in the maternal circulation
of women who later develop PE (17). Downstream complement activation leading to increased
production of anaphylatoxins and MAC is present at the point of PE presentation later in pregnancy,
and raised plasma and urine concentrations may be associated with severe PE phenotypes (34, 152,

154).

It has been debated whether this complement activation causes PE to develop, or whether
complement is present as a result of PE-driven inflammation. Evidence from both human and murine
studies has established a link between complement and angiogenic factor imbalance in PE, which

may help answer this question.

A landmark study in a mouse model of PE found abnormal angiogenesis from very early in pregnancy
preceded complement activation during decidualisation (114). Abnormal trophoblast invasion and
poor placental formation followed, with growth restriction and fetal death. Another animal study
found that complement blockade treatment led to a reduction in anti-angiogenic sFlt-1
concentrations in mice and prevented features of PE developing (129). In vitro studies of human
placental tissue have attempted to establish a temporal relationship, with one group showing that
complement activated trophoblast cells induce sFit-1 production (137). These findings are reflected
in other mouse studies which show that complement activation fragments can also stimulate the

release of sFlt-1 (15, 112).

It has therefore been postulated that abnormal sFlt-1 expression stimulates complement activation

during early placental development in women with PE. Complement activation and amplification
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may also in turn trigger further sFlt-1 production as the pregnancy progresses, which leads to
increasing inflammation and maternal endothelial dysfunction (133, 163). A proposed model for the

role of complement, and its relationship with angiogenic dysregulation, is shown in Figure 1.6.

Abnormal VEGF gene expression

Angiogenic dysregulation » Complement activation

Inflammatory events in trophoblastic tissue

Poor placentation

Maternal endothelial dysfunction

Pre-eclampsia

Figure 1.6: Proposed role of complement in pre-eclampsia pathogenesis

Adapted from (66) and (163), with permission from Elsevier Ltd.

1.7.5 Clinical implications and potential therapeutic interventions

Complement-modifying agents are currently undergoing rapid development and may provide novel
opportunities to treat complement-mediated diseases (164-167). The monoclonal antibody
eculizumab is a C5 inhibitor and has revolutionised the treatment of aHUS and PNH over the last

decade. Evidence for its use in PE is limited to isolated case reports. In one report, eculizumab was
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used to treat a patient presenting with HELLP syndrome at 26 weeks gestation (168). In the period
following administration, the patient’s full blood count and liver function normalised, and the
pregnancy was prolonged by 17 days before delivery took place. In another case, eculizumab was
commenced in a pregnant patient at 20 weeks’ gestation following a diagnosis of aHUS. The patient
was subsequently diagnosed with PE at 24 weeks and eculizumab was continued until delivery at 27
weeks (169). Interestingly, post hoc analysis found that plasma sFlt-1:PIGF ratio fell after the
initiation of complement blockade treatment, which may have contributed to the successful
prolongation of pregnancy. One further case report describes a patient with HELLP syndrome who
delivered at 34 weeks’ gestation, then developed postpartum aHUS which was successfully treated

with eculizumab, leading to recovery of renal failure (170).

A recent in-vitro study demonstrated reduced cytotoxicity when serum containing eculizumab was
mixed with serum from women with HELLP syndrome (171). These results indicate that eculizumab
is an effective agent in blocking alternative pathway-mediated cell killing and may be a useful
treatment for women with HELLP syndrome. C5 inhibition has been demonstrated to be safe when
used for pregnant women with PNH, with low rates of adverse maternal and fetal events (55).
However, the long-term effects of using complement inhibition therapy during pregnancy and
potential immunosuppressant effects on newborns are not yet known (61), and whether this
treatment could be extrapolated from HELLP syndrome to women with severe PE remains to be

seen.

Many more complement modifying drugs targeting other components of the complement cascade
are in development, with clinical trials particularly in the setting of glomerular and ophthalmic
disease already in progress (164, 166, 167). A major concern in the delivery of complement inhibiting
drugs is the risk of infection and over-immunosuppression. New drugs under development are
aimed at reducing the dose of medication administered through ‘recycling’ antibodies, and also at

targeting specific local sites for inhibition (167). Furthermore, drugs targeted towards the
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amplification loop may allow attenuation of complement activation rather than total blockade,
which could reduce adverse treatment effects (167). Medications which can be delivered
subcutaneously or orally are also under development and may facilitate easier administration than

eculizumab, which can only be given intravenously (164, 167).

This raises the question of whether complement inhibition therapy could offer a potential
alternative treatment strategy to preterm delivery of the fetus in cases of severe PE (172). Potential
benefits to patients and healthcare systems are significant because no other definitive treatment
strategies for PE are currently available. If pregnancy could be prolonged by inhibiting excessive
complement activation and the downstream inflammatory and anti-angiogenic effects, this could
result in fewer preterm deliveries and fewer subsequent adverse pregnancy outcomes including

fetal growth restriction and requirement for NNU care.
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1.8 Pre-eclampsia in high-risk groups

Epidemiological data highlight cohorts of women that are at a particularly elevated risk of PE when
compared to the general pregnant population. This includes women with CKD (79, 173), and women
of SSA ethnicity (174-176). The work within this thesis will aim to investigate the role of complement
in the pathophysiology of PE in previously healthy women, as well as in high-risk groups (women
with CKD, and women of SSA ethnicity). It is hoped this will provide greater insight into the
mechanisms involved in PE pathogenesis, with potentially more pronounced changes in cohorts with
particularly high disease incidence. A comparison of patterns of complement activation between
high-risk groups and the previously healthy general pregnant population will also enable analysis of

whether more than one mechanism of PE pathogenesis exists.

1.8.1 Chronic kidney disease and pregnancy

1.8.1.1 Epidemiology

CKD has an estimated prevalence of 3% among women of childbearing age (177, 178). In some
cases, renal disease is detected for the first time during routine antenatal screening. Pregnancy is
less common in women with more advanced renal dysfunction, with an estimated 1 in 750
pregnancies occurring in women with CKD stages 3-5 (178, 179). The advent of kidney
transplantation has led to rapid improvements in renal function and restoration of fertility for many
women with CKD (180). This, coupled with the rising incidence of obesity, diabetes and
cardiovascular disease among the general population, mean that rates of CKD in pregnant women

are predicted to increase further in the coming years (179).

1.8.1.2 Impact of CKD on pregnancy — maternal and fetal outcomes
Cohort studies and meta-analyses have shown that rates of adverse pregnancy outcomes in women

with CKD are higher than for the general population (173, 181). This includes an increased risk of
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adverse maternal outcomes, such as Caesarean section and PE, as well as fetal complications
including preterm delivery, growth restriction and requirement for NNU admission. Absolute rates of
adverse pregnancy outcomes vary between cohorts due to differences in ethnicities, healthcare
systems, and heterogeneity in cause and severity of CKD; with the majority of reported data derived
from women with CKD stages 1-3. In general, however, the risk of adverse pregnancy outcome rises
incrementally with worsening baseline renal function (see Figure 1.7). Despite this trend, data
suggest that even ‘mild’ renal disease (CKD stage 1), in the absence of proteinuria, chronic
hypertension or systemic disease, confers a ‘baseline risk’ of adverse pregnancy outcome; (OR 1.88,
95% Cl 1.27-2.79) (181). Other risk factors for adverse pregnancy outcome include pre-pregnancy
proteinuria (179, 182), chronic hypertension (73, 179), previous kidney transplantation (183, 184),

and lupus nephritis (43, 44, 185).

Despite the higher rates of adverse outcome, successful pregnancy in CKD is common, with live birth
rates reported to be 98% for women with CKD stages 3-5 in a recent UK-wide cohort study (179).
Specialist pre-pregnancy counselling and regular antenatal review in a dedicated renal-obstetric
clinic is recommended to ameliorate concerns and detect any potential complications early on (186,

187).
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Figure 1.7: Rates of adverse pregnancy outcome by CKD stage

Reproduced from (180), with permission from Springer Nature. Figure shows results from two cohort studies:
Bramham et al. (red) (188) and Piccoli et al. (blue) (181). SGA: small for gestational age; NICU: neonatal
intensive care unit; eGFR: estimated glomerular filtration rate; RRT: renal replacement therapy,; CKD: chronic
kidney disease.

1.8.1.3 Impact of pregnancy on CKD

Pregnancy is not associated with an accelerated postnatal decline in renal function in women with
mild pre-pregnancy renal disease (CKD stages 1 and 2), well-controlled blood pressure, and low-level
proteinuria (173). The long-term impact on maternal renal function is greater for those with more
advanced pre-pregnancy renal impairment (CKD stages 3-5) (189). A UK-based cohort study reported
that almost half of pregnant women with CKD stages 3-5 had lost more than 25% of their GFR at 1

year postpartum or required renal replacement therapy (RRT) (179). The risk of pregnancy-
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associated decline in renal function in this cohort increased with CKD stage, the presence of chronic

hypertension, and a gestational fall in creatinine of less than 10% of pre-pregnancy baseline.

1.8.1.4 Chronic kidney disease and superimposed pre-eclampsia

1.8.1.4.1 Superimposed pre-eclampsia: definition and statistics in renal patients

The standard diagnostic criteria for PE (71) do not easily apply to patients with CKD, who often have
impaired excretory renal function, proteinuria and/or chronic hypertension which pre-date the
pregnancy and can cloud the diagnosis of PE. The term superimposed pre-eclampsia (SPE) is often

used in this setting, representing the changes of PE superimposed upon CKD.

SPE affects up to 40% of women with CKD during pregnancy (79). This equates to a 10-fold greater
prevalence than in women without pre-existing renal disease (OR 10.4, 95% Cl 6.3-17.1) (173).
Women with more severe pre-pregnancy renal impairment, proteinuria, or chronic hypertension are
at greater risk of developing SPE during pregnancy (73, 173, 179, 188, 190), as well as women with a

kidney transplant (adjusted OR of SPE 6.3; 95% Cl 3.0-13.4 as compared to healthy women) (191).

There are no consensus criteria for the diagnosis of SPE in women with CKD. For women without
pre-existing hypertension or proteinuria, the standard diagnostic criteria for PE can be used (see
Table 1.3). Where chronic hypertension and proteinuria are present, previous cohorts have
suggested their own diagnostic criteria for SPE in women with CKD (79, 192). These criteria are
detailed in Table 1.4, and have been used to define cases of SPE for the body of work within this

thesis.
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Table 1.4: Diagnostic criteria for superimposed pre-eclampsia in chronic kidney disease

Gestational
hypertension (if
chronic hypertension
present)

De novo hypertension 2 160 mmHg systolic or 2 110 mmHg diastolic
OR

Increase in antihypertensive treatment after 20 weeks’ gestation to
maintain BP <160/110 mmHg

and

Gestational
proteinuria (if chronic
proteinuria present)

Doubling in uPCR after 20 weeks’ gestation compared to pre-
pregnancy levels

AND

uPCR > 30 mg/mmol

Or at least one of the fo

llowing if only one of the above indicators present:

Acute kidney injury

Rapidly worsening kidney function: 2 50% increase in serum
creatinine in 7 days not attributable to an alternate diagnosis
AND

Creatinine 2 27 pmol/L above pre-pregnancy concentration

Uteroplacental
dysfunction

Small for gestational age (birth weight <10™ centile)
Abnormal umbilical artery Doppler waveform

Severe features

Platelet count < 100 x 10°/L

Haemolysis or disseminated intravascular coagulation

Rise in liver transaminases (ALT or AST > 40 IU/L)

Severe headache / altered mental status / visual scotomata
Clonus

Seizures (eclampsia)

Pulmonary oedema not attributable to an alternate diagnosis

Table adapted from (79, 192). BP: blood pressure; uPCR: urine protein to creatinine ratio; ALT: alanine
aminotransferase; AST: aspartate aminotransferase.

1.8.1.4.2 Superimposed pre-eclampsia: diagnostic dilemma and pathophysiology theories

The diagnosis of SPE in women with CKD is challenging because hypertension, proteinuria and renal

dysfunction characterise both conditions. Renal physiological changes in normal pregnancy

(including a fall in blood pressure in early and mid-pregnancy, followed by a rise in the third

trimester, and a gestational rise in proteinuria as a result of hyperfiltration (193)) cause further

diagnostic uncertainty and can lead to difficult decision-making around timing of delivery for women

with CKD (194). In the absence of standard diagnostic criteria for SPE, relative changes in blood

pressure, creatinine and proteinuria during pregnancy are analysed in addition to expert consensus

review (79).
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The pathophysiological mechanisms by which CKD patients are disproportionately affected by SPE
remain a subject of investigation. Endothelial dysfunction characterises both CKD and PE, leading to
proteinuria, chronic hypertension, adverse pregnancy outcomes, and long-term cardiovascular and
renal disease in both conditions. Disrupted angiogenesis (195, 196) and up-regulation of renin-
angiotensin system markers (angiotensin Il type 1 receptor (AT1-R) and AT1-R auto antibody) (197)
contribute to endothelial dysfunction in both CKD and in PE. Complement activation has also been
shown to mediate endothelial dysfunction and lead to progressive disease in both PE and CKD (11,
198). Finally, PE and CKD have both been associated with renal tissue injury, which contributes to
endothelial damage. Kidney biopsy specimens taken from women with PE show glomerular
endotheliosis (199) and recent turnover of podocytes (200). Furthermore, one study showed that
women with a resolved episode of AKI were more likely to develop PE in future pregnancy (23%
versus 4% rate of PE in controls, p<0.001) (201). The relationship between CKD and PE is summarised

in Figure 1.8 (79).

It is postulated that pre-existing endothelial dysfunction, through a combination of the mechanisms
outlined above, ‘sensitises’ the maternal vasculature to circulating antiangiogenic factors in women
with CKD. This accounts for the increased incidence of PE seen in women with CKD, as there is a
lower threshold to develop angiogenic dysregulation, and subsequent SPE, than for women without
renal disease (79, 201). This model will typically manifest as later-onset ‘maternal’ SPE, as the
demands of the growing fetus outstrip the capacity of the placenta (107); see Section 1.6.3.3. In
contrast to ‘maternal’ SPE, ‘placental’ SPE classically presents with early-onset disease and fetal
growth restriction, driven by defective placentation early in pregnancy (118). It may therefore be
particularly important to identify, define and separate ‘maternal’ SPE cases from ‘placental’ SPE
when researching pregnancy in CKD as the pathophysiology between disease subtypes may be very

different.
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Figure 1.8: Relationship between chronic kidney disease and pre-eclampsia

Reproduced from (79), with permission from Wolters Kluwer Health, Inc.

1.8.1.4.3 Biomarkers of superimposed pre-eclampsia in patients with chronic kidney disease
There is growing interest in identifying biomarkers to assist in the diagnosis of SPE in women with
CKD, given the shared phenotype of both conditions. This would allow earlier identification of SPE,
and timely monitoring and treatment. The ability to discriminate more accurately between SPE and
pregnancy-induced CKD progression could also lead to improved pregnancy outcomes through the

avoidance of iatrogenic prematurity.

In recent years, testing of angiogenic markers PIGF and sFlt-1:PIGF ratio has been shown to aid PE
diagnosis in previously healthy women where there is diagnostic uncertainty (108, 110, 111). In the
last 2 months of healthy normotensive pregnancy, sFlt-1 levels rise and PIGF levels fall, but this
pattern occurs earlier and with more a pronounced change in pregnancies affected by PE (108).
Testing of PIGF or sFIt-1:PIGF ratio is now recommended in UK clinical practice as a diagnostic

adjunct in ruling in and excluding preterm PE (between 20 to 36+6 weeks gestation) in cases where
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there is high clinical suspicion (202). PIGF testing can help inform clinicians of the likely need for
delivery due to suspected PE in the short term. Very low PIGF levels are suggestive of severe
placental dysfunction and high risk of preterm delivery. Conversely, normal PIGF levels indicate
normal placental function, and a low likelihood of requiring delivery within the next 14 days (202).
Similarly, sFlt-1:PIGF testing can aid in the short term prediction and diagnosis of PE. A low sFlt-
1:PIGF ratio rules out a PE diagnosis within 7 days, whereas an elevated sFlt-1:PIGF ratio rules in a

diagnosis of PE within the next 4 weeks (202). The specific cut off values depend on the assay used.

The major caveat to testing for angiogenic markers is that the presence of pre-existing medical
conditions characterised by endothelial damage might affect the diagnostic accuracy of these

biomarkers. Therefore, the utility of PIGF or sFlt-1:PIGF assays in women with CKD is disputed.

In a prospective UK cohort study of pregnant women with CKD (232 pregnancies in 221 women),
Wiles et al. reported significantly reduced PIGF concentrations from 21 to 37 weeks’ gestation in
women who developed SPE versus those that did not (192). Reduced PIGF concentration had high
predictive accuracy of the need for delivery within 14 days due to SPE (AUROC 0.80; 95% Cl 0.66-
0.94). Predictive accuracy was lower, however, for those with CKD stages 3-5. Further research is
therefore required to assess the impact of impaired excretory renal function on angiogenic markers,
and their utility in diagnosing SPE in women with more advanced renal disease. Additionally, in
contrast to healthy women, measurement of sFlt-1:PIGF ratio in pregnant women with CKD does not

predict the need for delivery due to SPE (192).

Another smaller cohort study reported raised plasma concentrations of endothelial glycocalyx
components hyaluronan and vascular cell adhesion molecule (VCAM) in women with CKD who
developed SPE (203). These markers were significantly negatively correlated with PIGF
concentration; underlining the role of endothelial dysfunction in SPE in women with CKD, and a

potential link with disordered angiogenesis.
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1.8.1.4.4 Complement and superimposed pre-eclampsia in women with chronic kidney disease
Although there is mounting evidence for the role of complement in PE pathogenesis — discussed
earlier within this thesis — very little is known about whether the same mechanisms apply in SPE.
Furthermore, certain groups of patients with CKD may already have conditions affecting
complement activity (such as lupus and aHUS) or take medications that suppress their immune

system, which may confound results.

One small cohort study measured anaphylatoxins C3a and C5a, alternative pathway regulator factor
H, and C5b-9 in pregnant women with CKD; a proportion of whom had SPE. There were no
significant differences in any of the complement components between pregnant CKD patients with
and without SPE. Therefore, none of the complement components measured were deemed useful

adjuncts in diagnosing SPE (203).

One further study analysed renal tissue specimens taken from previously healthy women with PE,
for evidence of complement deposition. There was significant C4d and Clq deposition seen in PE
samples, as compared to healthy pregnant controls. This suggests that classical complement
pathway activity occurs within the kidney itself in PE, although this study did not examine any

samples from women with pre-existing renal disease (151).

Further research is therefore required to assess the potential utility of complement components as

biomarkers of SPE in women with CKD, and as a potential therapeutic target in this specific cohort.

1.8.2 Sub-Saharan African ethnicity and pre-eclampsia

1.8.2.1 Pregnancy outcomes in women of sub-Saharan African ethnicity
Although there have been significant improvements in global maternal mortality rates over the last
three decades, maternal mortality does remain disproportionately high in the world’s least

developed countries (84). Around two-thirds of worldwide maternal deaths in 2017 occurred in SSA
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alone (84), often as a result of obstetric complications including haemorrhage and hypertensive
disorders of pregnancy, including PE and eclampsia (204). The problem is exacerbated in some
settings by limited access to emergency healthcare, including antenatal monitoring and treatment
(175, 205, 206). However, Black ethnicity itself appears to confer an increased risk of adverse
pregnancy outcome, independent of socioeconomic status. In a recent international study of over 2
million pregnancies in high- and upper-middle income countries, the risk of neonatal death in babies
born to Black mothers was twice as high as the risk for White mothers (OR 2.0, 95% Cl 1.4-2.8). The
differences were similarly as stark for preterm birth and stillbirth (207). The authors cite barriers

such as structural racism as a key area to be addressed.

Racial disparities in pregnancy outcomes are also seen within the UK, with the recent MBRRACE
(Mothers and Babies: Reducing Risk through Audits and Confidential Enquiries across the UK) report
highlighting that from 2017-2019, Black women were four times more likely to die in pregnancy than
White women (RR 4.5; 95% Cl 2.8 to 7.0) (208). Further to this, a UK national cohort study of more
than 1 million pregnancies found that women of Black ethnic backgrounds had significantly higher
rates of stillbirth, preterm birth and fetal growth restriction than White women, even after

controlling for socioeconomic deprivation, smoking status and BMI (209).

1.8.2.2 Pre-eclampsia in women of Sub-Saharan African ethnicity

The exact prevalence of PE in SSA is difficult to pinpoint, as existing data are largely drawn from
English-speaking nations and from hospital admissions in urban areas only. There is a lack of
accurate clinical records, particularly from home births and from less economically developed
regions and nations (204, 210), introducing likely selection biases. Despite this, recent systematic
reviews report high prevalence rates of hypertensive disorders of pregnancy in SSA, with up to 1 in
10 of all pregnancies affected, which is significantly higher than in Europe and North America (210,

211). See Figure 1.9.
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Figure 1.9: Global age standardised incidence rates of hypertensive disorders of pregnancy per
100,000 population in 2019

Reproduced from (81). Published by Springer Nature (open access article)

The prevalence rate of PE in SSA has been reported as 4.1% (95% Cl 3.2-5.1) (210), which is
comparable to global rates. Significantly, however, rates of PE with severe features appear to be
particularly raised in SSA. A systematic review of pregnancies across Africa found that half of all
cases of PE were diagnosed with severe features (211). Another review reported a prevalence rate of
eclampsia in SSA of 1.5%, which is more than 5 times higher than estimated global rates (212). The
reasons for the high rates of hypertensive disorders of pregnancy across SSA are complex. Increasing
development and urbanisation in some regions over recent years has led to rising rates of chronic
hypertension and obesity among the general population (213). Low rates of hypertension
awareness, diagnosis, or medical treatment across SSA further exacerbate the problem (214). In less
economically developed and rural areas, there is limited access to routine obstetric care, meaning
that late presentation for emergency care is more common (211). High rates of PE with severe
features may therefore reflect later presentation to obstetric care, rather than more severe disease

phenotypes per se.
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In addition to the socioeconomic complexities discussed, it has been postulated that Black ethnicity
itself presents an inherent risk of PE. In a US-based study, women of AA heritage had substantially
higher rates of PE when compared to those of European American background (OR 1.67, 95% ClI
1.64-1.71) (174). This difference persisted after accounting for maternal age and socioeconomic
factors. In contrast however, another US-based cohort study reported higher age-adjusted rates of
PE in Black women, compared to Hispanic and non-Hispanic White women, but the differences did

not persist after controlling for socioeconomic and cardiovascular risk factors (215).

Further studies of ethnically diverse populations have found SSA ethnicity to be a risk factor for
early-onset or severe PE. A French cohort study compared characteristics of PE in White European
women with women of North-West African (Maghrebian) ethnicity, and women of SSA ethnicity.
This study reported that women of SSA ethnicity were significantly more likely to develop early-
onset PE (diagnosis prior to 28 weeks’ gestation); with rates of 22.3%, versus 7.1% in White
European women, and 7.0% in Maghrebian women (p<0.01). The median gestational age of PE
diagnosis was 32.4 weeks for SSA women, versus 33.8 weeks for White European women, and 34.3
weeks for Maghrebian women (p=0.02). However, there were no significant differences in birth

weight or rates of fetal growth restriction between ethnic groups (176).

It is postulated that there may be a genetic component responsible for the higher rates of PE and PE
with severe features seen in women of SSA ethnicity, which cannot be fully explained by differences
in access to obstetric care, demographic, or cardiovascular characteristics (175, 176, 211). As earlier
discussed in Section 1.6.3.1, particular combinations of maternal KIR and fetal HLA-C alleles confer
an increased risk of PE. Research has shown high rates of risk-conferring KIR and HLA-C variants in
Ugandan (216) and Ghanaian (217) populations, which may contribute to the high rates of PE seen in

SSA populations.

Another area of interest is the APOL-1 gene. ‘High risk’ variants of G1 and G2 alleles encoding the

APOL-1 gene are only found in those with recent African ancestry and are known to confer an
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increased risk of kidney disease in Black populations (218). A study of two US cohorts reported an
association between high-risk fetal APOL-1 genotype and PE, with an OR in excess of 1.8 (123). Fetal
high risk APOL-1 genotype was also associated with an increased sFlt-1:PIGF ratio. Interestingly,
maternal APOL-1 high-risk genotype was not associated with PE. These findings were replicated in a
later cohort study, which also found a significant association between fetal APOL-1 high-risk
genotype and PE (OR 1.41, 95% Cl 1.04-1.93; p=0.029) (124). However, neither study found an
association between fetal APOL-1 genotype and gestational age, early-onset PE, birth weight, or
placental pathological features. These findings indicate that fetal (and therefore paternal) genetic
factors are important in determining the risk of developing PE, and the mechanism of injury

conferred by high-risk fetal APOL-1 variants is not solely linked to defective placentation.

One further study reported an association between the presence of the maternal APOL-1 G1 allele
and the risk of developing early-onset PE (OR 2.2, p=0.03) (219). However, this study found no
association between maternal APOL-1 G1 or G2 risk allele positivity and the development of late-
onset PE. Furthermore, in keeping with the aforementioned research, maternal APOL-1 high risk

genotype (G1 and G2 allele positivity) was not associated with the overall risk of developing of PE.

1.8.2.3 The role of complement in pre-eclampsia in women of Sub-Saharan African ethnicity

There is a paucity of published data on the role of complement in the pathogenesis of PE in high-risk
SSA populations. The evidence base is limited to women of AA heritage in the US. One study tested
maternal and umbilical cord blood samples for alternative pathway activation fragment Bb from a
cohort of 291 women, of whom 227 (78%) identified as AA (141). This found significantly elevated Bb
concentrations in maternal blood samples taken from AA women with PE (1.26 pug/mlin PE vs. 0.96
ug/mlin AA controls, p=0.007). This study however did not report a subgroup analysis of Bb levels in
AA women with PE, versus women from other ethnic groups. There were no reported differences in

cord Bb concentrations between groups.
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An earlier prospective study reported an association between AA ethnicity and high levels of Bb in
blood samples taken from women in the first half of pregnancy, who later developed PE (17). From
the overall patient cohort, women with a top decile Bb measurement were at a greater than 3-fold
increased risk of developing PE later in pregnancy. Subgroup analysis showed that AA women had a
2-fold increased risk of having a Bb concentration in the top decile, when compared to non-AA
women (RR 2.2 (95% Cl 1.2-4.0; p=0.008)). However, this study only included relatively small

numbers of women of AA ethnicity: 51 (7%) from a total cohort of 701 women.

Further research is needed into the potential contribution of complement activation to the high

rates of PE seen in SSA women, to identify which pathways may be involved in disease pathogenesis.
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1.9 Summary and hypothesis

PE is a common obstetric disorder, with potentially devastating adverse effects for mother and baby.
There is a critical unmet need for alternative treatment options for PE, other than preterm delivery.
The evidence presented above suggests a key role for complement dysregulation in the
pathogenesis of PE, but the exact mechanisms and pathways involved remain a subject of debate,
with findings based on small cohorts and with conflicting results. The ongoing development of
complement-modifying agents raises the question of promising potential therapeutic targets, but
there is currently insufficient evidence to support the widespread use of complement inhibition

therapy in pregnant women with PE.

One of the key gaps in the current evidence base is whether abnormal concentrations of circulating
complement reflect a general heightened inflammatory state in PE or are directly associated with
placental complement-mediated injury. There are no studies that simultaneously compare
complement components in the maternal and fetal circulation, and within placental tissue, for the
same patient. A study of this nature would potentially provide further support for the role of
complement activation in the pathogenesis of PE and may also provide insight into sequence of
events leading to complement activation on a local and systemic level. This could help build a more
compelling case for a future trial of complement inhibition therapy for women with PE. The body of
research within this thesis will attempt to strengthen the current evidence base by addressing some

of these shortfalls.

SPE disproportionately affects women with CKD; likely due in part to pre-existing endothelial
damage, rendering the maternal vasculature more ‘sensitive’ to the demands of pregnancy.
Although complement has been implicated in the pathogenesis of PE, the pathways involved and
timing of complement dysregulation during pregnancy is not well understood. It also remains
unclear if the same mechanisms apply in SPE, with very little published data on the role of

complement in the pathogenesis of SPE in women with CKD.
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SSA ethnicity has been identified as another risk factor for developing PE. This may be due in part to
socioeconomic, cardiovascular, and genetic factors. There is little published data for the role of
complement in PE pathogenesis in African women, but evidence suggests increased concentrations

of complement activation fragments in AA women with PE.

An investigation into a wider panel of complement pathway components across a range of
gestations in women considered at high risk of PE (women with CKD, and women of SSA ethnicity)
would allow an assessment of the relative role of complement dysregulation in the high rates of PE
seen in these specific populations. The results would also enable an evaluation of the utility of

complement as a biomarker for PE and SPE, and as a potential therapeutic target in high-risk groups.

This thesis aims to test the hypothesis that PE is associated with excessive complement deposition
within placental tissue, with concurrent complement activation within the maternal and fetal
circulation; and therefore, that abnormal levels of circulating complement are reflective of
complement-mediated placental tissue damage. Excessive complement activation may be triggered
during very early pregnancy, leading to defective placentation, and further potentiated later in
pregnancy by placental inflammation, disordered angiogenesis, and amplification of systemic

(circulating) complement activation. The clinical syndrome of PE results.

A secondary hypothesis was that groups with a high prevalence of PE, and of PE with severe
features, (women with CKD and women of SSA ethnicity) would exhibit a greater degree of systemic
complement activation. Complement markers identified to be associated with PE may be potential

therapeutic targets, and/or biomarkers of disease.

1.9.1 Thesis aims and objectives
The aims of this thesis are to investigate the precise complement pathways involved in the

pathogenesis of PE in previously healthy women, and also in high-risk cohorts (women with CKD, and
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women of SSA ethnicity). The identification of complement components and pathways associated

with PE will build the evidence base towards potential future therapeutic targets.

The specific aims of the research are to:

- Investigate biomarkers of complement activation in the maternal and fetal circulation (C3,
iC3b, Ba, properdin, C4, and C5b-9), and placental tissue (C1q, C4d, C3d and C9) in
concurrently collected samples from previously healthy pregnant women with PE, and from
healthy pregnant controls.

- Correlate placental complement deposition with complement markers in the maternal and
fetal bloodstream, to determine the relative changes in tissue and circulatory complement
activation in PE and in healthy pregnancy.

- Investigate biomarkers of complement activation in the maternal circulation (Ba, properdin
and C5b-9) in a cohort of pregnant women with CKD; a proportion of whom developed SPE
during pregnancy.

- Investigate markers of complement activation in maternal circulation (Ba, properdin, C3, C4
and C5b-9) in a Ghanaian cohort of pregnant women, and to compare the relative changes in
PE, gestational hypertension, and healthy controls.

- Compare and contrast the patterns of complement pathways and activation seen in PE
between women with no pre-existing medical conditions, and with ‘high-risk’ cohorts

(women with CKD, and women of SSA ethnicity).
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CHAPTER 2

METHODOLOGY
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2 Methodology

2.1 Thesis overview

The aims and objectives of this thesis have been discussed in Chapter 1. In order to investigate the

role of complement in the pathogenesis of PE, 3 distinct groups of women will be studied:

e Pregnant women with no pre-existing medical conditions: ‘Birmingham Cohort’.
Samples of maternal blood, umbilical cord blood, and placental tissue to be tested from
women with PE (cases) and healthy pregnant controls.
An additional validation cohort ‘London Cohort’ with maternal blood samples to be
measured for complement components to validate the findings from this arm of the study.
e Pregnant women with CKD: ‘CKD Cohort’.
Women with CKD with samples of maternal blood collected longitudinally throughout
pregnancy. A proportion of these women developed SPE during pregnancy, to be compared
to those who did not.
e Pregnant women of SSA ethnicity: ‘Ghana Cohort’.
Pregnant women recruited in Accra, Ghana, who were all of SSA ethnicity. Samples of
maternal blood to be tested from women with PE, women with gestational hypertension,

and healthy pregnant controls.

A summary of the study designs and cohort details is shown in Figure 2.1.
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Birmingham Cohort & London Cohort® (Chapter 3)

- Women with no pre-existing medical conditions
- PE (n=69), healthy pregnant controls (n=68)

- Maternal blood drawn prior to labour, cord blood taken after delivery.
Assays: properdin, Ba, C3, iC3b and C5b-9 (Newcastle), and C4 (Bham).

- Placental tissue: stained for C4d, C3d, C9 and C1q (Bham)

CKD Cohort (Chapter 4)

- Pregnant women with CKD
y - SPE (n=29), non-SPE (n=46)

- Maternal blood, longitudinal samples drawn at clinic appointments
(Trimesters 1, 2, and 3)

- Assays: properdin, Ba and C5b-9 (Bham)

Ghana Cohort (Chapter 5)

- Pregnant women of SSA ethnicity
- PE (n=47), gestational HTN (n=25), healthy controls (n=35)
- Maternal blood drawn prior to labour.
- Assays: properdin, Ba, C3, C4, and C5b-9 (Bham)

Figure 2.1: Summary of cohort details and study designs

PE: pre-eclampsia; CKD: chronic kidney disease; SPE: superimposed pre-eclampsia; SSA: sub-Saharan Africa; HTN: hypertension. “London Cohort: maternal blood
only, tested for properdin and Ba in Newcastle as a validation cohort.
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2.2 Statement of own work

The author of this thesis designed and planned the study methodology, and completed applications
for ethical approval, sponsorship, and materials transfer agreement (MTA) documentation. The
author exclusively recruited the patients from the Birmingham Cohort and collected all blood and
placental tissue samples. Blood samples from the other study cohorts had previously been collected

and were kindly donated for use in this thesis by collaborators.

Blood sample analysis for the Birmingham and London cohorts was completed by trained laboratory
staff in Newcastle. The author was present at the time of testing and has a detailed understanding of
the methods used. Complement assays for the CKD and Ghana cohorts were conducted in
Birmingham by the author with supervision from a member of laboratory staff. Placental
immunohistochemistry staining was conducted by expert histopathology staff. Evaluation and
scoring of the stained tissue sections was conducted solely by the author, after receiving training in
placental histology interpretation from histopathologists. Statistical analysis was carried out by the

author with guidance from a statistician.
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2.3 Investigating the role of complement in the pathophysiology of pre-eclampsia in

previously healthy women

2.3.1 Study design overview

This was a cross-sectional study designed to examine the role of complement in the pathophysiology

of PE in women with no pre-existing medical conditions.

Samples of maternal blood, umbilical cord blood and placental tissue were collected from study
participants (women with a confirmed diagnosis of PE, and healthy pregnant controls): ‘Birmingham
Cohort’. Complement components were measured in each tissue type to enable a comparison of
complement concentration in PE and healthy pregnancy, and for a comparison of complement

activity across multiple tissue types for the same patient.

Additional samples of maternal blood were tested from a separate, pre-existing cohort of pregnant
women recruited from St Thomas’ Hospital, London (‘London Cohort’). Blood samples were tested

from women with no pre-existing medical conditions, with and without PE.

The primary outcome measure for this study was the complement concentration in maternal and
umbilical cord plasma, and complement deposition in placental tissue, in pregnancies affected by PE

as compared to healthy pregnant controls.

Secondary outcome measures were:

i) Correlation between placental complement deposition (immunoreactivity score) with
circulating complement concentrations in maternal and fetal blood. This would allow an
analysis of whether complement activation in maternal blood is reflective of
complement activation in the fetal circulation, and of deposition at a tissue level within

the placenta.
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i) Diagnostic value of circulating complement components in differentiating between PE
and normal healthy pregnancy (using area under receiver operator curve (AUROC)
analysis).

iii) Subgroup analyses to determine whether time of disease onset (early-onset versus late-
onset PE) or mode of delivery (vaginal versus Caesarean section) is associated with
complement dysregulation in maternal and fetal circulation, and in placental tissue.

iv) Subgroup analysis to determine whether Black ethnicity (Black versus non-Black ethnic
group) is associated with complement dysregulation in the maternal circulation.

V) Correlation between circulating complement biomarkers, and biochemical and immune

markers of inflammation.

Subgroup analysis of SSA versus non-SSA ethnicity was not possible for the Birmingham or London
cohorts. Ethnicity was self-reported by study participants at the time of recruitment, using only the
groups White, Asian, Black, or Mixed/Other. As such, it was not possible to identify ethnic subgroups
within these broader categories, and analysis could only be conducted for Black versus non-Black
women. There are likely to be multiple ethnic groups represented within those women who
identified as Black, and specific differences between these groups might contribute to their

individual risk of PE.

2.3.2 Ethical approval and Good Clinical Practice

Ethical approval for the research project was obtained via the University of Birmingham (UoB)
Human Biomaterials Resource Centre (HBRC), Research Ethics Committee (REC) reference:
15/NW/0079, date of approval 8/5/2018 (see Appendix 2: REC approval and Appendix 3: HBRC

study approval).

The principles of Good Clinical Practice were adhered to throughout this research study (220). All
specimens collected locally (‘Birmingham Cohort’) were stored securely in the HBRC and assigned an
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anonymised patient and sample number for identification purposes. Clinical data was linked to the
anonymised patient-specific number and held on a secure password-protected database. Where
specimens were transferred between collaborators, MTA documents were completed and signed off

by the research and development (R&D) teams of the institutions involved.

2.3.3 Funding

A research grant was awarded by Queen Elizabeth Hospital Kidney Patient Association (QEKPA) in
January 2018, which helped to fund this study, and both other arms of the research (see sections 2.4
and 2.5). Further funding was provided by the Renal Research Fund, Queen Elizabeth Hospital

Birmingham (QEHB).

2.3.4  Study population and recruitment
Study participants were recruited from Birmingham Women’s Hospital (BWH) between August 2018

and July 2019. The full study inclusion and exclusion criteria are detailed in Table 2.1.

Women with a confirmed clinical diagnosis of PE (according to international statement consensus
criteria (70-72, 78); see Table 1.3) were recruited as cases at the point of hospital admission. Healthy
pregnant women with no pre-existing medical conditions were recruited as controls from a pre-
operative elective Caesarean section clinic and induction of labour suite. This only included subjects
undergoing planned delivery for non-emergency reasons. Study participants were recruited by

convenience sampling, with no deliberate matching between cases and controls.

The above locations were chosen for recruitment of controls to achieve a balance of patients
delivering vaginally and by Caesarean section. It is unclear whether mode of delivery could impact
upon complement activation, so ensuring a mixture of delivery types would allow subgroup analysis,

and a representative comparison between PE cases and healthy controls. An additional
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consideration was that healthy pregnant women, unlike women with PE, seldom attend hospital
prior to delivery and are usually managed under midwifery-led care in the community. Attending
pre-operative clinics and induction of labour suite was therefore the most practicable way of

recruiting healthy women in late gestation who were not yet in established labour.

Eligible women were interviewed about the aims of the research study and given a Patient

Information Sheet (see Appendix 4). After providing time to consider the written information, study

participants were required to sign a Patient Consent Form (see Appendix 5) to indicate their

informed consent for participation.

A flow chart detailing the Birmingham Cohort recruitment is displayed in Figure 2.2.
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Pregnant women
approached for
enrolment (n=80)

Pre-eclampsia (n=39) Controls (n=41)

Declmce(;:In(sr;i)(;nlelt)r‘ndrew Consented (n=34) Declined (n=8) Consented (n=33)
[ [ [ [
Maternal blood (n=34) Umbilical cord blood Placenta (n=26) Maternal blood (n=33) Umbilical cord blood Placenta (n=31)
(n=20) (n=30)
( a'clies:tr?slscii)ilcell::te)gur)- 8 samples discarded (>4 7 samples discarded (>4 6 samples discarded (>4 1 sample discarded (>4
P final maternal blood ! hours post-delivery); final hours post-delivery); final hours post-delivery); final hours post-delivery); final
samples n=33 cord samples n=12 placental samples n=19 cord samples n=24 placental samples n=30

Figure 2.2: Birmingham Cohort recruitment flow chart
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2.3.4.1 Inclusion and exclusion criteria

Study inclusion and exclusion criteria are summarised in Table 2.1. Women with a known history of
CKD and chronic hypertension or other co-morbidities that can affect BP control (including
endocrine conditions and other secondary causes of hypertension) were excluded from this study.
These conditions predispose to proteinuria and elevated BP, thus complicating and sometimes

masking the diagnosis of PE (79).

Subjects with a history of conditions known to be associated with complement dysregulation,
including recurrent miscarriage (4, 15), chronic autoimmune disease (221, 222), and/or known
disorders of complement regulation (including SLE and APS) (45, 49) were also excluded, to avoid
introducing confounding factors. Recurrent miscarriage was defined as “the spontaneous loss of

three or more consecutive pregnancies with the same biological father in the first trimester” (223).

Control patients were only recruited from pre-operative clinic or induction of labour suite where
Caesarean section or induced delivery was planned for non-emergency reasons (such as breech
presentation, previous Caesarean delivery, and post-dates pregnancy). Patients undergoing
expedited delivery for obstetric complications including IUGR, reduced fetal movements, obstetric

cholestasis, and gestational diabetes were excluded.

Table 2.1: Birmingham Cohort study inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Cases: Women with a known history of:
Women with a confirmed diagnosis of PE (70, e CKD

71,78) e chronic hypertension

e recurrent miscarriage
e chronic autoimmune disease

Controls: Women with known abnormalities of
Healthy pregnant women with no pre-existing | complement regulatory genes or a known
medical conditions disorder related to complement dysregulation

Subjects unable to consent to participation in the
study because of language or physical barriers
and/or learning difficulties (translators will be
allowed)

Age < 18 years
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2.3.5 Sample collection

Samples of maternal plasma (EDTA) and serum were collected prospectively from cases and controls
at the point of hospital admission, within seven days prior to delivery, and before established labour.
Two EDTA bottles and two serum bottles (7.5 ml volume Sarstedt: S-Monovette® tubes) were
collected from each patient. Umbilical cord blood plasma (EDTA) and serum samples were collected
immediately following birth (one bottle of each, 2.7 ml volume Sarstedt: S-Monovette® tubes). Two
full thickness tissue sections measuring 1 cm?® were cut from a central portion of each placenta using
a scalpel, under aseptic conditions. All samples were transported directly thereafter to the HBRC,

UoB, for anonymisation, processing and storage.

Maternal and umbilical cord blood samples were centrifuged at 3000 rpm for 10 minutes, separated
into 0.5 mL aliquots of plasma and serum, and frozen at -80°C within four hours of collection to

minimise ex vivo complement activation. Placental tissue was formalin-fixed and paraffin-embedded
(FFPE) to produce a tissue block using a Leica ASP300S Advanced Tissue Processor (Leica Biosystems,
Nussloch, Germany). Fresh placental tissue was placed in 10% formalin for fixation, then placed into
a processing cassette for 12 hours to dehydrate. Processed tissue was then placed into an embedder
containing liquefied wax at 67°C, then left to cool on a cold plate to form a FFPE placental tissue

block.

2.3.6 Laboratory analyses: complement

Maternal and umbilical cord blood samples were tested for:

e properdin and Ba (specific to the alternative complement pathway),
e (4 (indicative of classical and lectin pathway activity),
e (3 andiC3b (indicative of both alternative and classical pathway activity), and

e (C5b-9 (MAGC; resulting from activation of any of the three complement pathways).
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Properdin acts as a positive regulator of the alternative complement pathway by stabilising the
amplification loop C3 convertase, significantly prolonging in half life, and therefore potentiating its
action (224). Ba is an activation fragment formed from the cleavage of Factor B, and elevated levels
are indicative of alternative pathway activation (225). Properdin and Ba were selected for testing,
given the existing evidence indicating increased alternative pathway activity in PE as outlined in
Chapter 1. This includes high early pregnancy concentrations of Bb and Factor B in women who later
developed PE (17, 138), and increased levels of Bb in women with PE with severe features (140).
Furthermore, other diseases such as aHUS are known to be mediated by alternative pathway
activation (7), have some overlap in clinical presentation with HELLP syndrome and severe PE (58),
and have been successfully treated using complement inhibition medication (80). Thus, detailed
investigation of alternative pathway activity in the present study is warranted. Properdin is a
complement pathway regulator (rather than an activation fragment) and may therefore be a more
stable measure of alternative pathway activity. Ba may be a more reliable measure of factor B split

products than Bb, which binds to C3 convertases in the fluid phase and on cell surfaces (2).

Testing of C4, iC3b and C3 would provide an indication of activation of all three complement
pathways. A nephelometry assay was used for C4, which detects both native and activated forms of

the protein.

In contrast, an in-house C3 assay was designed to detect native, non-activated C3 which may differ
from nephelometry assays that detect both native C3 and activation fragments. iC3b is a
complement split product of C3b, and is a biomarker of specific complement activation, often driven
by a pathogenic process. Sandwich assays were used to generate antibody specificity (see section
2.3.6.1 for detailed methods). For the C3 assay, both capture and detection antibodies bind to native
C3. However, clone 2898 (capture antibody) only binds the C3a domain of C3, and Clone 3 (detection
antibody) binds C3, C3b, iC3b, and C3d. In combination, only antigens with BOTH the C3a domain

and the C3b domain are detected (hence native C3). In the case of the iC3b assay, the capture
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antibody mAb807 binds iC3b and C3dg, and the detection antibody BH6 binds C3b, iC3b and C3c.
Therefore, the only analyte that can bind both antibodies is iC3b. The measurement of iC3b:C3 ratio
can provide a more accurate indicator of complement production (iC3b) relative to consumption

(C3) (226).

Samples were tested for C5b-9, to assess whether there was evidence of complement activation in
PE that extended all the way to formation of the terminal complement complex (TCC). This has
clinically relevant implications, due to eculizumab (a C5 inhibitor) already being licensed for use in

the treatment of other complement-mediated diseases (55, 58, 167, 168).

2.3.6.1 Newcastle University in-house complement assays

Maternal and umbilical cord plasma samples were transferred to Newcastle University (Translational
and Clinical Research Institute, under the supervision of Professor Claire Harris), and tested for Ba,
properdin, iC3b, C3, and C5b-9. This laboratory works closely with the National Renal Complement
Therapeutics Centre and has extensive expertise in researching complement-mediated disease.
Complement assays for the components listed above had been developed in-house, and the
Newcastle laboratory offered to test maternal and umbilical cord plasma samples for the
Birmingham Cohort free of charge. Therefore, for cost and pragmatic reasons, no additional
complement markers were tested for; except C4 which was tested using serum samples in

Birmingham (see section 2.3.6.2).

Complement biomarker concentrations were determined using electrochemiluminescent
immunoassays using MesoScale Diagnostics (MSD; Rockville, MD) Gold 96 well Streptavidin
QuickPlex plates (Ba, properdin, C3, and C5b-9), or Small Spot Streptavidin plates (for iC3b).
Streptavidin QuickPlex plates were blocked with 150 pl block buffer (phosphate buffered saline (PBS)
+ 3% bovine serum albumin (BSA) + 10mM EDTA, pH 7.4). Plates were incubated for 1 hour at room
temperature at 800 rotations per minute on a horizontal plate shaker. Small Spot Streptavidin plates

were not blocked. All capture antibodies were biotinylated prior to the experiment using Pierce EZ-
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Link Sulfo-NHS-Biotin according to the manufacturer’s instructions (227). Capture antibodies were

prepared according to Table 2.2.

Table 2.2: Capture antibody preparation

Assay Capture antibody Stock concentration Coating
of biotinylated concentration
antibody (mg/ml) (ng/ml)

Ba Clone D22/3 (Hycult) 0.5 2

Properdin Clone SIM 295 (Hycult) 1.6 2

c Clone 2898 (Hycult) 0.45 2

iC3b Ab807 (HuCal, in-house) @ 1.5 2

C5b-9 aE11 (Hycult) 0.36 1

Assay diluent (PBS pH 7.4 + 1% BSA + 10 mM EDTA) required to generate the final coating concentration.

Blocked plates were washed 3 times, droplets were removed by tapping on laboratory paper towel,
and 25 pl capture solution was added rapidly to the singleplex assays. At no point during the assay

were the plates allowed to air dry. Plates were incubated overnight at 4°C.

Plasma samples and calibrators were thawed rapidly at 37°C, briefly vortexed, centrifuged to recover
droplets and immediately stored on ice. Samples were diluted in assay diluent according to Table

2.3. Plasma samples were diluted in assay diluent (PBS pH 7.4 + 1% BSA + 10 mM EDTA) in a stepwise
fashion to generate the final dilution on a 96-well polypropylene (PP) plate, later to be transferred to
the MSD plate. Samples were mixed on the PP plate after each dilution for either 15 seconds at 1500

rpm (dilution 1: properdin) or for all other dilutions for 15 seconds at 1000 rpm.

Table 2.3: Plasma sample dilution plan

Assay Plasma Dilution 1 = Plasma Dilution 2 ' Plasma Dilution 3 | Final Dilution
Ba 1/5 - - 1/5
Properdin 1/100 1/20 - 1/2,000

c3 1/50 1/50 1/8 1/20,000
iC3b 1/5 1/4 1/10 1/200

C5b-9 1/5 1/4 E 1/20
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Calibrators were processed according to Table 2.4. A pre-determined volume of assay diluent (PBS
pH 7.4 + 1% BSA + 10 mM EDTA) was added to each of the calibrator aliquots to generate the top
point on the standard curve. Each of the top standards was diluted in a 1:4 serial dilution for 6
further dilutions to create 7 dilutions for the standard curve. An eighth point contained a blank
(buffer only). Calibrator solutions were transferred to the 96 well PP plate. The sample/calibrator

plate was stored on ice for no more than 30 minutes prior to transfer to the MSD plate.

Table 2.4: Calibrator preparation

Assay Volume of calibrator | Volume of assay Top standard
stock (pl) diluent to add to concentration (ng/ml)
stock (ul)

Ba 10 (40 pg/ml) 190 2000

Properdin 10 (9.16 pg/ml) 190 458

c3 10 (40 pg/ml) 190 2000

iC3b 10 (20 pg/ml) 190 1000

C5b-9 10 (50 pg/ml) 190 2500

MSD plates were washed 3 times, and 25 pl of assay diluent was added to each well. Diluted samples
and calibrators on the PP plate were transferred using an electronic multichannel pipette and
reverse pipetting (25 pl for all assays) onto specific wells of the MSD plate. Plates were incubated for

1 hour at room temperature at 800 rpm.

Detection antibodies were prepared according to Table 2.5 in assay diluent (singleplex). Assay plates
were washed as described above and 25 pl volume was transferred to the washed plates as

described above.
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Table 2.5: MSD detection antibody preparation

Assay Antibody Stock Concentration | Final Dilution
(mg/ml) (pg/ml)

Ba P21 (Hycult) 1.4 2

Properdin Clone 2.9 (Hycult) 1.6 2

c3 mAb3 (HM2198; Hycult) 0.72 2

iC3b BH6 (Hycult) 0.77 2

C5b-9 E2 anti-C8 1.2 2

(gift from Cardiff University)

Plates were washed as described above and 150 pl of 2 x read buffer was added to each well. The
plates were ‘read’ immediately on the MSD QuickPlex SQ 120 instrument. To avoid inconsistency in

read time, wash times and buffer addition was staggered.

The concentration of each analyte was determined by interpolation from the standard curves using
the MSD Workbench software v15.0. Plasma samples were tested in duplicate, with the average

value taken.

Internal quality control procedures were used to measure the performance of the assays used. Intra-
assay coefficient of variation (CV) was measured by testing plasma samples from an in-house control
cohort in replicate preparations on one plate. The intra-assay coefficients of variation (CVs) were
0.9% (properdin), 3.3% (Ba), 2.3% (iC3b), 2.0% (C3), and 3.3% (C5b-9). A minimum of two control
plasma samples (low/high for analyte) were used to measure inter-assay variance over multiple

plates, and inter-assay CVs were 12% (properdin and Ba), 7% (iC3b), 8% (C3), and 12.5% (C5b-9).

2.3.6.2 (4 assay, University of Birmingham

Serum samples of maternal and umbilical cord blood were tested singly for C4 at UoB Clinical
Immunology Service (CIS) using a Hitachi Cobas 6000 Turbidimeter (c501 module), (Roche
Diagnostics, West Sussex, UK). The Cobas 6000 analyser is fully automated and has ready to use

reagents included with test kits. C4 concentrations were measured using an immunoturbidimetry
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approach. 1:10 dilutions of serum samples (maternal and umbilical cord blood) were made and
pipetted into a cuvette. A reagent was then added, which causes clustering of antibodies and
antigens to form an immune complex precipitate. Light is passed through the sample, and the
absorbency is measured using immunoturbidimetry and compared with a standard curve to
calculate the concentration of C4. The intra-assay CV for the C4 assay used was 0.7-1.1%, and inter-

assay CV 1.4-1.6%. See Table 2.6.

2.3.7 Laboratory analyses: biochemical and immunological markers

Maternal and umbilical cord serum samples were tested for the following biochemical and

immunological markers:

e Creatinine

e (Cystatin C

e Urea

e Uric acid

e Beta-2 microglobulin (B2M)

e Serum free light chains (sFLCs) - kappa and lambda
e Immunoglobulins (Ig) G, Aand M

e Lactate dehydrogenase (LDH)

e High-sensitivity C-reactive protein (HS-CRP)

Markers of excretory kidney function (creatinine, urea, cystatin C, uric acid), haemolysis (LDH) and
inflammation (HS-CRP) were selected for testing to provide additional clinical context. Renal
dysfunction and haemolysis are indicative of PE with severe features (71, 78). Measurement of these
markers would allow correlation with markers of complement activation, and an assessment of

whether complement activation is associated with PE severity. Measurement of B2M, SFLCs, and Ig
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G, A and M was performed to provide an assessment of adaptive immune system activity in PE.

Previous research has shown increased concentrations of sFLCs and B2M in PE, as well as reduced

IgG (142). Furthermore, this study found that sFLCs and IgG were independently associated with PE;

and raised B2M levels were associated with adverse clinical outcomes, raising the possibility of its

use as a biomarker for PE.

It was not possible to test samples for PIGF or sFlt-1:PIGF ratio due to the cost, time and laboratory

staffing constraints of the research project.

Serum samples were tested at the CIS laboratory, UoB, using the same equipment and methodology

as outlined for C4 assays in Section 2.3.6.2. All samples were measured together on the same day as

C4, to minimise free-thaw cycles. An overview of the assays used and associated CVs are detailed in

Table 2.6.

Table 2.6: Summary of biochemical and immunological assays tested with associated CVs

Assay Product ID Catalogue no. Intra-assay CV Inter-assay CV
(o} C4-2 03001962 322 0.7-1.1% 1.4-1.6%
Creatinine CREP2 03263991 190 0.6-0.9% 1.1-1.4%
Cystatin C CYsc2 06600239 190 0.7-1.7% 1.4-2.2%
Urea UREAL 04460715 190 0.9-1.0% 1.1-1.2%
Uric acid UA2 03183807 190 0.7-0.9% 1.5-1.6%
B2M B2MG 11660551 216 0.8-1.2% 1.4-1.5%
IgG IGG-2 03507432 190 1.0-1.2% 1.5%
IgA IGA-2 03507343 190 0.7-1.1% 1.4-1.8%
IgM IGM-2 03507190 190 1.3-1.6% 2.0-3.8%
Kappa KAPP2 06749976 190 0.9-1.9% 2.4-2.9%
Lambda LAMB2 06749992 190 1.1-1.7% 1.4-1.9%
HS-CRP CRPHS 04628918 190 1.0-1.2% 1.3-2.6%
LDH LDHI2 03004732 122 0.7-0.8% 0.9-1.0%

Product ID, catalogue numbers and CV information available from Roche Diagnostics (228). CV: coefficient of

variation.
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2.3.8 Placental immunohistochemistry
FFPE placental tissue blocks were placed on wet ice to cool for 20 minutes before being cut to 4 um
thickness (except 1 section cut at 2 um thickness for C1q staining) using a microtome at HBRC, UoB.

Sections were then placed on VWR SuperFrost® slides and heat-treated at 65°C for 30 minutes.

Placental tissue sections were stained for the following complement components:

e (3d (a degradation product of C3 in all three complement pathways)
e (C4d (a marker of classical and lectin pathway activity)
e (9 (a component of MAC; also termed TCC)

e (Clq (a marker of classical pathway activity)

For each subject, a slide was also stained for haematoxylin and eosin (H&E), to provide a histological

reference point.

The above complement markers were selected for testing, as they would allow evaluation of activity
of all 3 complement pathways, as well as the TCC, in PE and healthy pregnancy. These
immunohistochemical stains were already being widely used by the histopathology laboratory for
renal, liver and dermatology specimens, and thus protocols for their use had already been firmly

established.

Immunohistochemical staining was carried out on placental tissue sections in the Histopathology
Department (QEHB), using the Dako Autostainer Link 48 (Agilent, CA, USA). Placental tissue sections
were deparaffinised and rehydrated, then incubated with a trisaminomethane (TRIS)/EDTA buffer
solution to enable antigen retrieval. Sections were washed in PBS, then endogenous peroxidase was
blocked in 3% hydrogen peroxide solution for 10 minutes, to reduce background artefact staining.
Sections were washed again and antibodies applied for 30 minutes at room temperature — see Table
2.7. Prior to Clq staining, slides were protease-digested (using Dako Proteinase K $3020) so as to

enhance antigen retrieval; in line with established local laboratory protocol in use for Clq staining of
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kidney tissue specimens. For C4d, a renal transplant nephrectomy specimen with antibody mediated
rejection was used as a positive control. Normal kidney and brain tissue were used as negative

controls.

Table 2.7: Placental immunohistochemistry antibodies

Antibody Origin Dilution Supplier Role in complement
cascade

C3d Rabbit pAb 1:200 DBBiotech Alternative pathway
DB106-01 component

cad Rabbit pAb 1:40 Biomedica Classical and MBL
BI-RC4d pathway component

c9 Mouse mAb 1:2000 abcam TCC component
ab17931

Clq Rabbit pAb 1:60000 Dako Classical pathway
A0136 component

pAb: polyclonal antibody; mAb: monoclonal antibody; MBL: mannose-binding lectin; TCC: terminal complement

complex.

2.3.8.1 Immunohistochemical analysis of placental tissue sections

Immunostained slides were scanned using high resolution digital software to an online virtual
repository (Aperio eSlide Manager; Leica Biosystems, Nussloch, Germany). Placental sections were
scored semi-quantitatively by the author, blinded to clinical data, using a modified placental
immunoreactivity score (229, 230) based upon staining intensity and distribution at the STB
membrane. Intensity was scored as 0 = negative, 1 = weak (visible at 40x magnification), 2 =
intermediate (visible at 10-20x magnification), or 3 = strong (visible at 4x magnification). The
distribution was scored according to the proportion of cells staining positive, with 0 = negative, 1 =
1-10% cells staining positive, 2 = 11-50%, 3 = 51-80%, and 4 = 81-100%. Scores were multiplied to
calculate a composite placental immunoreactivity score (range 0-12). A score of zero was classified

as “absent” immunoreactivity, with scores of 1-8 classified as “focal” and 9-12 as “diffuse” (229).

Each slide was evaluated in ten random fields and scored on three separate occasions by the author.

The median composite score was determined as representative for that slide. A random sample of

91



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

slides were verified independently by experienced histopathologists, to ensure consistency and

accuracy of scoring.

2.3.9 Clinical outcomes

Demographic information and clinical outcome data were collated from patients’ obstetric records.

The following data points were recorded:

Maternal age (years)
Ethnicity
BMI at antenatal booking (kg/m?)
Gravidity and parity
Pregnancy outcomes:
- Live birth
- Twin pregnancy
- Birth weight (g)
o Low birth weight (<2500 g)
- Gestation at delivery (weeks)
o PTB (gestation <37 weeks)
o Small for gestational age (SGA) baby (birth weight <10™ centile for gestation)
- Mode of delivery (Caesarean section / vaginal delivery)
- Admission to neonatal unit (NNU)
- Presence or absence of PE
o Gestation at PE diagnosis (weeks)
Laboratory data:
- BP (peak recorded systolic and diastolic BP prior to onset of labour)

- Peak urinary protein (urine albumin to creatinine ratio (ACR))

92



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

The above clinical outcome points were recorded to allow a comparison of pregnancy outcomes
between PE and control groups, and to control for any potential confounding factors or significant
demographic differences between groups. Many of the data points relate to adverse pregnancy
outcomes and would put into the context the severity of disease in the PE group. Furthermore, this

would allow a subgroup analysis of how complement markers correlated with PE severity.

2.3.10 Sample size and statistical analysis

Based on reported incidence rates (31), a placental tissue sample size of 19 patients per arm would
be sufficient to detect a 50% difference in C4d deposition between cases of PE and controls. Further
to this, a blood sample size of 50 patients per arm would be sufficient to detect a statistically
significant difference in C5b-9 concentrations between cases of PE and pregnant controls; based on
published data (150, 152). In both instances, these calculations assumed a=0.05 and 80% power.
Despite these targets, patients were recruited by convenience sampling within a fixed timeframe of
1 year, given the relative limitations in time, resources, and funding available. This would allow
sufficient time to collect, process and analyse blood and placental tissue samples and to prepare

data for thesis submission.

For comparisons between PE and control groups, nominal variables were assessed using Fisher’s
exact tests. The distributions of ordinal and continuous variables were assessed graphically using Q-
Q plotting prior to analysis. Those that were approximately normally distributed were reported as
means * standard deviation (SD), with p-values derived from independent samples t-tests. Medians,

interquartile ranges (IQRs) and Mann-Whitney U tests were used otherwise.

Blood markers found to differ significantly between groups were assessed using a receiver operating
characteristic (ROC) curve approach, with diagnostic accuracy for PE summarised using area under
the curve (AUROC) and associated standard error (SE). Optimal cut-off values were identified using

Youden'’s J statistic, with associated specificity and sensitivity reported.
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In order to adjust for the effect of gestational age at the time of blood draw, maternal plasma
complement markers were also assessed using a linear regression approach. These models initially
included the group (PE vs. control), gestational age at the time of the blood sample, and an
interaction term as covariates. Where this interaction term was non-significant, it was removed from
the model, and the analysis repeated. Goodness-of-fit of the resulting models was then assessed
graphically. Where poor fit was detected due to skew in the dependent variables, values were logio-
transformed to reduce the degree of skew, and the analysis repeated. The resulting coefficients

were then anti-logged and converted into percentage differences, in order to simplify interpretation.

Correlations between variables were quantified using Spearman’s correlation coefficients (rho).

For analysis of biochemical and immunological markers in PE and healthy control pregnancy,
biomarkers known to be affected by excretory renal function were entered into binary logistic
regression models, with PE as the dependent variable, and creatinine as a continuous covariate. This
allowed an assessment of which biomarkers were independently associated with PE after correcting

for differences in excretory renal function.

In order to assess which complement components were independently associated with PE after
controlling for differences in biochemical and immunological markers, multivariate logistic
regression analysis was conducted. A binary logistic regression model was initially produced with PE
as the dependent variable, and a forward stepwise approach used to select biochemical /
immunological variables for inclusion and sequentially remove interacting terms. Complement
components were then added in alongside these variables in subsequent models. The Hosmer-
Lemeshow test was used to assess goodness-of-fit of the resulting models, and results were
reported as OR for PE diagnosis per unit increase in biomarker, with associated 95% confidence

intervals.

All analyses were performed using IBM SPSS 28 (IBM Corp. Armonk, NY). Significance was primarily

assessed using the standard threshold of p<0.05 throughout this thesis. In some sections, due to the
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number of analyses being performed, there is an increased risk of obtaining false-positive results.
However, applying adjustment for multiple comparisons would be at the cost of a grossly inflated
false-negative rate, given the relatively small sample size (231). Therefore, in an attempt to mitigate
the impact of multiple comparisons in those analyses with large numbers of comparisons, the

Bonferroni-corrected significance threshold is indicated in the tables, where appropriate.

2.3.11 London Cohort

A separate cohort of patients with PE and healthy pregnant controls had been recruited at St
Thomas’ Hospital, London between 2015-18. Ethical approval was granted through the Integrated
Research Application System (IRAS; study ID 83429, October 2014). Samples of maternal plasma and
serum from women with no pre-existing medical conditions were already held within a biobank for
use in cohort studies of pregnancy outcomes in PE. Permission was granted to use a random
selection of samples from PE cases and healthy pregnant controls, to serve as a validation cohort for

the present research study. Subjects were selected at random from the database.

Maternal blood samples were collected at the time of PE diagnosis (cases), and at routine antenatal
hospital visits (controls). The same inclusion and exclusion criteria were applied as for the
Birmingham Cohort, with the addition of multifetal pregnancies being excluded for both cases and
controls. Blood samples had been centrifuged, separated into 0.5ml aliquots, and frozen at -80°C

within 4 hours of collection in a local research facility.

Plasma samples were transferred to Newcastle University, where they were tested for properdin
and Ba using the same methodology as described in Section 2.3.6.1. Due to limitations including
costs and laboratory staffing, only complement components that had shown significant differences
between PE and healthy pregnancy for the Birmingham Cohort were tested. A total sample size of 70
was tested (35 PE cases and 35 controls), so that a single MSD plate could be used for each assay.
Samples were again tested in duplicate, with the average value taken.
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Initially, statistical analyses of complement component concentrations were performed separately
for Birmingham and London cohorts. However, analyses were also performed after combining the

cohorts, to maximise the sample size, according to the statistical analysis methods outlined in

Section 2.3.10.
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2.4 Investigating the role of complement in the pathophysiology of superimposed

pre-eclampsia in women with chronic kidney disease

2.4.1 Study design overview

This was a single-centre, cross-sectional study designed to investigate the role of complement in the
pathophysiology of SPE in women with CKD: ‘CKD Cohort’. Serial samples of blood had historically
been collected from women with CKD attending a specialist renal-antenatal clinic during pregnancy.
A proportion of these women developed SPE during pregnancy. Maternal blood samples had been

stored in a biobank and were tested for markers of complement activation in the present study.

The CKD Cohort has already been described in a thesis by Dr Nadia Sarween, UoB (232) for a
previous study examining immunological and angiogenic markers in SPE. For the present body of
research, blood samples from a proportion of women within this original cohort were tested for
markers of complement activation. Not all patients included in the original research study by
Sarween et al. had remaining aliquots of blood available for analysis in the present study. However,

subjects with remaining blood samples were representative of the original study cohort.

Where available, three blood samples were tested for markers of complement activation for each

patient:

e one drawn during early pregnancy (0 to 16 weeks gestation),
e one from mid-pregnancy (16+1 to 27+6 weeks gestation), and

e one from late pregnancy (28+ weeks gestation).

A proportion of the study participants had blood samples available for only 1 or 2 of these defined

timepoints.
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The primary outcome measure for this study was maternal plasma complement concentrations in
women with CKD and SPE, as compared to women with CKD who did not develop SPE, in early, mid

and late pregnancy.

Secondary outcome measures were:

i) The predictive value of each complement component for SPE, for each of the 3 specified
timepoints, using AUROC analysis.
ii) Subgroup analysis of the association between complement component concentration

and composite adverse pregnancy outcome in women with CKD.

2.4.2 Ethical approval
Health Research Authority approval for this study was obtained through the UoB HBRC (REC
reference: 15/NW/0079; date of original approval 21/1/2014; renewed for the present study

8/5/2018). See Appendix 2 and 3.

2.4.3  Study population and recruitment

Women with pre-existing CKD and new diagnoses of CKD during pregnancy were recruited
prospectively from a specialist renal-obstetric antenatal clinic during routine monthly clinic visits
between 2011 and 2016. Patients were interviewed about the aims of the research study and given
a Patient Information Sheet (see Appendix 4). After providing time to consider the written
information, study participants were required to sign a Patient Consent Form (see Appendix 5) to

indicate their informed consent.

Convenience sampling was employed to recruit patients, with all clinic attendees being invited to
participate. Women were enrolled at all stages of pregnancy. Patients with all causes and stages of

CKD were recruited, including those with renal transplants, underlying autoimmune disease, and

98



MD Immunology & Immunotherapy

Investigating the role of complement in the pathogenesis of pre-eclampsia

with chronic hypertension, so as to maximise the potential sample size. Inclusion and exclusion

criteria are shown in Table 2.8.

A flow chart detailing the recruitment for the CKD Cohort is shown in Figure 2.3.

Table 2.8: Inclusion and exclusion criteria: CKD Cohort study

Inclusion criteria

Exclusion criteria

Confirmed diagnosis of CKD as per NICE
definition (233):
e Persistent reduction in kidney
function > 3 months with:
e GFR <60 ml/min/1.73m?or
e markers of kidney damage
(albuminuria, structural abnormality)
CKD stages 1 to 5, including those with a
kidney transplant or on dialysis
CKD of any cause, including
e Autoimmune disease
e Chronic hypertension

Subjects unable to consent to participation in the
study because of language or physical barriers
and/or learning difficulties (translators will be
allowed)

Age < 18 years

Resolved acute kidney injury

CKD: chronic kidney disease; NICE: National Institute for Health and Care Excellence; GFR: glomerular filtration

rate.
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Figure 2.3: CKD Cohort recruitment flow chart
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2.4.4 Sample collection

Serial samples of maternal plasma (EDTA) were drawn at antenatal clinic visits throughout
pregnancy. All blood samples were drawn prior to established labour. Blood samples were
transferred to HBRC (UoB) where they were centrifuged at 3000 rpm for 10 minutes, separated into
0.5 ml aliquots, and frozen at -80°C within 4 hours of collection to minimise ex vivo complement
activation. All blood samples were anonymised at the point of arrival at HBRC by being assigned a

unique patient number (P-number) and specimen number (S-number).

2.4.5 Laboratory analyses
Commercially available enzyme-linked immunosorbent assay (ELISA) kits were used to test maternal

plasma samples for the following complement proteins:

e  Properdin
e Ba

e (C5b-9

Properdin and Ba were selected for testing because significant differences were found in these
complement components between women with PE and healthy pregnant controls in earlier work
(Birmingham and London cohorts). It would therefore be interesting to evaluate how results
compared in a cohort of women with CKD, and whether the potential mechanisms of complement

activation and PE pathogenesis differed from those observed in healthy pregnant women.

C5b-9 was tested in order to assess whether complement activation in SPE extends all the way to the
TCC. This could have important therapeutic implications due to complement-modifying agents,
including a C5 inhibitor, eculizumab, already being licensed for use in diseases such as aHUS and PNH

and reported to be safe in pregnancy (55, 167, 168). Due to funding and laboratory time constraints,
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as well as blood sample availability, it was not feasible to test any further complement components

for this cohort.

Complement assays for this cohort were carried out by the author in the CIS laboratory, UoB. A

Dynex DSX ® Automated ELISA System machine was used to analyse the plasma samples (Dynex

Technologies, Chantilly, VA). Assay details are summarised in Table 2.9.

Table 2.9: Summary of complement ELISAs carried out at CIS, UoB

Assay Supplier / Antibody Sample Standards /
product code dilutions controls
Properdin Hycult Biotech Mouse mAb 1:5000 8 standards
HK334-01 specific for 1 blank
human properdin
Ba Quidel MicroVue | Murine mAb 1:1000 5 standards
A034 specific for High / low control
human Ba 1 blank
C5b-9 Quidel MicroVue = Mouse mAb 1:10 5 standards
A029 specific for High / low control
human C5b-9 1 blank

mAb: monoclonal antibody

2.45.1 Properdin ELISA assay

Properdin ELISA kits were purchased from Hycult Biotech (Uden, Netherlands). Plasma samples were

brought to room temperature while reagent preparation took place:

- Wash buffer was prepared by mixing 60 ml of wash buffer concentrate with 1140 ml distilled

water to make a 1:20 solution.

- Dilution buffer was prepared by mixing 20 ml diluent with 180 ml distilled water, with care

taken not to shake the solution to avoid formation of bubbles.

- Standard solution was prepared according to Figure 2.4, to make a total of 8 standards. The

standard vial was reconstituted with 1.220 ml of dilution buffer to make Human Properdin
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Standard 1 with concentration 20 ng/ml. Serial dilutions of the reconstituted standard were
then made by adding 225 pl of the previous solution to 225 pl of dilution buffer. Standard 8
was a blank.

- The tracer was reconstituted by adding 1 ml distilled water and 11 ml dilution buffer.

- Streptavidin-peroxidase solution was prepared by mixing 0.25 ml streptavidin-peroxidase

with 24.75 ml dilution buffer.
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225ul from Tube 1 225l from Tube 2 225yl from Tube 3 225l fromTube 4 225pl from Tube 5 225yl from Tube 6

Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 Tube 6 Tube 7
20ng/ml 10ng/ml sng/ml 2.3ng/ml 1.3ng/ml 0.6ng/ml 0.3ng/ml

Figure 2.4: Properdin standard solution preparation

Rec St: reconstituted standard, DB: dilution buffer

The concentration of standard solution is shown beneath each tube by serial dilution (ng/ml).

Tube 8
Ong/ml (blank)
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Plasma samples were then diluted by hand pipetting, mixing 10 ul of sample with 490 pl of dilution
buffer. A second dilution was later made by the Dynex DSX ® machine, mixing 10 pul of diluted
sample with 990 pl of dilution buffer, to make a final dilution of 1:5000. Plasma samples and
substrates were then placed into the machine, which was programmed to run the automated ELISA

test:

- 100 pl of diluted samples and prepared standards were transferred onto the 96-well test
plate and incubated for 1 hour at room temperature.

- Plates were washed 4 times with 200 pl wash buffer.

- 100 pl of diluted tracer was added to each well and incubated for 1 hour at room
temperature. The wash procedure was then repeated as above.

- 100 pl of diluted streptavidin-peroxidase was added to each well, followed by another 1
hour incubation at room temperature and wash procedure as above.

- 100 pl of 3,3',5,5'-Tetramethylbenzidine (TMB) substrate was then added to each well. The
plate was then covered to avoid exposure to sunlight and incubated at room temperature
for 30 minutes.

- 100 pl of stop solution was added to each well and the plate read using a 450 nm plate

reader.

Samples were tested singly due to restrictions in laboratory space / time and costs. The inter-assay
CV was <15% and intra-assay CV <10% (specifications set by Hycult during original validation of the

assay (234)).

2.4.5.2 Baand C5b-9 ELISA assays

Quidel MicroVue™ ELISA kits were purchased for Ba and C5b-9 assays (Quidel, San Diego, CA). These
assays were performed together on a second Dynex DSX ® machine at the same time as properdin
assays, to minimise repeated freeze-thawing of samples. Reagents, standards, and controls were

supplied in kits with no additional preparation required. For each assay, a wash buffer solution was
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made by mixing 50 ml of wash buffer concentrate with 950 ml distilled water to make a 1:20
solution. For Ba assays, plasma samples were prepared by hand pipetting 20 pl of sample and mixing
with 180 pl of diluent. A further dilution was later made by the Dynex DSX ® machine, of 5 pul diluted
sample with 495 pl diluent, to make a final dilution of 1:1000. For C5b-9 assays, the Dynex DSX ®
machine was programmed to mix 50 pl sample with 450 pl diluent, to achieve a final dilution of 1:10.

The Dynex DSX ® was then programmed to run the ELISAs as follows:

- 300 pl wash solution was added to 96 well ELISA plates and incubated for 1 minute at room
temperature (2 minutes for C5b-9). Plates were then washed twice with wash buffer.

- 100 pL specimen diluent (for blanks), standards, controls (high and low), and diluted
specimens were pipetted into wells and incubated for 1 hour at room temperature. Plates
were then washed 5 times with wash buffer.

- Conjugate was then added to wells (100 pl for Ba and 50 pl for C5b-9) and incubated at
room temperature (1 hour for Ba and 30 minutes for C5b-9).

- 100 pl substrate solution was added to wells, and the plate incubated at room temperature
for 15 minutes.

- 100 pl stop solution added and the optical density read at 450 nm.

All samples were tested singly, due to restrictions in costs and laboratory space / time. For Ba, the
intra-assay CV was reported in product literature as 3.3%, and inter-assay CV 2.4% (235). For C5b-9,
intra-assay CV was reported as 1.9-6.8% and inter-assay CV 5.2-13.1% (from original validation of the

assay (236).

2.4.6 Clinical outcomes

For women without pre-existing chronic hypertension or proteinuria, the standard diagnostic criteria
for PE were used (see Table 1.3). For women with pre-existing hypertension or proteinuria, the
diagnostic criteria for SPE are detailed in Table 1.4.
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A diagnosis of SPE was defined as:

- Gestational hypertension (if chronic hypertension present):
o De novo hypertension 2 160 mmHg systolic or 2 110 mmHg diastolic, or
o Worsening chronic hypertension requiring escalation of antihypertensive medication

doses after 20 weeks’ gestation to maintain BP <160/110 mmHg

AND

- Gestational proteinuria (if chronic proteinuria present):
o Doubling in uPCR after 20 weeks’ gestation compared to pre-pregnancy levels, and

o UuPCR>30 mg/mmol

OR at least one of the following if only one of the above indicators present:

- Acute kidney injury
o Rapidly worsening kidney function: > 50% increase in serum creatinine in 7 days not
attributable to an alternate diagnosis
- Uteroplacental dysfunction
o Small for gestational age (birth weight <10th centile), or
o Abnormal umbilical artery Doppler waveform
- Severe features
o Abnormal liver function tests (ALT or AST > 40 IU/L)
o Haematological complications (including platelet count < 100 x 10°/L, haemolysis, or
disseminated intravascular coagulation)
o Neurological symptoms (including eclampsia, visual disturbance / scotomata, and
clonus)

o Pulmonary oedema not attributable to an alternate diagnosis
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There are no consensus criteria for the diagnosis of SPE in women with CKD, so these indicators
were adapted from previous research cohorts of SPE in women with CKD (79, 192). Where diagnostic
uncertainty remained, a diagnosis of SPE was made postnatally following expert consensus review by
an obstetrician and a nephrologist, considering the rate of change of maternal factors including BP,
proteinuria, and excretory renal function. Clinical records were reviewed independently, and a

diagnosis of SPE only made if both parties were in agreement.

Demographic details and clinical outcome data were collated from patient handheld antenatal notes
and electronic healthcare records. The same clinical outcomes were recorded as for the Birmingham

Cohort (see Section 2.3.9), with the addition of the following parameters:

Pre-pregnancy creatinine and GFR

- Pre-pregnancy proteinuria (urine ACR)

- Pre-pregnancy CKD stage (according to NICE criteria (233))
- Cause of CKD

- Presence or absence of chronic hypertension

2.4.7 Sample size and statistical analysis

No formal sample size calculation was conducted for this study, given that maternal blood samples
were retrospectively tested from an historically collected patient cohort. All available maternal
plasma samples for each specified gestation were selected for testing, and therefore the final

sample size utilised the maximum available number of samples held in the biobank.

For comparisons between SPE and non-SPE groups, nominal variables were compared using Fisher’s
exact tests. Differences between ordinal and continuous variables were reported as mean +/- SD

where variables were normally distributed, and as median and IQR otherwise. Q-Q plots were used
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to assess for normality of data distribution. p-values were derived from independent samples t-tests,

and Mann-Whitney U tests, respectively.

Complement concentrations in SPE and non-SPE groups were compared for blood samples collected
in early pregnancy (0-16 weeks gestation), mid-pregnancy (16+1 to 27+6 weeks gestation), and late

pregnancy (28+ weeks gestation).

In addition, patients were grouped according to the presence or absence of adverse pregnancy
outcome, and statistical analysis was repeated. Adverse pregnancy outcome was a composite

measure, defined as any of:

neonatal death,

e PTB (delivery prior to 37 weeks’ gestation),
e admission to NNU,

e |ow birth weight (<2500 g), or

e SGA (birth weight <10™ centile)

Complement markers found to differ significantly between groups were assessed using ROC curve
analysis, with predictive accuracy for SPE (or composite adverse pregnancy outcome) reported using
AUROC and associated SE. Optimal cut-off values were identified using Youden’s J statistic, with

associated specificity and sensitivity reported.

In addition, binary logistic regression analyses were conducted in order to assess which complement
components were independently associated with adverse pregnancy outcome after controlling for
differences in pre-pregnancy renal function and proteinuria. Adverse pregnancy outcome was used
as the dependent variable, and pre-pregnancy creatinine and urine ACR were entered into the
model as continuous covariates. The Hosmer-Lemeshow test was used to assess goodness-of-fit of
the resulting models. Where poor fit was detected due to skew in the dependent variables, values

were logio-transformed to reduce the degree of skew, and the analysis repeated. Results were
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reported as OR for adverse pregnancy outcome per unit increase in biomarker, with associated 95%

confidence intervals.

A separate statistical analysis was conducted for subjects who had one blood sample collected
within each specified timepoint (early, mid, and late pregnancy) to allow an assessment of how

complement markers change longitudinally during pregnancy.

All analyses were performed using IBM SPSS version 28 (IBM Corp. Armonk, NY). Statistical

significance was determined as p<0.05 throughout.
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2.5 Investigating the role of complement in the pathophysiology of pre-eclampsia in

women of Sub-Saharan African ethnicity

2.5.1 Study design overview

This was a single-centre, cross-sectional study designed to investigate the role of complement in the

pathophysiology of PE in women of SSA ethnicity.

The primary outcome measure for this study was circulating complement biomarker concentrations
in women of SSA ethnicity with PE, compared to those with gestational hypertension, and healthy

pregnant controls.

The secondary outcome measures were:

i) Subgroup analysis: comparison of circulating complement biomarker concentrations in
women with a hypertensive disorder of pregnancy (PE or gestational hypertension), and
healthy pregnant controls.

ii) Correlation between circulating complement biomarkers, and biochemical and immune

markers of inflammation in PE, gestational hypertension, and healthy control pregnancy.

2.5.2 Ethical approval
Ethical approval for this arm of research was granted by Korle-Bu Teaching Hospital Institutional
Review Board (KBTH IRB). Study approval number KBTH-IRB/00056/2017; date of approval

25/10/2017 (see Appendix 6).

All subjects provided informed consent for their participation in the study, and the study was
performed according to the principles of Good Clinical Practice (220). Patients were originally
recruited for a study of ‘genetic determinants of hypertensive disease in pregnancy’. They consented

to having blood specimens stored indefinitely for use in future unrelated studies; hence research

111



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

collaborators donated blood samples for use in this study on the role of complement in the

pathogenesis of PE. A copy of the consent form is shown in Appendix 7.

2.5.3  Study population and recruitment

Participants were recruited from Korle-Bu Teaching Hospital, Accra, Ghana, between 2017 and 2018.
Healthy pregnant controls and cases (women with any hypertensive disorder of pregnancy,
including: PE, eclampsia, HELLP syndrome, or gestational hypertension) were recruited purposively

at the point of hospital admission for delivery.

PE was defined as:

e new onset hypertension (BP >140/90 mmHg) after 20 weeks gestation, AND

e proteinuria: > 1+ protein on urine dip (resource-limited setting, so laboratory urine protein
quantification with ACR/PCR not routinely available); OR

e evidence of eclampsia, thrombocytopenia, liver impairment, renal insufficiency, or
pulmonary oedema; according to international statement consensus criteria (70-72, 78). See

Table 1.3.

Gestational hypertension was defined as new-onset hypertension (BP >140/90 mmHg) after 20

weeks gestation, in the absence of proteinuria.

A recruitment flow chart detailing the breakdown of the Ghana Cohort is shown in Figure 2.5.
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Pregnant women
recruited at Korle Bu
Hospital, Ghana

(n=108)
I I
o Gestational Healthy pregnant
Pre-eclampsia (n=47) hypertension (n=26) controls (n=35)

Figure 2.5: Ghana Cohort recruitment flow chart

A full list of inclusion and exclusion criteria are detailed in Table 2.10. Women with chronic
hypertension were not excluded from this study. Similarly, women with CKD were not explicitly
excluded from recruitment, although no subjects with known CKD were present in the final Ghana

Cohort (cases or controls).

Table 2.10: Inclusion and exclusion criteria: Ghana Cohort study

Inclusion criteria Exclusion criteria

Cases: Subjects unable to consent to participation in the

e Women with a confirmed diagnosis of PE | study because of language or physical barriers
(70, 71, 78), including those with and/or learning difficulties (translators will be
eclampsia and HELLP syndrome allowed)

e Women with gestational hypertension

Controls: Maternal age < 18 years

Healthy pregnant women without gestational
hypertension of at least 30 weeks gestation at
time of delivery

Women with chronic hypertension not Women with co-morbid conditions including
excluded diabetes mellitus, and other endocrine diagnoses

113



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

2.5.4 Sample collection

Samples of maternal blood (1 x plasma in EDTA tube, and 1 x serum tube) were collected prior to
delivery by trained phlebotomists. Blood samples were centrifuged, separated into 0.5 ml aliquots,
and frozen at -80°C within 4 hours of collection. Samples were assigned a unique study identification

and tube number at the point of arrival in the research laboratory for anonymisation purposes.

2.5.5 Laboratory analyses
Following completion of MTA documentation, blood samples were flown from Ghana on dry ice and
brought to CIS, UoB. On arrival in the laboratory, samples were immediately placed back into a -80°C

freezer.

Maternal plasma samples were tested for the same complement components as the CKD Cohort
(properdin, Ba and C5b-9) in the CIS laboratory, UoB. Samples were only defrosted once on the day
of analysis, to eliminate any freeze-thaw degradation. The same ELISA kits and methodology were

used as detailed in section 2.4.5, and Table 2.9.

Maternal serum samples were tested for C4, creatinine, cystatin C, urea, uric acid, B2M, sFLCs,
immunoglobulins G, A and M, LDH and HS-CRP. In addition, maternal serum was tested for C3
(Roche Diagnostics assay; product ID C3C-2; catalogue number 03001938 322; intra-assay CV 0.8-
1.2% and inter-assay CV 1.3-2.0%) (228). A fully automated Hitachi Cobas 6000 Turbidimeter (c501
module; Roche Diagnostics, West Sussex, UK) was used to test all serum samples, using the same

methodology outlined in sections 2.3.6.2 and 2.3.7.

2.5.6 Clinical outcomes

Demographic data were collated from a structured questionnaire completed by study investigators

and trained research assistants with the study participant at the time of their recruitment into the

114



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

study. Clinical outcome data were collected from patient records following delivery. The following

data points were recorded:

Antenatal history:

- Maternal age (years)

- Parity

- Gravidity

- Chronic hypertension

- Previous gestational hypertension

- Regular antenatal clinic attendance

Maternal outcomes:

- Gestational hypertension

- PE

- Eclampsia

- Proteinuria (presence or absence on dipstick testing)
- Peak recorded BP (systolic and diastolic in mmHg)

- Mode of delivery (vaginal / emergency Caesarean / elective Caesarean)

Fetal outcomes:

- Neonatal death

- Gestation (weeks)

- PTB (<37 weeks)

- Birth weight (g)

- Low birth weight (<2500 g)

- SGA (birth weight < 10" centile)
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2.5.7 Sample size and statistical analysis

No formal sample size calculation was conducted for this study, as blood samples were tested
retrospectively from a previously recruited patient cohort, and all available blood samples were
used. Based on published data, a sample size of 50 patients per arm would be sufficient to detect a
statistically significant difference in C5b-9 concentrations between cases of PE and pregnant controls

(150, 152), assuming a=0.05 and 80% power (see Section 2.3.10).

For comparisons between PE, gestational hypertension and control groups, categorical variables
were assessed using Fisher’s exact tests. Q-Q plots were then used to assess for normality of
continuous data distribution. Continuous variables were reported as mean % SD, with p-values
derived from one-way Analysis of Variance (ANOVA) tests where normally distributed, or as median
(IQR), with p-values taken from Kruskal-Wallis tests otherwise. Post hoc analyses were then carried
out using Tukey’s test for multiple comparisons between groups for normally distributed variables,
and Bonferroni-adjusted pairwise comparisons between groups for non-normally distributed

variables.

The association between variables (complement markers, and biochemical / immunological tests)
were quantified using Spearman’s correlation coefficients (rho). Binary logistic regression analysis
was conducted in order to assess whether Ba was independently associated with PE after controlling
for serum creatinine. PE was entered into the model as the dependent variable, with creatinine as a
continuous covariate. Goodness-of-fit was assessed, and results reported as odds ratio of PE per unit

increase in complement marker, with associated 95% confidence intervals.

All analyses were performed using IBM SPSS 28 (IBM Corp. Armonk, NY), with p<0.05 deemed to be
indicative of statistical significance throughout. In analyses with large numbers of comparisons, the

Bonferroni-corrected significance threshold was indicated in the tables, where appropriate.
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2.6 Comparison of the role of complement in the pathogenesis of pre-eclampsia

between cohorts (previously healthy women, versus CKD, versus SSA ethnicity)

2.6.1 Comparison of complement assays tested in Newcastle and Birmingham
Complement component tests for properdin, Ba and C5b-9 were repeated for a small number of
randomly selected patients from the Birmingham Cohort using commercially purchased ELISA kits,
and testing was performed in the CIS laboratory, UoB (as for the CKD and Ghana Cohorts, using the
methods outlined in section 2.4.5). The rationale for this was to ensure that the results were
comparable to the tests carried out in Newcastle using MSD assays. This would allow a reliable
comparison of complement results between the 3 cohorts, and inferences to be made about the

relative similarities and differences between the groups.

In addition, maternal serum samples from the Birmingham Cohort were tested for C3 and C4 using
the same Roche Diagnostics assays as for the Ghana Cohort (section 2.3.6.2 and 2.5.5), to allow a
comparison of C3 and C4 between the patient groups. The MSD C3 assay only detected native, non-
activated C3 and results could therefore not be compared to those from a traditional nephelometry

assay.

2.6.2 Statistical analysis

Bland-Altman plots were constructed to compare the performance of properdin, Ba and C5b-9
assays conducted using MSD assays in Newcastle, versus commercially available ELISA kits tested in
Birmingham. Where there was evidence of a proportional bias between Newcastle and Birmingham
assay results, linear regression analysis was conducted using the Newcastle result as the
independent variable, and Birmingham result as the independent variable. A conversion factor
between assays was then determined from the regression equation, with associated R? and p-values

(derived from ANOVA).
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For comparisons between Birmingham, CKD and Ghana Cohort complement markers (tested using
commercially available ELISA kits in Birmingham), Q-Q plots were used to assess for normality of
data distribution. Variables were then reported as mean * SD, with p-values derived from one-way
ANOVA tests where normally distributed, or as median (IQR), with p-values taken from Kruskal-
Wallis tests otherwise. Post hoc analyses were then carried out using Tukey’s test for multiple
comparisons between groups for normally distributed variables, and Bonferroni-adjusted pairwise

comparisons between groups for non-normally distributed variables.

All analyses were performed using IBM SPSS 28 (IBM Corp. Armonk, NY), with p<0.05 deemed to be

indicative of statistical significance throughout.

118



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

CHAPTER 3

INVESTIGATING THE ROLE OF COMPLEMENT

IN THE PATHOGENESIS OF PRE-ECLAMPSIA

IN PREVIOUSLY HEALTHY WOMEN
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3 Investigating the role of complement in the pathogenesis of pre-
eclampsia in previously healthy women

3.1 Introduction and overview

PE is a multisystem disorder that affects around 5% of all pregnancies, and is a leading contributor to
maternal and fetal morbidity and mortality (82). There remains no definitive therapy other than
delivery of the baby and placenta, which is often necessitated preterm due to declining maternal
and/or fetal wellbeing. In addition to the immediate clinical risks, long-term sequelae include an

increased lifetime risk of maternal CKD (79) and cardiovascular disease (87, 237).

There is increasing evidence, presented in Chapter 1, implicating complement dysregulation in the
pathogenesis of PE. Complement-modifying agents are undergoing rapid development and may
provide novel opportunities to treat complement-mediated diseases (164, 165), although there is
currently insufficient evidence to support their widespread use in PE. The evidence base is often
conflicting, and it remains unclear whether raised concentrations of circulating complement reflect a
general heightened inflammatory state in PE or are directly associated with placental complement-

mediated injury.

As such the objective of this study was, for the first time, to simultaneously compare markers of
local placental complement deposition with systemic complement activation in the maternal and
fetal circulation between women with PE and healthy pregnancy. The results will potentially provide
further support for the role of complement activation in the pathogenesis of PE and may also
provide insight into the sequence of events leading to complement activation on a local and

systemic level.
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The specific aims of this study were to:

- Investigate biomarkers of complement activation in the maternal and fetal bloodstream (C3,
iC3b, Ba, properdin, C4, and C5b-9), and placental tissue (C1q, C4d, C3d and C9) in women
with no known pre-existing medical conditions (PE and healthy pregnant controls).

- Correlate placental complement deposition (immunoreactivity score) with markers of
complement activation in the maternal and fetal bloodstream, to determine the relative

changes in tissue and circulatory complement in PE and normal healthy pregnancy.

Samples of maternal and umbilical cord blood were tested for iC3b, C3, C4, properdin, Ba and C5b-9
using electrochemiluminescent immunoassays from women with PE (n=34) and healthy pregnant
controls (n=33): ‘Birmingham Cohort’. Placental tissue was stained for C3d, C4d, C9 and C1q and
ascribed a composite immunoreactivity score, based on the intensity and distribution of staining at
the STB membrane. Demographic and clinical outcome data were collated from obstetric records

following delivery.

A secondary aim of the study was to evaluate biochemical and immunological markers in PE and
healthy pregnancy, and to assess their association with circulating markers of complement
activation. Samples of maternal and umbilical cord serum were therefore tested for creatinine,

cystatin C, urea, uric acid, B2M, LDH, HS-CRP, sFLCs, and immunoglobulins G, A and M.

Maternal plasma properdin and Ba tests were repeated in a separate validation cohort (‘London

Cohort’): 35 women with PE, and 35 healthy pregnant controls.

The body of work within this chapter has now been published in a peer-reviewed journal (238) (see

Appendix 8).
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3.2 Results

3.2.1 Cohort characteristics

A total of 67 women were recruited in the Birmingham Cohort (34 PE cases and 33 healthy pregnant
controls). The London Cohort comprised a further 70 subjects (35 PE cases and 35 healthy pregnant
controls). Baseline demographics and clinical outcome data for each cohort are presented in Table
3.1. There were no significant differences in age, BMI, ethnicity, parity, or mode of delivery between

PE and control groups for either cohort.

Subjects with PE, by definition, had significantly higher peak recorded blood pressures than controls
(Birmingham Cohort: median peak BP 163/105 mmHg for PE, vs. 128/79 mmHg for controls,
p<0.001; and London Cohort: median peak BP 173/106 mmHg for PE, vs 135/85 mmHg for controls,
p<0.001). PE patients in the Birmingham Cohort had heavier proteinuria than those in the London
Cohort: median peak urinary PCR 259 mg/mmol (133-429), and 85 mg/mmol (54-200), respectively.
However, more than half of the London Cohort PE patients had early-onset disease (diagnosis prior
to 34 weeks), compared to approximately one-third of the Birmingham Cohort. The median
gestation at PE diagnosis was 35.9 weeks (33.4-36.6) for the Birmingham Cohort, and 33.9 weeks

(32.6-35.3) for the London Cohort.

In both cohorts, PE was characterised by significantly earlier gestation at delivery: median 36.9
weeks (IQR 36.0-37.7), vs. 39.3 weeks (39.0-40.6) for controls in the Birmingham Cohort, p<0.001;
and 36.1 weeks (34.6-37.1) for PE, vs. 39.6 weeks (39.0-41.1) for controls in the London Cohort,
p<0.001. This can be visualised in Figure 3.1. In the Birmingham Cohort, maternal blood samples
were drawn at a median gestation of 36.6 weeks (range: 29.1-38.3) in the PE group, which was
significantly earlier than for controls (39.0 weeks, range: 38.7-42.0), p<0.001; also shown in Figure
3.1. This difference was a result of the earlier gestation at delivery in the PE group, as patients were

recruited to the study at the time of their hospitalisation. However, in the London Cohort, blood
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samples tended to be drawn earlier in pregnancy, and at a similar gestation for PE and control

groups (median 34.3 vs. 34.0 weeks respectively, p=0.837).

The PE group in both cohorts had significantly lower mean birth weights than controls, and increased
rates of adverse pregnancy outcomes, including PTB (50% for PE, vs. 0% of controls, p<0.001), low
birth weight <2500 g (56% for PE, vs. 0% of controls, p<0.001), SGA babies weighing less than the
10" centile (65% for PE, vs. 15% of controls, p<0.001), and requirement for NNU care (38% for PE, vs.

12% of controls, p=0.023) — all statistics for Birmingham Cohort.
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Table 3.1: Demographic and clinical outcome data: Birmingham and London Cohorts

Birmingham Cohort London Validation Cohort
N Pre-eclampsia Control p-Value N Pre-eclampsia Control p-Value

Maternal age at delivery (years) 67 30.6+6.6 29.6+5.6 0.527 70 33.7+6.5 33.0+45 0.617
BMI (kg/mz) 67 285+5.1 289+5.1 0.741 70 28874 26.3+45 0.094
Ethnicity 67 0.530 70 0.051

White 15 (44%) 19 (58%) 15 (43%) 24 (69%)

Asian 12 (35%) 9 (27%) 1 (3%) 0 (0%)

Black 6 (18%) 3 (9%) 12 (34%) 4 (11%)

Mixed/Other 1(3%) 2 (6%) 7 (20%) 7 (20%)
Parity 67 0.082* 70 0.722%

0 25 (74%) 16 (48%) 22 (63%) 22 (63%)

1 4 (12%) 12 (36%) 5(14%) 9 (26%)

2+ 5 (15%) 5 (15%) 8 (23%) 4 (11%)
Peak SBP (mmHg) 65 163+14 128 +9 <0.001 70 173 +12 135+13 <0.001
Peak DBP (mmHg) 65 105+9 79+7 <0.001 70 106+ 8 85+ 10 <0.001
Peak uPCR (mg/mmol) 34 259 (133-429) NA - 35 85 (54-200) NA -
Mode of delivery 67 0.242 70 0.227

Caesarean 24 (71%) 28 (85%) 23 (66%) 17 (49%)

Vaginal 10 (29%) 5 (15%) 12 (34%) 18 (51%)
Gestation at (weeks):

Delivery 66  36.9(36.0-37.7) 39.3 (39.0-40.6) <0.001 70  36.1(34.6-37.1) 39.6 (39.0-41.1) <0.001

Blood Draw 65 36.6(35.6-37.4) 39.0 (38.8-40.4) <0.001 70  34.3(32.7-35.9) 34.0(32.1-35.9) 0.837

PE Diagnosis 34  35.9(33.4-36.6) NA - 35 33.9 (32.6-35.3) NA -
Early-onset PE (<34 weeks) 34 10 (29%) NA - 35 19 (54%) NA -
Twin Pregnancy 67 1(3%) 0 (0%) 1.000 70 0 (0%) 0 (0%) 1.000
Preterm Birth (<37 weeks)** 67 17 (50%) 0 (0%) <0.001 70 24 (69%) 2 (6%) <0.001
Birth Weight (g)*** 67 2324 + 670 3543 + 491 <0.001 70 2397 + 863 3592 + 531 <0.001
Low Birth Weight (<2500g)** 67 19 (56%) 0 (0%) <0.001 70 20 (57%) 0 (0%) <0.001
SGA (<10t centile)** 67 22 (65%) 5 (15%) <0.001 70 17 (49%) 2 (6%) <0.001
Neonatal Unit Care** 67 13 (38%) 4 (12%) 0.023 70 22 (63%) 1(3%) <0.001

Continuous variables are reported as mean * standard deviation, with p-values from independent samples t-tests, or as median (IQR), with p-values for Mann-Whitney U
tests. Categorical variables are reported as N (column %), with p-values from Fisher’s exact tests, unless stated otherwise. Bold p-values are significant at p<0.05. *p-Value
from Mann-Whitney U test, as the factor is ordinal. **For the twin pregnancy, outcomes were the same for both babies; hence these were combined for analysis. ***For the
twin pregnancy, the average weight of the two babies was assumed. NA=data were not available in the cohort for the stated variable.

124



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

Birmingham Cohort Birmingham Cohort

Pre-eclampsia] o@ © I— —| Pre-eclampsia— oO® o |— —|

Control— —| Control—| —|

London Cohort London Cohort

. | | .
Pre-eclampsia™| o @© | Pre-eclampsia] o Oli —|

Control— Ii —| Control— 0 }7 —|

I [ I I [ [ [ I
24 28 32 36 40 24 28 32 36 40

Gestation at Delivery (Weeks) Gestation at Blood Draw (Weeks)

Figure 3.1: Gestations at delivery and blood draw by cohort and pre-eclampsia status

Figure shows box-and-whisker plots, with vertical lines representing the median, boxes representing the interquartile range, and whiskers representing the total range.
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3.2.2 Maternal blood complement

Maternal blood complement concentrations in the PE and control groups are reported in Table 3.2.
In the Birmingham Cohort, women with PE had significantly lower concentrations of properdin
(mean: 4828 vs. 6877 ng/ml, p<0.001), C4 (mean: 0.20 vs. 0.31 g/I, p<0.001), iC3b (mean: 489 vs. 606
ng/ml, p=0.003), and C3 (mean: 1.9 vs. 2.4 g/l, p<0.001), and significantly higher Ba (median: 150 vs.
113 ng/ml, p=0.012), compared to the control group. However, no significant differences in the
iC3b:C3 ratio (p=0.734) or C5b-9 (p=0.753) were detected between groups. Analysis of the London
Cohort returned consistent results, with significantly reduced properdin concentrations in women
with PE compared to controls (mean: 5282 vs. 7021 ng/ml, p<0.001). However, the difference in
maternal Ba levels did not reach statistical significance in this cohort (median: 165 in PE vs. 151

ng/ml in controls, p=0.310).

The analysis was repeated using a regression approach, to account for the observed differences in
gestational age at blood sampling between PE and control groups (see Table 3.3). For the pooled
Birmingham and London cohorts, the difference in maternal properdin remained significant, with
concentrations being an average of 1945 ng/ml lower in the PE vs. control groups (95% Cl: 1487-
2402, p<0.001, Figure 3.2 A). The differences in C3 and C4 in the Birmingham Cohort also persisted
after adjustment for sample gestation, with concentrations being an average of 0.5 g/ (95% Cl: 0.2-
0.8, p<0.001) and 0.07 g/1 (95% Cl: 0.02-0.13, p=0.014) lower, respectively, in PE vs. control groups.
However, after adjustment for the effect of gestation, the differences in iC3b (p=0.252) and Ba

(p=0.194) between PE and controls were not statistically significant.

The three complement components found to differ significantly between PE and control groups,
after adjustment for gestation, were further assessed using a ROC curve approach. This found
maternal properdin to be the strongest biomarker of PE diagnosis, with an AUROC of 0.87 (SE: 0.03)
when applied to the combined Birmingham and London cohorts. This effect is visualised in Figure 3.2

B. This was followed by maternal C4 (AUROC 0.82; SE 0.05) and C3 (AUROC: 0.80; SE: 0.06).
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ROC curves for maternal properdin, C4 and C3 are displayed in Figure 3.3. Optimal cut-off points for
the diagnosis of PE for each biomarker are also shown. This identified that a maternal properdin
concentration of < 5764 ng/ml was suggestive of a diagnosis of PE (sensitivity and specificity both
81%). Maternal C4 < 0.25 g/l (sensitivity and specificity both 73%) and maternal C3 < 2.07 g/I
(sensitivity 76% and specificity 82%) were also indicative of a PE diagnosis. These results are only
applicable to the timepoint that the blood tests were taken (late in the pregnancy, prior to delivery).

As such, they represent the cut-off value for diagnosing PE, rather than predicting it.
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Table 3.2: Maternal and umbilical cord blood complement results: Birmingham and London cohorts

Birmingham Cohort London Validation Cohort
Blood Marker N Pre-eclampsia Control p-Value | N  Pre-eclampsia Control p-Value
Maternal Blood

iC3b (ng/ml) 66 489 + 153 606 + 157 0.003 NA - - -
C3 (g/1) 66 1.90 + 0.39 2.36+0.39 <0.001 | NA - - -
iC3b:C3 (x10°) 66 245 (192-301) 251 (219-290) 0.734 | NA B B B
ca (g/l) 66 0.20 0.08 0.31+ 0.08 <0.001 | NA - B -
Properdin (ng/ml) 66 4828 + 806 6877 + 1421 <0.001 70 5282 + 1467 7021+ 1317 <0.001
C5b-9 (ng/ml) 66 237 (198-335) 237 (185-334) 0.753 | NA - B -

Ba (ng/ml) 66 150 (119-223) 113 (89-148) 0.012 70 165 (117-268) 151 (113-198) 0.310

Umbilical Cord Blood

iC3b (ng/ml) 36 740 (496-1179) 774 (631-1009) 0.788 | NA - - -
C3 (g/1) 36 0.81+0.29 0.77+0.20 0.610 NA - - -
iC3b:C3 (x10°) 36 840 (502-1901)  1133(734-1468)  0.546 | NA B B -
Ca (g/l) 31 0.12 +0.04 0.13 +0.05 0551 | NA - - -
Properdin (ng/ml) 36 2943 + 894 3321+ 1170 0333 | NA - B -
C5b-9 (ng/ml) 36 85.5(58.2-111.8)  64.8 (41.2-97.5) 0214 | NA - B B
Ba (ng/ml) 36 337 (273-370) 233 (155-261) 0.004 | NA - B -

Data are reported as mean * standard deviation, with p-values from independent samples t-tests, or as median (IQR), with p-values for Mann-Whitney U tests. Bold p-values
are significant at p<0.05. For the Birmingham cohort, maternal blood concentrations were available for N=33/N=33 pre-eclampsia/control patients, whilst umbilical blood
concentrations were available for N=12/N=24, with the exception of C4 (N=10/N=21). NA=data were not available in the cohort for the stated variable.
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Table 3.3: Regression analysis of maternal plasma complement concentrations by gestation and pre-eclampsia status

Difference PE vs. Control Gradient per Week of Gestation Interaction
Blood Marker N Coefficient (95% Cl) p-Value Coefficient (95% Cl) p-Value p-Value**
iC3b (ng/ml) 65 -63 (-171, 45) 0.252 14 (-4, 33) 0.133 0.167
C3 (g/)) 65 -0.50 (-0.77,-0.22) <0.001 0.00 (-0.05, 0.04) 0.887 0.067
iC3b:C3 (x10°) 65 50 (-8, 109) 0.090 9 (-1, 19) 0.069 0.735
C4 (g/l) 65 -0.07 (-0.13, -0.02) 0.014 0.01 (0.00, 0.02) 0.068 0.818
Properdin (ng/ml) 135 -1945 (-2402, -1487) <0.001 -24 (-91, 43) 0.474 0.417
C5b-9 (ng/ml)* 65 -4% (-35%, 40%)* 0.812 -3% (-9%, 3%)* 0.316 0.337
Ba (ng/ml)* 135 14% (-7%, 40%)* 0.194 -2% (-4%, 1%)* 0.292 0.393

Results are from linear regression models, with the stated marker as the dependent variable, and both the gestation at blood sampling and the group (PE or control) as

covariates. As such, the coefficient for the former represents the estimated increase in the marker per week of gestation, whilst the latter represents the difference between
the PE vs. control groups, after adjustment for differences in the gestation that the sample was collected. Analyses of properdin and Ba pooled data from the Birmingham
and London cohorts, whilst the other markers were assessed for the Birmingham cohort only. Bold p-values are significant at p<0.05. *Values were found to follow a skewed

distribution, hence were logio-transformed before analysis; the resulting coefficients were then anti-logged and converted to percentage differences for ease of

interpretation. **To test for potential interactions between PE-status and gestation, a second set of models were produced which additionally included an interaction term,

the p-values of which are reported; none of these interaction terms were found to be statistically significant, hence they were excluded from the main models.
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Figure 3.2: Associations between pre-eclampsia and maternal properdin concentration
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Both figures include patients from both the Birmingham and London cohorts, with the exception of those with no properdin result recorded (N=1). Figure A additionally
excludes one patient for whom the gestation at blood draw was not recorded. In Figure A, points represent the data for individual patients, and broken lines are from a
linear regression model, with gestation and pre-eclampsia status as covariates. In Figure B, points represent the observed pre-eclampsia rates within quintiles of the

distribution, which are plotted at the mean of the interval, and whiskers represent 95% confidence intervals. The broken line is from a binary logistic regression model on the

patient-level data, with the maternal properdin concentration as a continuous covariate.
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Maternal C4 <0.25 g/l 66 76% 73%
Maternal C3 < 2.07 g/I 66 76% 82%

Figure 3.3: Diagnostic accuracy of maternal properdin, C4 and C3 concentration for pre-eclampsia: ROC analysis

Images show ROC curves for the performance of maternal properdin, C4 and C3 concentration in the diagnosis of PE. AUROC values are quoted, with associated standard
error. Optimal cut off points for the diagnosis of PE were then identified using Youden’s J statistic, with associated sensitivity and specificity.
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3.2.3  Umbilical cord blood complement

Data for umbilical cord blood complement concentrations were available for 36 patients from the
Birmingham Cohort (12 with PE, and 24 controls; see Table 3.2), with one patient not having the

corresponding maternal blood measurements.

Comparisons between PE and control groups found Ba to be the only umbilical cord measurement to

differ significantly between groups (median: 337 vs. 233ng/ml respectively, p=0.004), returning an

AUROC of 0.80 (SE: 0.09) for the prediction of PE.

Maternal and umbilical cord blood complement results were also compared (see Table 3.4).

Significant positive correlations between maternal and fetal circulation results were observed for C4

(rho:0.39, p=0.033) and Ba (rho: 0.44, p=0.008). No significant correlations were observed for the

other complement markers assessed. Absolute values of iC3b and Ba (both complement split

products / activation fragments) were higher in umbilical cord blood than maternal blood values.

Conversely, cord blood concentrations of properdin, C3, C4, and C5b-9 were all lower than maternal

concentrations and followed the same pattern of difference between PE and control groups.

Table 3.4: Correlation between maternal and umbilical cord blood complement concentrations

Correlation between

Maternal and Cord Blood

N Rho p-Value
Properdin 35 0.132 0.450
Ba 35 0.442 0.008
C5b-9 35 0.226 0.191
iC3b:C3 35 0.199 0.251
Cc4 30 0.391 0.033

For each marker, correlations between concentrations for maternal and cord blood were assessed using

Spearman’s correlation coefficients (rho), with associated p-values. Analyses are based on N=35 (11 with PE,

and 24 healthy controls), other than for C4 (N=9/N=21). Bold values are significant at p<0.05.
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3.2.4 Placental immunohistochemistry

Examples of placental immunohistochemistry for two patients with PE and one healthy control are
shown in Figure 3.4. Figure 3.5 depicts examples of diffuse staining for C4d, C3d, and C9 in separate
cases of PE (there were no cases of diffuse staining for C1q). Figure 3.6 demonstrates focal staining
examples for C4d, C3d, C9, and Clq. Figure 3.7 shows examples of absent staining for C4d, C9, and

Clq (there were no cases with absent C3d staining).

Comparisons of placental immunoreactivity scores between PE and control groups are reported in

Table 3.5, with scores at the STB membrane visualised in Figure 3.8.

C4d staining was present on the STB membrane in almost all PE placentas (17/19, 89%), as
compared to only 17% (5/30) of controls, with median immunoreactivity scores of 3 vs. 0,
respectively (p<0.001). None of the healthy control placental tissue demonstrated diffuse staining
for C4d. When present, C4d was observed in a linear staining pattern on the STB surface and
deposited circumferentially around placental villi (see Figure 3.4 images B and F and Figure 3.5

image A).

There were no cases of absent C3d staining at the STB membrane in the PE group or in healthy
subjects. However, the PE group had significantly increased C3d deposition compared to controls
(median immunoreactivity score 6 vs. 4, p=0.004). Figure 3.4 image A and Figure 3.5 image B show
examples of diffuse C3d staining on the STB membrane in separate cases of PE. Overall, there was no
apparent relationship between C3d and C4d staining at the STB membrane, with co-localisation

observed infrequently.

C9 was also detected more intensely at the STB surface in PE patients when compared to controls
(median immunoreactivity score 4 vs. 1, p<0.001). C9 staining was observed most frequently in areas
of villous injury and did not show consistent co-localisation with sites of C4d staining. An example of

C9 deposition on the STB membrane is shown in Figure 3.5 image C.
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Clqg was not strongly detected in the placental tissue of PE patients or of controls, with the majority
of subjects exhibiting absent or weak staining at the maternal-fetal interface (see Figure 3.4 images
I, J, Kand L). There were no significant differences seen between groups in C1q staining on the STB

membrane (p=0.698).
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Figure 3.4: Placental staining of C3d, C4d, C9 and Clq in pre-eclampsia and healthy pregnancy

Case 1 (Subject with PE): Diffuse C3d staining of the STB membrane [A]. Diffuse C4d staining localized to the STB membrane (strong, linear staining with syncytial

cytoplasmic protrusions and membrane sheds) [B]. C9 staining shows weak membrane immunolocalization in STBs [C]. No immunostaining was detected for C1q [D]. Case 2
(Subject with PE): C3d: weak staining of STB membrane (co-localizes with C4d staining pattern) [E]. Strong C4d staining localized to the STB membrane in a circumferential,

linear pattern around the villi [F]. C9 and C3d: non-specific background staining of stromal-mesenchymal cells and villous capillary plasma [G and E]. C1q: no
immunostaining detected [H]. Case 3 (Healthy control): C3d: weak, non-specific background staining [I]. C4d, C9 and C1q: absent immunostaining [J, K, L]. All images are

shown at high power (40 x magnification).

135



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

Figure 3.5: Placental tissue exhibiting diffuse staining of C4d, C3d and C9 in pre-eclampsia

Placental tissue shows diffuse staining on the STB membrane for C4d [A], C3d [B], and C9 [C]. Images are taken
from separate cases of pre-eclampsia and are shown at 20 x magnification. There were no cases of diffuse Clq
staining.
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A ,

Figure 3.7: Placental tissue exhibiting absent staining of C4d, C9 and C1q in healthy controls

Placental tissue shows absent staining for C4d [A}, C9 [B], and C1q [C]. Images are taken from separate healthy
controls and are shown at 20 x magnification. There were no cases of absent C3d staining.
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Table 3.5: Placental immunoreactivity score by stain and cell type

Cell Type PE Control p-Value | Cell Type PE Control p-Value
Stain = C3d Stain = C9
STB 6 (4-9) 4 (3-6) 0.004 | STB 4(2-6) 1(0-3) <0.001
Absent 0 (0%) 0 (0%) Absent 1 (5%) 13 (43%)
Focal 11 (58%) 27 (93%) Focal 15 (79%) 17 (57%)
Diffuse 8 (42%) 2 (7%) Diffuse 3 (16%) 0 (0%)
Stain = C4d Stain =Clq
STB 3(2-6) 0 (0-0) <0.001 | STB 0(0-1) 0(0-1) 0.698
Absent 2 (11%) 25 (83%) Absent 12 (63%) 20 (67%)
Focal 13 (68%) 5(17%) Focal 7 (37%) 10 (33%)
Diffuse 4 (21%) 0 (0%) Diffuse 0 (0%) 0 (0%)

Results are based on N=19 PE and N=30 controls, with the exception of C3d, which only included N=29 controls, due to missing data in one case. Data are reported as both
median (IQR), and the N (%) within intervals of the score. “Absent” is defined as a placental immunoreactivity score of 0, with “focal” and “diffuse” defined as scores of 1-8

and 9-12, respectively. p-Values are from Mann-Whitney U tests, and bold p-values are significant at p<0.05. PE=Pre-eclampsia; STB=Syncytiotrophoblast.
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STB Immunoreactivity Score

OAbsent O Focal B Diffuse
C3d
Pre-eclampsia 58% 42%
psi 2 p=0.004
Control 93% 7%
C4d
Pre-eclampsia | 11% 68%
p<0.001
Control 83% 17%
C9
Pre-eclampsia |5% 79%
P p<0.001
Control 43% 57%
C1q
Pre-eclampsia 63% 37% ~0.698
Control 67% 33% p=y.
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Figure 3.8: Placental immunoreactivity scores by pre-eclampsia status

Results are based on N=19 pre-eclampsia and N=30 controls, with the exception of C3d, which only included N=29 controls, due to missing data in one case. “Absent” is
defined as a score of 0, with “focal” and “diffuse” defined as scores of 1-8 and 9-12, respectively. p-Values are taken from Mann-Whitney U tests comparing the median
immunoreactivity scores between groups (from Table 3.5); bold p-values are significant at p<0.05. STB=Syncytiotrophoblast.
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3.2.5 Relationship between circulating complement and placental complement
Associations between placental immunoreactivity scores and complement concentrations from
maternal and umbilical cord blood were assessed (see Table 3.6). This identified a significant
negative correlation between maternal properdin concentration and C4d STB deposition
(Spearman’s rho: -0.524, p<0.001). Specifically, mean maternal properdin concentrations were 6839
+ 1559 ng/ml in those with absent C4d STB deposition; and 5393 + 1095 and 4367 £ 820 ng/ml in
those with focal (immunoreactivity score: 1-8) and diffuse (immunoreactivity score: 9-12) C4d STB
deposition, respectively. Maternal C4 concentration was also significantly negatively correlated with
placental C4d STB deposition (rho: -0.337, p=0.019). In addition, there was a significant positive
correlation between maternal Ba and C4d deposition at the STB membrane (rho: 0.337, p=0.019).
However, using a Bonferroni-corrected threshold for statistical significance of p<0.005, only the

correlation between maternal properdin and placental C4d deposition remained significant.

There were no significant correlations found between umbilical cord blood complement

concentration and placental complement staining at the STB membrane.
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Table 3.6: Correlation between maternal / cord blood complement concentration, and placental immunoreactivity score

Maternal Blood Umbilical Cord Blood

Properdin Ba C5b-9 iC3b:C3 4 Properdin Ba C5b-9 iC3b:C3 4
C3d —STB r:-0.130 r:0.156 r: 0.240 r:0.291 r:-0.217 r:-0.233 r:0.257 r:0.032 r:-0.115 r:-0.200

p=0.385 p=0.296 p=0.104 p=0.047 p=0.143 p=0.216 p=0.171 p=0.867 p=0.546 p=0.326
CAd —STB r:-0.524 r: 0.337 r:0.216 r:-0.013 r:-0.337 r:-0.181 r:0.308 r:0.233 r:-0.238 r:0.027

p<0.001* p=0.019 p=0.141 p=0.931 p=0.019 p=0.329 p=0.091 p=0.208 p=0.198 p=0.893
C9—STB r:-0.184 r:0.146 r:0.264 r: 0.088 r:-0.267 r:-0.104 r:0.337 r:0.157 r: 0.054 r: -0.068

p=0.210 p=0.322 p=0.070 p=0.550 p=0.066 p=0.578 p=0.064 p=0.399 p=0.771 p=0.738
Clq—STB r:-0.038 r: 0.001 r: 0.070 r:0.127 r:-0.106 r:0.013 r:-0.158 r:-0.156 r:-0.346 r: 0.026

p=0.796 p=0.995 p=0.636 p=0.388 p=0.475 p=0.947 p=0.396 p=0.401 p=0.057 p=0.897

Analyses are based on N=48 for maternal blood and N=31 for umbilical cord blood, unless stated otherwise. Correlations between C3d and maternal/umbilical cord blood
are based on N=47/N=30, due to missing data for one case. Correlations with maternal/umbilical cord blood are based on N=48/N=27. Associations between variables are

reported as Spearman’s correlation coefficients, with associated p-values. Bold values are significant at p<0.05. *p<0.005 (Bonferroni corrected threshold for multiple
comparisons). r: Spearman’s correlation coefficient; STB: syncytiotrophoblast.
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3.2.6 Biochemical and immunological markers

Maternal serum samples from the Birmingham Cohort were tested for a range of biochemical and
immunological markers. The results are presented in Table 3.7. There were significant differences
between PE and controls in almost all the markers tested, apart from IgM. Specifically, biomarkers of
excretory renal function (creatinine, urea, cystatin C and uric acid) were elevated in PE when
compared to healthy pregnant controls (all p<0.001). B2M, LDH, kappa and lambda light chains,
combined sFLCs and IgA levels were also significantly higher in PE than for healthy pregnant controls,

whereas HS-CRP and IgG concentrations were significantly lower in PE.

Table 3.7: Biochemical and immunological marker results: Birmingham Cohort

Birmingham Cohort
Blood Marker N Pre-eclampsia Control p-Value
Creatinine (umol/L) 66 59.5+13.9 46.3+9.5 <0.001
Urea (mmol/L) 66 3.9(3.1-4.9) 2.7 (2.2-2.9) <0.001
Cystatin C (mg/L) 66 1.5(1.3-1.7) 1.1(0.9-1.2) <0.001
Uric acid (mg/dl) 66 6.5+1.3 47+1.0 <0.001
B2M (mg/L) 66 2.5(2.3-3.0) 1.8 (1.6-2.0) <0.001
Kappa (mg/L) 66 17.2 (14.8-20.6) 11.9 (10.2-13.3) <0.001
Lambda (mg/L) 66 12.9(11.5-15.1) 11.1(10.0-12.8) 0.010
Combined sFLC (mg/L) 66 30.7 (26.9-33.9) 23.2 (20.4-25.2) <0.001
IgG (g/L) 66 7.1+2.1 84+19 0.012
IgA (g/L) 66 1.9+0.6 1.5+0.8 0.026
IgM (g/L) 66 1.2+0.5 1.2+0.6 0.995
HS-CRP (mg/L) 66 5.8 (2.9-8.1) 8.6 (4.7-13.7) 0.019
LDH (u/L) 66 371.4 £103.8 311.6+44.2 0.003

Data are reported as mean + standard deviation, with p-values from independent samples t-tests where data
was normally distributed, or as median (IQR), with p-values for Mann-Whitney U tests otherwise. Bold p-values
are significant at p<0.05. sFLC: serum free light chains.

B2M and sFLC concentrations are known to be affected by excretory renal function and are elevated
in those with CKD (239, 240). Binary logistic regression analysis was therefore conducted to adjust
for serum creatinine concentration. The results are presented in Table 3.8. B2M, kappa, and
combined sFLCs all remained independently associated with PE. However, lambda light chains were
no longer significant associated with PE after controlling for the effect of serum creatinine (OR for PE

1.18, 95% Cl 0.98-1.43, p=0.087).
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Table 3.8: Logistic regression analysis to identify biomarkers independently associated with PE after controlling for serum creatinine

Factor Model 1 Model 2 Model 3 Model 4

OR (95% ClI) p-value OR (95% CI) p-value OR (95% Cl) p-value OR (95% Cl) p-value
B2M 1.56
(per 0.1 mg/L increase) (1.21-2.01) <0.001
Kappa 1.22
(per 1mg/L increase) (1.05-1.41) 0.008
Lambda 1.18
(per 1mg/L increase) (0.98-1.43) 0.087
Comblned'sFLCs 1.12 0.016
(per 1mg/L increase) (1.02-1.22)
Creatinine 1.75 3.89 422 4.01

0.263 0.002 <0.001 <0.001

(per 10umol/L increase) (0.66-4.68) (1.64-9.21) (1.84-9.66) (1.71-9.37)

Binary logistic regression analyses were conducted, using PE as the dependent variable. Creatinine was entered into each model as a continuous covariate, along with the
biochemical / immunological marker being tested. Odds ratios for PE are reported, with associated 95% confidence intervals. P-values are significant at p<0.05.
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The biochemical and immunological markers found to differ significantly between PE and control

groups were then assessed using ROC curve analysis to determine the diagnostic accuracy for PE of

each blood test. The results are displayed in Figure 3.9, which provides a visual representation of the

diagnostic accuracy of biomarkers that were significantly associated with PE (and the relative

strength of the association of each biomarker with PE). B2M was the strongest predictor of PE

diagnosis, with an AUROC of 0.92 (95% Cl 0.85-0.99). This was followed by markers of excretory

renal function: urea (AUROC 0.87, 95% Cl 0.79-0.95), uric acid (AUROC 0.87, 95% CI 0.78-0.95),

cystatin C (AUROC 0.85, 95% Cl 0.75-0.94), and creatinine (AUROC 0.83, 95% Cl 0.72-0.93).
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Figure 3.9: Forest plot of AUROC results for diagnostic accuracy of pre-eclampsia by biomarker

AUROC values are displayed as black circles, with corresponding error bars representing 95% confidence
intervals. AUROC: area under receiver operating curve; Cl: confidence interval.
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3.2.7 Relationship between complement and biochemical / immunological markers

The relationship between complement and biochemical and immunological markers in maternal
blood was assessed in order to characterise the cohort in greater detail, to assess the relationship
between complement and other markers of immunity and inflammation, and to be able to identify

and control for potential confounding factors in subsequent analysis.

Correlations between complement components and biochemical / immunological markers are
shown in Table 3.9. Given that multiple comparisons were performed, a Bonferroni-corrected

threshold for statistical significance of p<0.004 is also indicated.

Using the corrected threshold for multiple comparisons, there were significant negative correlations
between properdin and biomarkers of excretory renal function (creatinine, urea, cystatin C, and uric
acid), as well as with B2M, kappa and combined sFLCs, and IgA. Properdin concentrations were

significantly positively correlated with HS-CRP.

Ba concentrations were significantly positively correlated with B2M, kappa and combined sFLCs, but

with none of the other biochemical or immunological biomarkers tested.

There were significant negative correlations between C4 and creatinine, cystatin C, uric acid, and
B2M. None of the other markers tested were significantly correlated with C4 concentrations using

the Bonferroni-corrected threshold.

Similarly, there were no significant relationships between iC3b:C3 ratio, or C5b-9, and any of the

biochemical and immunological markers tested.
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Table 3.9: Correlation between maternal blood complement, and biochemical and immunological
markers

Maternal blood complement marker

Properdin Ba iC3b:C3 4 C5b-9
Creatinine r:-0.530 r:0.225 r:0.050 r:-0.474 r:-0.013
p<0.001* p=0.070 p=0.691 p<0.001* p=0.917
Urea r:-0.458 r:0.168 r:-0.004 r:-0.344 r:-0.034
p<0.001* p=0.177 p=0.976 p=0.005 p=0.789

Custatin C r:-0.609 r:0.332 r:0.188 r:-0.390 r:0.139

4 p<0.001* p=0.007 p=0.131 p=0.001* p=0.267

Uric acld r:-0.633 r: 0.264 r:0.132 r:-0.375 r:0.057

g p<0.001* p=0.032 p=0.290 p=0.002* p=0.652
5 r:0.367 r:-0.026 r:0.152 r:0.294 r:0.309
Tf HS-CRP p=0.002* p=0.837 p=0.224 p=0.017 p=0.012
2 LDl r:-0.170 r: 0.344 r:0.257 r:-0.222 r:0.208
S p=0.173 p=0.005 p=0.037 p=0.073 p=0.094
S B2M r:-0.700 r:0.367 r:0.210 r:-0.449 r:0.167
£ p<0.001* p=0.002* p=0.091 p<0.001* p=0.181
~ Kappa r: -0.435 r: 0.413 r: 0.206 r:-0.288 r:0.138
g PP p<0.001* p<0.001*  p=0.097 p=0.019 p=0.270
£ | ambda r:-0.305 r:0.316 r:0.308 r:-0.268 r:0.070
E p=0.013 p=0.010 p=0.012 p=0.029 p=0.578
& Combined SFLCs r:-0.402 r:0.397 r:0.261 r:-0.278 r:0.104
p<0.001* p<0.001* p=0.034 p=0.024 p=0.406

10G r: 0.307 r: -0.046 r:-0.036 r:0.104 r:0.176

g p=0.012 p=0.712 p=0.776 p=0.405 p=0.158

oA r:-0.360 r:0.172 r:0.136 r:-0.219 r: 0.087

g p=0.003* p=0.167 p=0.277 p=0.077 p=0.485

oM r:-0.211 r: 0.187 r:-0.031 r:-0.260 r:0.123

g p=0.089 p=0.133 p=0.802 p=0.035 p=0.326

Analyses are based on N=66. Associations between variables are reported as Spearman’s correlation coefficient
(r), with associated p-values. Bold values are significant at p<0.05. *p<0.004 (Bonferroni corrected threshold for
multiple comparisons).

3.2.7.1 Logistic regression analysis

Multiple logistic regression analysis was conducted, to determine whether maternal properdin, C4,
C3, and Ba — which had been found to differ significantly between women with PE and healthy
pregnant controls — were independently associated with PE, after accounting for biochemical and

immunological marker concentrations.

The factors considered for inclusion were creatinine, urea, cystatin-C, uric acid, B2M, kappa, lambda,
combined sFLCs, IgG, IgA, IgM, HS-CRP, and LDH. A binary logistic regression model was produced,

with PE as the dependent variable, and a forward stepwise approach used to sequentially remove

147



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

interacting terms. Urea, HS-CRP and LDH were selected as the variables for inclusion. Properdin, Ba,
C4, and C3 were then added in alongside these variables in subsequent models, to assess the
independent association of each complement marker with PE, after adjusting for the effects of

biochemical and immunological markers. The results are presented in Table 3.10.

Maternal properdin remained independently associated with a diagnosis of PE after controlling for
the effects of biochemical and immunological markers (OR for PE 0.70 per 100 ng/ml increase in
properdin; 95% Cl 0.50-0.97, p=0.032). Similarly, C4 was independently associated with PE (OR 0.20
per 0.1 g/L increase in C4, 95% Cl 0.06-0.73, p=0.015). Finally, C3 was also independently associated

with PE (OR 0.77 per 0.1 g/L increase in C3, 95% Cl 0.61-0.97, p=0.026)

In contrast, maternal Ba no longer had a statistically significant association with PE after controlling

for the effects of the biochemical and immunological markers tested.
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Table 3.10: Multiple logistic regression analysis to identify independent markers of pre-eclampsia

Factor Model 1 Model 2 Model 3 Model 4 Model 5

OR (95% CI)  p-value OR (95% Cl) p-value OR (95% CI) p-value OR (95% ClI) p-value | OR (95% Cl) p-value
:)pr;pleor(;i:i;/ml increase) (0.5%—7(397) 0.032
(Bpaer 10 ng/ml increase) (0.91(;?11.05) 0.690
5;)4er 0.1 g/l increase) (0.0%—2(?73) 0.015
::p3er 0.1 g/l increase) (0.6(;‘—7(197) 0.026
(l:::n mmol/l increase) (1.11i-219.50) <0.001 (1.018'?25.50) 0.020 (1.11i?351) <0.001 (1.0155-219.52) 0.002 (1.110'-311.55) 0.002
:-:nse-rcerl:mg/l increase) (0.7%?399) 0.034 (0.701'?1(?16) 0.424 (0.6%?399) 0.035 (0.702'?19.10) 0.279 (0.7%?16.06) 0.146
(L :::10 u/lincrease) (1.oli-217.52) 0.007 (1.011-7;00) 0.046 (1.016-217.52) 0.009 (1.012'-21942) 0.029 (1.015-21?50) 0.012

Results in table are from multiple logistic regression analysis. The factors considered for inclusion were creatinine, urea, cystatin-C, uric acid, B2M, kappa, lambda, combined
SFLCs, IgG, IgA, IgM, HS-CRP, and LDH. A binary logistic regression model was produced, with PE as the dependent variable, and a forward stepwise approach used to select
variables for inclusion (Model 1). Properdin, Ba, C4, and C3 were then added in alongside these variables (Models 2-5, respectively). Odds ratios for diagnosis of PE are
reported, with associated 95% confidence intervals. Bold p-values are significant at p <0.05.
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3.2.8 Subgroup analyses
Subgroup analyses were conducted for the Birmingham Cohort to assess the impact of potential
confounding factors on systemic and placental complement activation, and to review whether

complement concentration was associated with PE severity.

An additional subgroup analysis was conducted for the combined Birmingham and London cohorts

to assess the effect of ethnicity on circulating complement concentrations.

3.2.8.1 Effect of mode of delivery on complement activity

Subjects were categorised into groups by mode of delivery to allow a comparison between vaginal
and Caesarean section deliveries. Although maternal blood samples were all drawn prior to the
onset of labour, umbilical cord blood and placental tissue was collected following delivery, and

therefore, mode of delivery could in theory have affected complement expression in both.

Baseline demographic and pregnancy outcome data by PE status and mode of delivery group is
presented in Table 3.11. There were no significant differences in maternal age, BMI, ethnicity, parity,
blood pressure, or gestational age between Caesarean and vaginal deliveries for PE pregnancies, or
for healthy control pregnancies. However, blood samples were drawn later in pregnancy for vaginal
deliveries in the control group. Pregnancies that were delivered by Caesarean section in the PE
group had significantly lower birth weights and higher rates of NNU admission than PE pregnancies
delivered vaginally. Furthermore, more than 40% of the Caesarean deliveries had early onset PE,

compared with none in the PE vaginal delivery group.
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Table 3.11: Demographic and clinical outcome data by pre-eclampsia status and mode of delivery

Birmingham Cohort
Pre-eclampsia Controls
N Caesarean Vaginal delivery p-value Caesarean Vaginal delivery p-value
(n=24) (n=10) (n=28) (n=5)
Maternal age at delivery (years) 67 314+6.5 28.6+6.6 0.261 30.1+5.5 27.2+6.2 0.301
BMI (kg/m?) 67 28.3+4.38 28.9+6.0 0.766 28.7+5.2 304+4.1 0.485
Ethnicity 67 0.442 0.677
White 10 (42%) 5 (50%) 15 (54%) 4 (80%)
Asian 10 (42%) 2 (20%) 8 (29%) 1 (20%)
Black 3 (13%) 3 (30%) 3 (11%) 0 (0%)
Mixed/Other 1 (4%) 0 (0%) 2 (7%) 0 (0%)
Parity 67 0.448 0.214
0 18 (75%) 7 (70%) 12 (43%) 4 (80%)
1 3 (13%) 1 (1%) 12 (43%) 0 (0%)
2+ 3 (13%) 2 (2%) 4 (14%) 1 (20%)
Peak SBP (mmHg) 65 165+ 14 158 + 13 0.236 128 £+ 10 1298 0.877
Peak DBP (mmHg) 65 106 £ 9 102+9 0.227 798 79+3 0.947
Peak uPCR (mg/mmol) 34  254.5(171.3-419.3)  264.0 (112.3-471.3) 0.910 NA NA NA
Gestation at (weeks):
Delivery 66 36.8 (34.3-37.7) 37.3(36.9-37.4) 0.205 39.2 (39.0-39.9) 41.9 (40.6-42.0) 0.063
Blood Draw 65 36.4 (33.6-37.2) 36.8 (36.3-37.4) 0.182 39.0 (38.7-39.4) 41.7 (40.3-41.9) 0.031
PE diagnosis 34 35.1(32.8-36.5) 36.2 (35.6-36.8) 0.135 NA NA NA
Early-onset PE (<34 weeks) 34 10 (42%) 0 (0%) 0.017 NA NA NA
Twin Pregnancy 67 1 (4%) 0 (0%) 1.000 0 (0%) 0 (0%) 1.000
Preterm Birth (<37 weeks)* 67 13 (54%) 4 (40%) 0.708 0 (0%) 0 (0%) 1.000
Birth Weight (g)** 67 2162 + 678 2714 + 482 0.026 3528 £ 521 3624 £ 293 0.694
Low Birth Weight (<2500 g)* 67 17 (71%) 2 (20%) 0.010 0 (0%) 0 (0%) 1.000
SGA (<10t centile)* 67 18 (75%) 4 (40%) 0.112 4 (14%) 1 (20%) 0.743
Neonatal Unit Care* 67 13 (54%) 0 (0%) 0.005 2 (7%) 2 (40%) 0.099

Continuous variables are reported as mean * standard deviation, with p-values from independent samples t-tests, or as median (IQR), with p-values for Mann-Whitney U

tests. Categorical variables are reported as N (column %), with p-values from Fisher’s exact tests. Bold p-values are significant at p<0.05. *For the twin pregnancy, outcomes
were the same for both babies; hence these were combined for analysis. **For the twin pregnancy, the average weight of the two babies was assumed. NA=data were not
available in the cohort for the stated variable.

151



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

Maternal and umbilical cord blood complement concentrations were then compared by mode of

delivery within PE and control groups (Table 3.12), and between groups (Table 3.13).

There were no significant differences in maternal or umbilical cord blood complement levels, or
placental complement immunostaining, between vaginal and Caesarean section deliveries in women
with PE. Similarly, mode of delivery appeared to have no impact on maternal blood and placental
complement levels in the healthy control group. However, umbilical cord Ba and C5b-9
concentrations were significantly higher in healthy control pregnancies delivered vaginally, when

compared to controls delivered by Caesarean (see Table 3.12).

Assessment of just those pregnancies delivered by Caesarean section found that PE was associated
with reduced C4 and properdin in maternal blood, elevated Ba in maternal and umbilical cord blood,
and increased deposition of C3d, C4d and C9 on the STB membrane, when compared to healthy
controls. These results are reflective of the findings from the overall Birmingham Cohort. Analysis of
just vaginal deliveries found reduced maternal blood concentrations of properdin and C4, and
increased placental deposition of C4d and Clq in pregnancies affected by PE, compared to healthy
controls. However, there were no significant differences in Ba in maternal or umbilical cord blood

between PE and controls, or of placental C3d or C9 deposition (see Table 3.13).
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Table 3.12: Comparison of complement markers by mode of delivery within pre-eclampsia / control group

PE Controls
N Caesarean Vaginal delivery p-value Caesarean Vaginal delivery p-value

Maternal blood 66

iC3b (ng/ml) 472 + 126 527 + 207 0.353 605 + 167 611+ 97 0.939
C3(g/l) 1.90+0.43 1.89+0.31 0.938 2.38+0.41 2.21+0.23 0.358
iC3b:C3 (x10°) 245 (194-284) 252 (183-356) 0.802 239 (213-289) 284 (251-301) 0.338
ca (g/l) 0.20 £ 0.08 0.20 £ 0.09 0.933 0.31+0.09 0.3210.04 0.776
Properdin (ng/ml) 4834 + 817 4816 + 823 0.956 6954 + 1490 6447 £ 943 0.471
Ba (ng/ml) 161 (130-228) 126 (96-204) 0.207 119 (88-166) 109 (82-111) 0.514
C5b-9 (ng/ml) 237 (200-372) 240 (202-259) 0.893 236 (184-335) 290 (216-334) 0.639
Umbilical cord blood 36

iC3b (ng/ml) 898 (537-1179) 663 (496-817) 0.465 769 (627-922) 1154 (951-2532) 0.145
C3(g/l) 0.74£0.26 0.91+0.34 0.344 0.75+0.20 0.88+0.16 0.318
iC3b:C3 (x10°) 1283 (650-1901) 622 (537-846) 0.465 1114 (715-1461) 1215 (984-3428) 0.505
Ca (g/l) 0.12+0.04 0.14 +£0.03 0.477 0.14 + 0.05 0.13+0.03 0.873
Properdin (ng/ml) 2619 + 698 3396 + 1013 0.145 3339+ 1248 3197 + 377 0.849
Ba (ng/ml) 354 (315-393) 298 (253-338) 0.062 224 (136-246) 356 (306-391) 0.016
C5b-9 (ng/ml) 60 (52-82) 102 (90-121) 0.223 53 (41-72) 138 (120-151) 0.016
Placental STB immunoreactivity score 49

C3d 6 (6-9) 5 (4-7) 0.299 4 (4-6) 4 (3-5) 0.433
Cad 4 (2-8) 2 (2-2) 0.089 0 (0-0) 0(0-0) 0.346
Cc9 4 (2-6) 4 (3-5) 0.960 1(0-3) 1(0-3) 0.898
Clq 0(0-1) 2(1-2) 0.092 0(0-1) 0(0-0) 0.143

Data are reported as mean # standard deviation, with p-values from independent samples t-tests, or as median (IQR), with p-values for Mann-Whitney U tests. Maternal

blood results were available for N=33/N=33 pre-eclampsia/control patients, whilst umbilical blood concentrations were available for N=12/N=24, with the exception of C4
(N=10/N=21). Placental results are based on N=19/N=30, with the exception of C3d, which only included N=29 controls, due to missing data in one case. Bold p-values are
significant at p<0.05. PE=Pre-eclampsia; STB=Syncytiotrophoblast.
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Table 3.13: Comparison of complement markers by mode of delivery between pre-eclampsia / control groups

Caesarean delivery Vaginal delivery
N PE Control p-value PE Control p-value

Maternal blood 66

iC3b (ng/ml) 472 + 126 605 + 167 0.03 527 (207) 611 (97) 0.412
C3(g/l) 1.90+0.43 2.38+0.41 <0.001 1.89(0.31) 2.21(0.23) 0.063
iC3b:C3 (x10°) 245 (194-284) 239 (213-289) 0.910 252 (183-356) 284 (251-301) 0.768
ca (g/l) 0.20 £ 0.08 0.31+0.09 <0.001 0.20 (0.09) 0.32 (0.04) 0.017
Properdin (ng/ml) 4834 + 817 6954 + 1490 <0.001 4816 (823) 6447 (943) 0.004
Ba (ng/ml) 161 (130-228) 119 (88-166) 0.012 126 (96-204) 109 (82-111) 0.327
C5b-9 (ng/ml) 237 (200-372) 236 (184-335) 0.545 240 (202-259) 290 (216-334) 0.462
Umbilical cord blood 36

iC3b (ng/ml) 898 (537-1179) 769 (627-922) 0.730 663 (496-817) 1154 (951-2532) 0.180
C3(g/l) 0.74+0.26 0.75+0.20 0.895 0.91+0.34 0.88+0.16 0.886
iC3b:C3 (x10°) 1283 (650-1901) 1114 (715-1461) 0.691 622 (537-846) 1215 (984-3428) 0.180
Ca (g/l) 0.12+0.04 0.14 £ 0.05 0.429 0.14 £0.03 0.13+0.03 0.827
Properdin (ng/ml) 2619 + 698 3339+1248 0.162 3396 £ 1013 3197 £377 0.761
Ba (ng/ml) 354 (315-393) 224 (136-246) 0.002 298 (253-338) 356 (306-391) 0.297
C5b-9 (ng/ml) 60 (52-82) 53 (41-72) 0.577 102 (90-121) 138 (120-151) 0.297
Placental STB immunoreactivity score 49

C3d 6 (6-9) 4 (4-6) 0.006 5(4-7) 4 (3-5) 0.180
Cad 4 (2-8) 0 (0-0) <0.001 2 (2-2) 0 (0-0) 0.046
Cc9 4 (2-6) 1(0-3) 0.002 4 (3-5) 1(0-3) 0.137
Clq 0(0-1) 0(0-1) 0.520 2(1-2) 0 (0-0) 0.046

Data are reported as mean # standard deviation, with p-values from independent samples t-tests, or as median (IQR), with p-values for Mann-Whitney U tests. Maternal

blood results were available for N=33/N=33 pre-eclampsia/control patients, whilst umbilical blood concentrations were available for N=12/N=24, with the exception of C4
(N=10/N=21). Placental results are based on N=19/N=30, with the exception of C3d, which only included N=29 controls, due to missing data in one case. Bold p-values are
significant at p<0.05. PE=Pre-eclampsia; STB=Syncytiotrophoblast.
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3.2.8.2 Effect of PE timing of onset on complement activity

Subjects with PE were categorised according to timing of PE onset to serve as a marker of disease
severity: early-onset PE (diagnosis of PE prior to 34 weeks gestation), versus late-onset PE (diagnosis
of PE at or after 34 weeks’ gestation). Baseline demographic and clinical outcome data are shown in
Table 3.14. There were no significant differences in maternal age, BMI, ethnicity or parity between
groups. However, early-onset PE was characterised by significantly higher blood pressure, lower
gestation at blood draw and delivery, lower birth weight, and higher rates of Caesarean section

delivery, preterm birth and NNU admission than the late-onset PE group.

Table 3.14: Demographic and clinic outcome data: early-onset versus late-onset pre-eclampsia

N Early-onset PE Late-onset PE p-value
(n=10) (n=24)
Maternal age at delivery (years) 34 29.4+6.7 31.1+6.6 0.504
BMI (kg/m?) 34 27.9+3.9 28.8+5.6 0.650
Ethnicity: 34 0.923
White 5 (50%) 10 (42%)
Asian 3 (30%) 9 (38%)
Black 2 (20%) 4 (17%)
Mixed/Other 0 (0%) 1 (4%)
Parity: 34 0.544
0 6 (60%) 19 (79%)
1 2 (20%) 2 (8%)
2+ 2 (20%) 3 (13%)
Peak SBP (mmHg) 34 173+ 15 159+ 11 0.005
Peak DBP (mmHg) 34 110+ 12 103+7 0.043
Peak uPCR (mg/mmol) 34 363.5(234.3-772.8) 241.5 (100.5-397.8) 0.050
Mode of delivery: 34 0.017
Caesarean 10 (100%) 14 (58%)
Vaginal 0 (0%) 10 (42%)
Gestation at (weeks):
Delivery 34 31.5(30.1-35.7) 37.4 (36.9-37.7) <0.001
Blood Draw 34 31.4 (29.8-35.5) 37.0(36.4-37.4) <0.001
PE diagnosis 34 30.9 (29.4-33.1) 36.4 (35.8-36.9) <0.001
Twin Pregnancy 34 0 (0%) 1(4%) 1.000
Preterm Birth (<37 weeks)* 34 10 (100%) 7 (29%) <0.001
Birth Weight (g)** 34 1676 + 726 2594 + 423 <0.001
Low Birth Weight (<2500 g)* 34 9 (90%) 10 (42%) 0.020
SGA (<10t" centile)* 34 9 (90%) 13 (54%) 0.061
Neonatal Unit Care* 34 7 (70%) 6 (25%) 0.022

Continuous variables are reported as mean # standard deviation, with p-values from independent samples t-
tests, or as median (IQR), with p-values from Mann-Whitney U tests. Categorical variables are reported as N
(column %), with p-values from Fisher’s exact tests. Bold p-values are significant at p<0.05. *For the twin
pregnancy, outcomes were the same for both babies; hence these were combined for analysis. **For the twin
pregnancy, the average weight of the two babies was assumed.
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Complement component markers in the maternal blood, umbilical cord blood, and placental tissue

were compared between early-onset and late-onset PE groups (see Table 3.15). Maternal blood C4

concentrations were significantly lower in the early-onset PE group than the late-onset group (0.16

vs. 0.22 g/L, p=0.048). There were no other significant differences in maternal blood complement, or

in any of the umbilical cord blood complement markers, between groups. Analysis of placental

immunoreactivity scores showed significant C9 deposition in late-onset PE placentas compared to

early-onset PE (median immunoreactivity score 6 vs. 2, p=0.023). There were no other significant

differences between groups for the other placental complement stains.

Table 3.15: Complement component markers: early-onset versus late-onset pre-eclampsia

Pre-eclampsia group
N Early-onset PE Late-onset PE p-value

Maternal blood 33

iC3b (ng/ml) 414+ 99 521 +163 0.063
C3 (g/l) 1.82+0.32 1.93+0.42 0.475
iC3b:C3 (x10°) 214 (189-243) 259 (202-308) 0.117
Ca (g/l) 0.16 £ 0.08 0.22 £0.08 0.048
Properdin (ng/ml) 4678 + 591 4894 + 887 0.243
Ba (ng/ml) 148 (109-181) 161 (124-236) 0.638
C5b-9 (ng/ml) 223 (204-299) 237 (198-349) 0.829
Umbilical cord blood 12

iC3b (ng/ml) 918 (664-1171) 740 (517-923) 0.830
C3 (g/l) 0.79+0.19 0.82+£0.32 0.911
iC3b:C3 (x10°) 1316 (880-1753) 840 (559-1531) 0.830
Ca (g/l) 0.07 £0.00 0.13+£0.03 0.141
Properdin (ng/ml) 2504 + 477 3030 £ 949 0.473
Ba (ng/ml) 323 (308-338) 337 (264-377) 0.830
C5b-9 (ng/ml) 44 (37-50) 89 (78-117) 0.053
Placental STB immunoreactivity score | 19

C3d 6 (4-6) 9 (6-9) 0.054
Cad 2 (2-11) 4 (2-5) 0.794
C9 2 (2-3) 6 (4-8) 0.023
Clq 0(0-1) 0(0-1) 0.769

Data are reported as mean # standard deviation, with p-values from independent samples t-tests, or as median
(IQR), with p-values from Mann-Whitney U tests. Maternal blood results were available for N=10/N=23 early-
onset PE/late-onset PE patients, whilst umbilical blood concentrations were available for N=2/N=10. Placental
results are based on N=7/N=12. Bold p-values are significant at p<0.05. PE=Pre-eclampsia;

STB=Syncytiotrophoblast.
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3.2.8.3 Effect of ethnicity on circulating complement activity

Subjects from the combined Birmingham and London cohorts were categorised into ‘Black’ and ‘non-
Black’ ethnic groups to enable an assessment of the potential effect of Black ethnicity on circulating
complement concentrations. Baseline demographic and clinical outcome data by group and PE
status are shown in Table 3.16. There were no significant differences between ethnic group

categories in any of the recorded maternal demographic factors or pregnancy outcome parameters.

Maternal blood complement component concentrations by ethnic group category and PE status are
shown in Table 3.17. Data from a total of 136 pregnancies from combined Birmingham and London
cohorts were available for properdin and Ba, whereas data from 66 pregnancies from the

Birmingham Cohort alone were available for the remaining complement markers (iC3b, C3, iC3b:C3

ratio, C4, and C5b-9).

There were no significant differences between Black and non-Black ethnic groups in any of the
complement components measured for women with PE or for healthy pregnant controls. However,
in the PE group, there was a possible signal for elevated C5b-9 levels in women of Black ethnicity,
compared with women of non-Black ethnicity (median C5b-9 concentration 390 ng/ml (IQR 261-590)
in Black women, vs. 232 ng/ml (IQR 198-277) in non-Black women, p=0.059). Although the difference
between groups did not reach statistical significance, there was very little overlap in the IQR

between ethnic groups.
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Table 3.16: Demographic and clinical outcome data: Black versus non-Black ethnicity

Combined Birmingham and London cohorts

Pre-eclampsia Controls
N Black non-Black p-value Black Non-Black p-value
(n=18) (n=51) (n=7) (n=61)
Maternal age at delivery (years) 137 31.6+45 32.3+7.3 0.660 33.2+5.8 31.2+5.3 0.348
BMI (kg/m?) 137 29.6+5.8 28.3+6.5 0.470 31.2+53 27.8+7.3 0.232
Mode of delivery: 137 1.000 1.000
Vaginal 6 (33%) 16 (31%) 2 (29%) 21 (34%)
Caesarean section 12 (66%) 35 (69%) 5(71%) 40 (66%)
Parity 137 0.367 0.422
0 10 (56%) 37 (73%) 3 (43%) 35 (57%)
1 4 (22%) 5 (10%) 3 (43%) 18 (30%)
2+ 4 (22%) 9 (18%) 1(14%) 8 (13%)
Peak SBP (mmHg) 135 173+ 15 166 £ 13 0.074 13217 132 +12 0.986
Peak DBP (mmHg) 135 107 £ 11 1057 0.323 817 82110 0.854
Peak uPCR (mg/mmol) 69 161.5 (55.3-401.8) 164.0 (84.0-317.5) 0.662 NA NA NA
Gestation at (weeks):
Delivery 136 36.1 (34.5-36.8) 36.9 (35.4-37.4) 0.063 39.7 (39.1-40.5) 39.4 (39.0-40.9) 0.885
Blood Draw 135 34.5(31.6-36.1) 35.8 (33.9-36.8) 0.075 34.6 (32.9-38.9) 36.7 (33.9-39.0) 0.460
PE diagnosis 69 33.7 (31.8-35.8) 34.7 (33.2-36.1) 0.229 NA NA NA
Early-onset PE (<34 weeks) 69 10 (56%) 19 (37%) 0.267 NA NA NA
Twin Pregnancy 137 1(6%) 0 (0%) 0.261 0 (0%) 0 (0%) 1.000
Preterm Birth (<37 weeks)* 137 14 (78%) 27 (53%) 0.094 1(14%) 1(2%) 0.197
Birth Weight (g)** 137 2204 + 847 2416 + 741 0.317 3615+ 492 3563 +514 0.800
Low Birth Weight (<2500 g)* 137 12 (67%) 27 (53%) 0.410 0 (0%) 0 (0%) 1.000
SGA (<10t centile)* 137 11 (61%) 28 (55%) 0.784 0 (0%) 7 (11%) 1.000
Neonatal Unit Care* 137 11 (61%) 24 (47%) 0.413 0 (0%) 5 (8%) 1.000

Continuous variables are reported as mean #* standard deviation, with p-values from independent samples t-tests, or as median (IQR), with p-values for Mann-Whitney U
tests. Categorical variables are reported as N (column %), with p-values from Fisher’s exact tests. Bold p-values are significant at p<0.05. *For the twin pregnancy, outcomes
were the same for both babies; hence these were combined for analysis. **For the twin pregnancy, the average weight of the two babies was assumed. NA=data were not

available in the cohort for the stated variable.
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Table 3.17: Complement component markers: Black versus non-Black ethnicity

Pre-eclampsia Controls

Complement marker N Black non-Black p-value Black non-Black p-value
Maternal blood

iC3b (ng/ml) 66 521 +276 482 £ 119 0.582 544 + 231 612 + 152 0.486
C3 (g/1) 66 1.74 £0.37 1.93+£0.40 0.298 2.44 +0.54 2.35+0.38 0.703
iC3b:C3 (x10°) 66 273 (200-303) 244 (194-299) 0.674 206 (193-235) 252 (221-294) 0.133
Ca (g/l) 66 0.23+0.09 0.19 £0.08 0.322 0.38 £0.00 0.30 £0.08 0.111
Properdin (ng/ml) 136 5151 + 1491 5030+ 1102 0.717 7462 + 1744 6892 + 1314 0.298
Ba (ng/ml) 136 147 (109-206) 163 (122-238) 0.532 144 (127-179) 129 (97-176) 0.552
C5b-9 (ng/ml) 66 390 (261-590) 232 (198-277) 0.059 254 (172-307) 236 (221-294) 0.791

Data are reported as mean * standard deviation, with p-values from independent samples t-tests, or as median (IQR), with p-values for Mann-Whitney U tests. Bold p-values
are significant at p<0.05. For women with pre-eclampsia, maternal blood concentrations were available for N=18/N=50 Black/non-Black ethnicity for properdin and Ba and
N=6/N=27 Black/non-Black ethnicity for the remaining complement markers. For healthy control pregnancies, maternal blood concentrations were available for N=7/N=61
Black/non-Black ethnicity for properdin and Ba and N=3/N=30 Black/non-Black ethnicity for the remaining complement markers.
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3.2.9 Comparison between complement assays tested in Newcastle and Birmingham
Complement assays for properdin, Ba and C5b-9 were repeated for a small number of randomly
selected patients from the Birmingham Cohort using commercially purchased ELISA kits (Hycult /
Quidel), and testing was performed in Birmingham (CIS, UoB) (see Methodology section 2.6). The
rationale for this was to ensure that the results were comparable to MSD assays carried out in
Newcastle. This would allow reliable complement testing to be undertaken in Birmingham using
commercially available ELISA kits for cohorts of women with CKD and of SSA ethnicity for chapters 4

and 5 of this thesis, respectively.

A total of 32 subjects had blood tests repeated for properdin (16 with PE, and 16 healthy pregnant
controls), and 20 subjects had repeat blood testing for Ba and C5b-9 (10 with PE, and 10 healthy
controls). Demographics are presented in Table 3.18. There were no significant differences in age,
BMI, ethnicity, or mode of delivery between groups. A greater proportion of the PE group were
nulliparous (81%, versus 38% of controls, p=0.025). Furthermore, the PE group delivered earlier in
pregnancy (median 36.9 weeks (IQR 36.0-37.5), versus 39.3 weeks in controls (39.0-40.6), p<0.001),
and had blood samples drawn earlier in gestation (36.7 weeks (35.5-37.1), versus 39.0 weeks (38.7-
40.4), p<0.001). Rates of preterm birth, low birth weight, and SGA deliveries were all higher in the PE

group than in controls (all p<0.001).
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Table 3.18: Demographic and clinical outcome data for repeat blood samples tested in

Birmingham
N PE Controls p-value

Maternal age at delivery (years) 32 28.5 (7.4) 30.1 (6.0) 0.517
BMI (kg/m2) 32 27.2 (5.0) 27.9 (4.4) 0.696
Ethnicity: 32 0.753

White 9 (56%) 9 (56%)

Asian 4 (25%) 4 (25%)

Black 3 (19%) 2 (13%)

Mixed/Other 0 (0%) 1 (6%)
Parity 32 0.025

0 13 (81%) 6 (38%)

1 2 (13%) 6 (38%)

2+ 1(6%) 4 (25%)
Peak blood pressure (mmHg)

SBP 32 150 (157-163) 128 (123-136) <0.001

DBP 32 104 (101-108) 80 (71-86) <0.001
Peak uPCR (mg/mmol) 16 379.0 (244.3-491.8) NA NA
Mode of delivery 32 1.000

Caesarean 12 (75%) 13 (81%)

Vaginal 4 (25%) 3 (19%)
Gestation at (weeks):

Delivery 31 36.9 (36.0-37.5) 39.3 (39.0-40.6) <0.001

Blood draw 31 36.7 (35.5-37.1) 39.0 (38.7-40.4) <0.001

PE diagnosis 16 35.7 (33.5-36.6) NA NA
Early-onset PE (<34 weeks) 16 5 (31%) NA NA
Preterm birth (<37 weeks) 32 10 (63%) 0 (0%) <0.001
Birth weight (g) 32 2311 (725) 3457 (344) <0.001
Low Birth Weight (<2500g) 32 10 (63%) 0 (0%) <0.001
SGA (<10t centile) 31 9 (56%) 0 (0%) <0.001
Neonatal unit care 32 6 (38%) 2 (13%) 0.110

Continuous variables are reported as mean * standard deviation, with p-values from independent samples t-
tests, or as median (IQR), with p-values from Mann-Whitney U tests. Categorical variables are reported as N
(column %), with p-values from Fisher’s exact tests. Bold p-values are significant at p<0.05.

A comparison of complement component concentration by location tested / assay used is shown in

Table 3.19. Although absolute values differ between groups, the results show that properdin

concentrations were significantly lower in women with PE using either MSD assays in Newcastle, or

Hycult assays in Birmingham (p<0.001 for both, when compared to healthy pregnant controls).

Similarly, Ba levels were significantly elevated in women with PE compared to controls, for both

Newcastle MSD assays (p<0.001), and Birmingham Quidel assays (p=0.019). There were no
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significant differences in C5b-9 between women with PE and healthy controls for either of the assays

used.

Bland-Altman plots are displayed in Figure 3.10, to enable further comparison of complement assays

carried out in Newcastle and Birmingham.

The plot for properdin assays is indicative of a proportional bias being present. The higher the mean
properdin concentration, the greater the degree of difference between the Newcastle and
Birmingham assay result. There appeared to be a linear relationship between the two variables, so
linear regression analysis was conducted to identify the conversion factor between assay results.
This found that: Birmingham assay properdin (ng/ml) = (1.77 x Newcastle assay properdin) + 5226; R?

0.549, p<0.001.

Similarly, the plot for Ba was also indicative of a proportional bias, with a linear relationship between
mean assay result and difference between assay results. Linear regression analysis found that:
Birmingham assay Ba (ng/ml) = (3.91 x Newcastle assay Ba) + 472; R? 0.670, p<0.001. The higher R?
value indicates that this model is more accurately able to predict Ba values than the preceding

properdin model.

In contrast, the C5b-9 Bland Altman plot showed fixed bias (a consistent difference between
Newcastle and Birmingham assay results, regardless of the mean C5b-9 concentration). The mean

difference between C5b-9 assay results was 16.5 ng/ml (95% limits of agreement -123.5 to 156.5).

The absolute concentrations of complement components were generally higher in magnitude in the
assays conducted in Birmingham, compared to those tested in Newcastle. The cause of the
difference in results between assays may be related to the assays being calibrated to different
reference material, in particular with the standards used for properdin and Ba differing between the

assays conducted in Newcastle, and those tested in Birmingham.

162



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

Table 3.19: Complement component results by location tested / assay used

Blood Marker Newcastle Results (MSD assays) Birmingham Results (Hycult / Quidel assays)
(ng/ml) N Pre-eclampsia Control p-Value Pre-eclampsia Control p-Value
Maternal 32 4275 + 568 7481 + 1393 <0.001 12605 + 3052 18669 + 3915 <0.001
Properdin
Maternal 188 89 1286 853

20 <0.001 0.019
Ba (146-245) (79-108) (977-1544) (626-1001)
Maternal 234 200 262 204

20 0.149 0.481
C5b-9 (183-391) (176-257) (196-378) (175-356)

Data are reported as mean # standard deviation, with p-values from independent samples t-tests, or as median (IQR), with p-values from Mann-Whitney U tests. Maternal

properdin results were available for N=16/N=16 PE/control patients, whereas maternal Ba and C5b-9 concentrations were available for N=10/N=10. Bold p-values are
significant at p<0.05.
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Bland-Altman Plot - maternal properdin
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Figure 3.10: Bland-Altman plots comparing complement assays conducted in Newcastle and

Mean C5b-9 result, ng/ml (Birmingham and Newcastle assay)

Birmingham

Bold horizontal line indicates the mean difference between assay results, and dashed lines indicate upper and

lower 95% limits of agreement.
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3.3 Discussion

3.3.1 Summary of findings

There is accumulating evidence supporting the role of complement dysregulation in the
pathogenesis of PE, but the precise mechanisms are debated (4, 11), and the relationship between
circulating complement and placental complement deposition is unclear. This study reports novel
evidence of simultaneous placental complement deposition, associated with significant changes in

complement biomarkers in the maternal and fetal circulation, in women with PE.

3.3.1.1 Complement in the maternal and fetal circulation

In this study, women with PE had significantly lower plasma properdin concentrations when
compared to healthy pregnant controls. This is the first time a reduction in properdin in the setting
of PE has been reported. The findings were replicable in a separate validation cohort, and significant
differences in properdin concentration persisted after controlling for gestational age at blood draw,
and after controlling for excretory renal function and other immunological markers including B2M
and sFLCs. Furthermore, maternal plasma properdin concentration appears to provide excellent

diagnostic accuracy at distinguishing between cases of PE from healthy pregnancy.

Properdin acts as a positive regulator of the alternative complement pathway by stabilising surface-
bound C3 convertase and prolonging its half-life, potentiating alternative pathway activity. In
addition, it has been shown that properdin is able to bind to self-surfaces (including apoptotic and
necrotic cells, and platelets), to directly trigger alternative pathway activation (224, 241, 242).
Significantly reduced plasma properdin levels have previously been reported in the context of C3
glomerulopathy (243), ANCA vasculitis and active lupus nephritis (244), but never before in PE. A
reduction in circulating properdin is indicative of excessive alternative complement pathway activity

through properdin consumption from deposition in tissues (224).
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Elevated concentrations of Ba (an activation fragment of Factor B) in maternal and umbilical cord
blood provided further evidence of excessive alternative pathway activity in PE. However, the
difference between PE and healthy control groups was not statistically significant in the London
Cohort, or after adjusting for the effect of gestational age at blood draw. The Birmingham Cohort
results may have been influenced by the earlier gestation at blood draw in PE subjects. However, a
longitudinal study found that Factor B concentration rises during the first and second trimesters, and
levels off after 28 weeks in normal pregnancy (36). Thus, gestational differences may not be a

significant confounding factor for Ba results drawn from the third trimester.

Excessive alternative complement pathway activation in PE has been reported in existing
gestationally matched cross-sectional studies. There is no published data on Ba concentrations in the
setting of PE, but several studies report changes in Bb, another split product of Factor B. Increased
levels of Bb have been found in PE when compared to healthy control pregnancies (139, 140, 148),
as well as decreased Factor H levels (140), although one study reported no differences in Bb
concentrations between PE, healthy control pregnancies, and healthy non-pregnant women (34).
The cases involved in this study were less severe, later-onset PE, with blood samples tending to be
drawn later in pregnancy (34). In a large prospective study of pregnant women, subjects with a top
decile Bb level at 10-20 weeks’ gestation were significantly more likely to develop PE later in
pregnancy (adjusted OR 6.1, 95% Cl 2.2-17.0, p<0.001) (17). The authors inferred that excessive
alternative pathway activation was a feature of PE from as early as the first trimester, and that Bb
could be a useful biomarker for pregnancies at risk of PE. This theory was corroborated by a more
recent longitudinal study of pregnancy, which reported elevated first trimester Factor B and Factor H

levels in women who went on to develop PE (138).

In the present study, subjects with PE had reduced maternal blood concentrations of C4 when
compared to healthy pregnant controls. This is in keeping with previous research, which has

reported reduced circulating C4 in women with PE (142), and high levels of split product C4d (34),
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and is indicative of C4 consumption through activation of the classical or lectin complement
pathways. C4 remained independently associated with PE after controlling for gestational age and
other potential confounding factors including renal function. The assay used in this study detected
both native and activated forms of C4, so reduced concentrations in subjects with PE are likely to

represent significant consumption.

C3 concentrations were reduced in the maternal plasma of patients with PE. This could indicate
consumption due to excessive complement activation in PE. However, iC3b, a split product of C3b
and biomarker of C3 activation, was not increased. This could indicate that C3 activation is highly
localised, or that levels reflect background ‘tickover’ of complement; a possibility supported by the
stable iC3b:C3 ratios. Alternatively, this could be a gestational effect, as differences in iC3b between
groups did not persist after adjusting for gestational age at blood draw. Note that earlier research
has not reported significant differences in C3 concentrations in subjects with PE, although assays

used measured both native and activated forms of the protein (142, 147).

The present study did not report any significant differences in C5b-9 between PE and control groups.
Published data on C5b-9 concentrations in the setting of PE are conflicting (245). Some studies
report elevated maternal blood concentrations of C5b-9 in women with PE compared to control
pregnancies (148, 150, 152), with associations with fetal growth restriction (34), early-onset disease
(147), and HELLP syndrome (246). These reports are contradicted by other studies that found no
difference in plasma C5b-9 levels in women with PE versus healthy controls (138), and no association
with early onset PE (148), or PE with severe features (150, 154). There were no cases of HELLP
syndrome in the Birmingham Cohort, and relatively small numbers of early-onset, severe PE, which
may have contributed to the lack of difference seen in C5b-9 seen between groups. Buurma and
colleagues reported increased deposition of the membrane-bound complement regulator CD59 in

the placental tissue of women with PE (31). Upregulation of CD59 may help mediate terminal
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complement pathway activation and may explain why circulating C5b-9 levels are not always raised,

particularly at the milder end of the PE disease spectrum.

Ba was the only umbilical cord complement marker found to differ significantly between PE and
healthy control groups. In addition, there was significant positive correlation between maternal and
umbilical cord plasma Ba concentrations. This finding is consistent with earlier research that found
Bb to be elevated in the maternal and cord blood of patients with severe PE (139), although a later
larger study refutes this, with no reported difference in cord blood Bb between women with PE and
healthy control pregnancies (141). Elevated cord blood Ba concentrations in pregnancies affected by
PE might indicate diffusion of this relatively small molecule across the maternal-fetal interface (225),
rather than fetal circulatory complement activation per se. This is particularly the case, given that no
other umbilical cord blood complement components significantly differed between PE and controls,
together with the lack of correlation between umbilical cord blood complement and placental
complement deposition. Ba is a relatively small molecule, weighing 30 kDa (225), whereas the other
complement components measured have relatively larger molecular weights and may not have such

propensity to diffuse from the maternal to fetal circulation.

Umbilical cord blood complement concentrations tended to be lower in magnitude than their
equivalent complement biomarkers in the maternal circulation. A study by Saleh at al. has previously
shown this pattern in healthy pregnancy, which is reflective of the immature fetal innate immune
system (37). The only exceptions to this in the present study were Ba and iC3b concentrations, which
were higher in umbilical cord blood than in maternal blood. Both are unstable complement
activation fragments, and therefore may have been more liable to activation during sample

collection, freezing, and thawing.

3.3.1.2 Placental complement deposition
The present study, for the first time, examined placental tissue for the same subjects from which

maternal and fetal blood samples were drawn. Immunohistochemical analysis demonstrated that
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C4d was present on the STB membrane in almost all PE placentas, whereas it was observed rarely in
healthy controls. These findings are in keeping with previous studies reporting increased placental
C4d deposition in women with PE (31, 132, 133). In their study comparing placental tissue staining
from 28 cases of PE and 44 healthy controls, Buurma et al. found no evidence of increased MBL
deposition in PE, but co-localisation of C1q staining with areas of diffuse C4d deposition (31). Thus,
C4d deposition in PE is likely to be driven by classical (rather than lectin) pathway activation. Further
analysis found a trend towards IgM immune deposits (rather than fetally-derived IgG) in placental
tissue exhibiting increased C4d deposition. The authors argue that this is suggestive of ischaemia-
reperfusion injury driving classical pathway activation (driven by IgM binding to damaged

endothelium), rather than activation driven by antibodies directed at fetal antigens (31, 247).

Immunohistochemical analysis in the present study also demonstrated excessive deposition of C3d
and C9 on the STB membrane in PE placentas. Although there are some reports of increased
placental C3d deposition in PE in the current literature (135, 136), the evidence base is sometimes
conflicting, with other studies reporting no significant differences in deposition of C3d (25) or
properdin (31) — another marker of alternative complement pathway activity — between cases of PE
and healthy pregnant controls. Reports of MAC deposition are similarly variable; probably related in
part to the relatively small sample sizes that existing studies are based upon. Some research groups
have reported increased MAC deposition in PE placentas (30, 133), particularly at sites of villous
injury (248), although this finding is refuted by others (25). The presence of C9 is indicative of MAC
assembly on the surface of villi. This implies that placental complement activation extends

downstream as far as the terminal part of the complement cascade in PE.

No significant differences were found in the intensity and distribution of placental C1q deposition
between PE and controls. It is possible that the protease pre-treatment method may have removed
bound Clq, leading to false negative results. The current evidence base, albeit small, has variably

reported reduced Clq deposition at the STB surface in women with PE (25); and no difference in Clq
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deposition between PE cases and healthy controls (31). It has been postulated that Clq deposition is

an important feature of normal placentation, but the present study is unable to confirm this.

Importantly, the data from this study show that placental C4d deposition at the STB surface was
negatively correlated with maternal blood properdin and C4 concentrations. This indicates that
those patients with the greatest degree of complement consumption within the maternal circulation

also had concurrent high complement deposition within placental tissue.

3.3.1.3 Relationship between complement and biochemical / immunological markers

Women with PE had significantly elevated biomarkers of excretory renal dysfunction (creatinine,
cystatin C, urea and uric acid), compared to healthy pregnant controls. This was an expected finding,
given that abnormal renal function is one of the hallmark diagnostic features of PE. After controlling
for biochemical and immunological markers in multivariate analysis, maternal properdin, C4, and C3
remained independently associated with PE. However, the difference in Ba between women with PE

and controls did not remain significant.

Ba is known to be renally excreted and in previous research was found to be significantly elevated in
patients with advanced CKD, compared to the normal assay range (249). Therefore, the increased
levels of Ba seen in PE compared to controls in the Birmingham Cohort may be reflective of poorer
renal function rather than complement activation. The caveat to this is that the Birmingham PE
group had a median creatinine of 59.5 umol/L, which is considered to be within the normal range in
pregnancy (250). Although there were more patients with abnormal renal function (creatinine > 77
umol/L (250)) in the PE group as compared to controls, the difference in proportion between groups
was not significant (9% versus 0% respectively, p=0.238). Therefore, any effect on excretion of small
and middle molecules would be expected to be minimal. Overall, the potential confounding effect of
renal dysfunction on circulating complement marker concentration in PE should be borne in mind

when reviewing and interpreting the current evidence base.
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B2M and sFLC concentrations were raised in the context of PE in this study. B2M, kappa, and
combined sFLC concentrations (but not lambda light chains) remained significantly associated with
PE after controlling for serum creatinine concentration. Previous research also reports an association
between elevated B2M levels and adverse pregnancy outcomes in women with PE, leading the
authors to suggest that B2M could be a potentially useful biomarker for PE (142). The same study
also found significantly reduced IgG concentrations in women with PE. This finding was replicated in

the present study, and may represent IgG consumption as a result of complement activation (142).

3.3.1.4 Complement activation and mode of delivery

Little is known about whether mode of delivery impacts upon complement activation. It seems
plausible that vaginal delivery could cause a more prolonged inflammatory state than a planned
Caesarean section. Recent evidence has reported increased concentrations of endothelial markers in
umbilical cord blood following spontaneous vaginal delivery, as compared to planned Caesarean
section delivery (251). This is suggestive of endothelial cell activation, which can be stimulated by
excessive complement activation (252). Therefore, theoretically, parturition could also be associated
with a greater degree of complement activation than surgical (Caesarean) delivery. This could have
confounded study results for umbilical cord blood and placental tissue (but not for maternal blood

complement, as maternal blood samples were all drawn prior to the onset of labour).

Subgroup analysis did not highlight any impact of mode of delivery on complement deposited within
placental tissue. This is in accordance with the findings from an in vitro study of human placental
cells taken from healthy pregnancies, which showed that mode of delivery and the process of giving
birth had no significant effect on complement expression (32). There was evidence, however, of
increased Ba and C5b-9 levels in the umbilical cord blood of healthy control pregnancies delivered
vaginally, as compared to Caesarean deliveries. This may indicate that excess complement activation
took place during vaginal delivery. However, this trend was not seen in the pre-eclamptic

pregnancies, nor in one small study of neonatal complement levels which showed no impact of
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mode of delivery upon results (38). Overall, there is no conclusive evidence from this study for mode

of delivery impacting upon umbilical cord blood or placental complement expression.

3.3.1.5 Complement activation and pre-eclampsia timing of onset

Subgroup analysis of early-onset versus late-onset PE showed that of all the circulating complement
markers tested, only maternal C4 levels significantly differed between groups. Reduced C4
concentrations are suggestive of increased complement activation in earlier onset (typically
placentally-driven) disease. However, the results may be impacted by significantly earlier gestation
at blood draw in the early-onset PE group. A longitudinal study of pregnancy found that C4 levels rise
until delivery (37), and therefore the lower concentrations seen in the early-onset PE group could be

a result of gestational differences, rather than excessive complement activation.

This subgroup analysis involved a relatively small number of cases. Any inferences must be drawn
with some caution, and a larger sample size would be needed to accurately adjust for the effect of
gestation. For this reason, logistic regression analysis was not conducted due to the risk of

overfitting the regression model, and misinterpretation of any potential associations.

Previous research examining the effect of PE time of onset on maternal blood complement levels
found no significant difference in Bb concentrations when comparing early-onset with late-onset PE
(148). Similarly, maternal plasma C5b-9 levels do not appear to differentiate between early- and
late-onset cases of PE (148, 150). However, one group did report an association between elevated
maternal plasma C5b-9 levels and fetal growth restriction, suggesting that terminal pathway
activation could be a feature of more severe, placentally-driven forms of PE (34). Interestingly,
several studies have demonstrated that urine C5b-9 levels are superior to plasma C5b-9 in
identifying cases of PE with severe features (150, 152, 153). This suggests that PE with severe

features is characterised by renal complement activation.

Prior studies have reported associations between placental C4d deposition and adverse pregnancy

outcomes, including lower gestational age (31) and fetal growth restriction (132) in women with PE.
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It is postulated that poor placentation with associated oxidative stress and ischemia-reperfusion
insults lead to excessive complement activation in more severe forms of PE (132). No significant
differences in C4d deposition between early-onset and late-onset PE cases were observed in the
present study. However, C9 immunoreactivity scores were actually higher in the late-onset PE group
than the early-onset group. This subgroup analysis may be underpowered to detect significant

differences in placental complement staining between PE subgroups.

3.3.1.6 Complement activation and ethnicity

High rates of PE have been reported in women of Black ethnicity (175, 207, 253, 254). In subgroup
analysis of combined cohorts there was no evidence of excessive complement activation in the
maternal circulation in women of Black ethnicity, compared to those of non-Black ethnicity. This
might suggest that complement activation is not responsible for the high rates of PE seen in Black
populations. There was however a potential signal for C5b-9, which appeared to be elevated in Black
women with PE when compared to non-Black women with PE, although the difference between

groups did not reach statistical significance.

There were relatively few women in the Birmingham and London cohorts who identified as Black,
and as such this analysis is underpowered to detect significant differences between groups.

Furthermore, there are likely to be multiple ethnic groups represented within those women who
identified as Black; including women of Black African, Black Caribbean, and mixed heritage. There

may be specific differences between these groups contributing to their individual risk of PE.

The effect of ethnicity on PE will be discussed in depth in Chapter 5.

3.3.2 Proposed mechanism of complement activation in pre-eclampsia pathogenesis

The findings from this research support a hypothesis that in PE, properdin binds to activated

complement in placental tissue, resulting in depleted plasma concentrations. Depleted circulating

173



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

properdin concentrations have previously been reported in studies of glomerular disease and are
thought to represent a movement of properdin from the fluid phase to sites of surface-bound

complement activation within tissue (224).

Classical pathway activation is thought to predominantly drive C4d deposition within the placenta in
cases of PE and is likely to be triggered by oxidative stress and repeated ischemia-reperfusion injury
caused by defective placental development (2, 31, 131, 132). The amplification loop then

exacerbates the cycle of activation via the alternative complement pathway.

This hypothesis is reflective of pathogenetic mechanisms suggested from murine models of PE, in
which early placental inflammation in diseased mice triggered further alternative pathway
amplification, and alternative pathway blockade resulted in rescue of pregnancy (15). Interestingly,
human studies also report alternative pathway dysregulation from early in pregnancy, suggesting
that inappropriate complement activation begins early in PE as the placenta is developing, before

clinical symptoms are detectable (17, 138).

Animal studies and in vitro studies of human pregnancy reporting links between complement
activation and disordered angiogenesis directly implicate aberrant complement activity in the
pathogenesis of the clinical syndrome of PE. Murine studies of PE have demonstrated that
complement activation can stimulate the release of antiangiogenic sFlt-1 (15), and that complement
blockade can reduce sFlt-1 production (15, 129) and restore placental mean arterial pressure to
normal levels (131). This results in improved placental vascularisation, a reduction in placental
oxidative stress, and rescue of pregnancy (15, 112, 129). In humans, complement activation of
placental trophoblast cells leads to upregulation and secretion of sFlt-1 (137), and placental
deposition of C4d and MAC are strongly correlated with placental sFlt-1 in women with PE (133). Itis
postulated that abnormal sFlt-1 expression stimulates complement activation during early placental

development in women with PE (114). Complement activation and amplification may in turn trigger
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further sFlt-1 production as the pregnancy progresses, which leads to increasing inflammation and

maternal endothelial dysfunction (133, 163).

Inhibition of complement activation could be a viable treatment option for women PE: particularly
for those with severe or early-onset disease who suffer the greatest maternal and obstetric
morbidity and premature iatrogenic delivery. Complement blockade could allow better pregnancy
outcomes through preventing cumulative placental tissue damage, and the endothelial dysfunction

that results.

3.3.3 Strengths and limitations

This study’s major strength is the simultaneous analysis of complement across multiple tissue types:
this is the first time an analysis of concurrently collected maternal blood, umbilical cord blood, and
placental tissue complement has been reported. The findings are strengthened by being replicable in
a separate validation cohort, and after controlling for gestational age at blood draw, as well as for
biochemical and immunological biomarkers. Whilst this study cannot prove direct cause and effect,
the results do provide new mechanistic insights into the role of complement in the pathogenesis of
PE across different tissue types, and enhance the evidence base towards potential much-needed

therapeutic targets in the identification and treatment of PE.

This study also features some other important novel findings. Maternal properdin is identified as a
particularly significant marker of PE, and is strongly associated with placental complement
deposition, which has never been reported before in the existing literature. Furthermore, the study
reports on a wide panel of umbilical cord complement components in PE and healthy pregnancy,

strengthening the limited evidence base in this specific area.

Although not individually matched, PE and control groups were comparable for maternal age, BMI

and parity, and included a diverse mix of ethnicities which reflect the local populations of the
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cohorts. Analysis of potential confounding factors including mode of delivery was conducted, and
any women with known pre-existing medical conditions including chronic hypertension and

autoimmune disease were excluded.

The primary limitation of the blood sample analysis was the difference in gestation at which samples
were collected between the PE and control groups. This was largely a consequence of sample
collection logistics, as women with PE tended to present to hospital and deliver earlier in pregnancy
than controls. Consequently, if complement concentrations varied over the course of the pregnancy,
this difference in gestational age would confound comparisons of PE vs. controls. For maternal blood
complement results, a regression analysis was used to account for any effect of gestation. However,
the lack of crossover in gestational ages between the PE and control groups for the Birmingham
cohort meant that these models needed to extrapolate the trends for later gestations in the PE
group, and for earlier gestations in the control group. Therefore, the accuracy of the adjustment
cannot be confirmed, and over-adjustment or residual confounding may have been present in the

final models.

Whilst the introduction of a validation cohort strengthened the maternal blood complement marker
analysis, the absolute numbers of umbilical cord blood and placental tissue samples were relatively
smaller. There were inherent difficulties in collecting these samples — with some being discarded or
lost during night-time deliveries, or if clinical / emergency need superseded the research
requirements. Further tests, including circulating angiogenic markers, and placental properdin
immunostaining would have strengthened the research further, but were not possible within the

time and cost constraints of the study.

When comparing complement component results with biochemical and immunological markers,
there is likely an inflated false positive rate, due to the number of comparisons being performed.
However, applying adjustment for multiple comparisons would likely lead to a grossly inflated false

negative rate, given the relatively small sample size (231). Attempts to mitigate the impact of
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multiple comparisons were made by additionally identifying comparisons that remained significant
after Bonferroni-correction, in analyses with large numbers of comparisons. However, the potential

for false positives throughout the study must be considered when interpreting the results.
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3.4 Conclusions

In conclusion, this study for the first time demonstrates evidence of excessive placental complement
deposition (particularly C4d), associated with significant concurrent changes in complement
biomarkers (consumption of properdin, C4, and C3, and production of Ba in maternal circulation, and
elevated Ba in fetal circulation) in pregnancies affected by PE. Classical complement pathway activity
may drive placental C4d deposition, and the amplification loop potentiates further complement
activation via the alternative pathway. Placental complement deposition is strongly correlated with
complement activation within the maternal circulation, suggesting that those patients with the most
excessive changes in circulating markers of complement activation also have the greatest extent of
placental complement-mediated damage. Inhibition of complement activation might be a viable
treatment option for women with PE, particularly for those with early-onset or severe forms of
disease. This could allow improved pregnancy outcomes through blocking placental tissue damage
and the endothelial dysfunction that results. Furthermore, longitudinal monitoring of complement
biomarkers during pregnancy (such as a decrease in maternal properdin concentration) could be a

useful adjunct in PE diagnosis and prognostication.
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CHAPTER 4

INVESTIGATING THE ROLE OF COMPLEMENT

IN THE PATHOGENESIS OF

SUPERIMPOSED PRE-ECLAMPSIA

IN WOMEN WITH CHRONIC KIDNEY DISEASE
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4 Investigating the role of complement in the pathogenesis of
superimposed pre-eclampsia in women with chronic kidney
disease

4.1 Summary and overview

Superimposed pre-eclampsia (SPE) affects up to 40% of women with CKD during pregnancy (79). This
equates to a 10-fold greater prevalence than for PE in women without pre-existing renal disease (82,
173). Women with more severe pre-pregnancy renal impairment, proteinuria, or chronic
hypertension are at greater risk of developing SPE during pregnancy (73, 173, 179, 188, 190), as well
as those with a prior kidney transplant (191). Putative mechanisms for the increased risk include
disrupted angiogenesis and complement activation, which can lead to endothelial dysfunction in

both CKD and SPE (11, 79, 195, 196, 198).

The diagnosis of SPE in women with CKD is challenging because hypertension, proteinuria and renal
dysfunction characterise both conditions. Renal physiological changes in normal pregnancy can
cause further diagnostic uncertainty. In the absence of standard diagnostic criteria for SPE, relative
changes in blood pressure, creatinine and proteinuria during pregnancy are analysed in addition to
expert consensus review (79, 192, 203). The management of SPE is limited to prophylactic aspirin for
at-risk individuals and regular antenatal surveillance of blood pressure and proteinuria. There is no
definitive treatment other than expedited delivery of baby and placenta, which is often necessitated
preterm. There is therefore a need for biomarkers to aid in the earlier diagnosis of SPE for women
with CKD, and a need for identification of potential therapeutic targets to provide an alternative to

premature delivery.

Together with a growing body of evidence in published literature, the findings from Chapter 3 of this
thesis implicate complement in the pathogenesis of PE in women with no pre-existing medical
conditions (4, 9, 11). There is however a scarcity of evidence for the role of complement in SPE

pathogenesis for women with CKD, despite the very high prevalence of SPE in this patient cohort.
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Data are limited to a single small study, which reported no difference in C3a, C5a, Factor H, or C5b-9
concentrations between women with CKD and SPE, and those without SPE (203). It is therefore
unclear if the same complement pathways identified in PE pathogenesis research apply to SPE, or if

different mechanisms may be responsible for the high rates of disease seen in women with CKD.

The specific aims of this arm of research were to:

- Investigate biomarkers of complement activation in the maternal circulation (Ba, properdin
and C5b-9) in a cohort of pregnant women with CKD; a proportion of whom developed SPE
during pregnancy.

- Analyse whether complement dysregulation is associated with adverse pregnancy outcome
in women with CKD.

o Adverse pregnancy outcome was a composite measure, defined as any of:

= neonatal death,

PTB (delivery prior to 37 weeks’ gestation),
= admission to neonatal unit,

= Jow birth weight (< 2500 g), or

SGA baby (birth weight < 10™ centile).

For this research project, SPE was defined as per the diagnostic criteria listed in section 2.4.6.
Maternal blood samples were compared between SPE and non-SPE groups at 3 specified timepoints:
early pregnancy (samples collected at 0-16 weeks gestation), mid-pregnancy (16+1 to 27+6 weeks)
and late pregnancy (28+ weeks). For the purposes of this study, these timeframes will be referred to

as ‘trimester 1’, ‘trimester 2’, and ‘trimester 3’.
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4.2 Results

4.2.1 Cohort characteristics

A total of 75 pregnancies in 69 women with CKD were included in this study: 6 women had 2
pregnancies, with the remaining 63 women having a single pregnancy each. Of the 75 pregnancies,
29 were assessed to have been complicated by SPE. Cohort characteristics are displayed in Table 4.1.
Age, BMI, ethnicity, and parity were comparable between SPE and non-SPE groups. There were no
significant differences between groups in the timing of blood draw during each trimester. The
median gestation at blood draw 1 was 13.7 weeks (IQR 11.8-14.2) in SPE pregnancies, vs. 13.1 weeks
(10.3-14.2) in the non-SPE group, p=0.612. For blood draw 2, the median gestations were 24.6 weeks
(22.7-27.1) vs. 24.9 weeks (22.9-26.5), p=0.927, and for blood draw 3, 32.4 weeks (29.8-35.6) vs.

34.0 weeks (31.6-35.1), p=0.330 for SPE vs. non-SPE pregnancies, respectively.

The SPE group had increased rates of adverse pregnancy outcomes, including Caesarean delivery
(79% in SPE vs 46% in non-SPE, p=0.004), PTB (median gestation at delivery 36.0 weeks in SPE vs 37.9
weeks in non-SPE, p<0.001), lower mean birth weight (2369 g in SPE vs. 2824 g in non-SPE, p=0.002),
and higher rates of NNU admission (36% in SPE vs. 13% in non-SPE, p=0.048). Despite this, there
were no significant differences in SGA babies between groups (29% of SPE pregnancies vs. 27% non-

SPE, p=1.000).

4.2.1.1 Renal characteristics

Women who developed SPE during pregnancy tended to have poorer pre-pregnancy renal function
when compared to non-SPE pregnancies, although the differences between groups did not reach
statistical significance. Median pre-pregnancy creatinine in the SPE group was 99.0 umol/L, and GFR
58.5 ml/min/1.73m?, compared to 80.5 umol/L and 73.0 ml/min/1.73m?in the non-SPE group
(p=0.075 and p=0.114, respectively). Both study groups included patients with pre-pregnancy CKD
stages 1-4, although a significant proportion of participants had ‘mild’ disease (CKD stages 1 and 2)

233). Patients who developed SPE tended to have a more advanced pre-pregnancy CKD stage (50%
(233) p pre-pregnancy ge (
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of the SPE group had a pre-pregnancy CKD stage of 3 or 4, compared to 23% of the non-SPE group,

p=0.062).

There were no significant differences in the cause of CKD between groups, although of note, there
were higher proportions of subjects with glomerulonephritis and lupus in the SPE group (54% vs.
33% of the non-SPE cohort, p=0.366). A comparable proportion of patients had a kidney transplant
in SPE and non-SPE pregnancies (10% vs. 7% respectively, p=0.671). The SPE group was characterised
by increased pre-pregnancy proteinuria: median urine albumin creatinine ratio (UACR) 35.3
mg/mmol in SPE vs. 2.7 mg/mmol in non-SPE (p<0.001), and higher rates of chronic hypertension

(66% in SPE vs. 26% in non-SPE, p<0.001).
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Table 4.1: Demographic and clinical outcome data: CKD cohort

N SPE Non-SPE p-value
Maternal age at delivery (years) 75 29.2+5.7 30.2+5.8 0.496
BMI (kg/m?) 72%* 28.5+£5.6 26.3+£5.7 0.120
Ethnicity:** 69 0.411
White 19 (73%) 16 (60%)
Asian 6 (23%) 10 (23%)
Black 1 (4%) 4 (9%)
Mixed/Other 0 (0%) 3 (7%)
First pregnancy 75 12 (41%) 16 (35%) 0.628
Mode of delivery 75 0.004
Caesarean 23 (79%) 21 (46%)
Vaginal 6 (21%) 25 (54%)
Gestation at (weeks):
Delivery 75 36.0 (33.4-37.4) 37.9(37.0-38.9) <0.001
Blood draw 1 42 13.7 (11.8-14.2) 13.1(10.3-14.2) 0.612
Blood draw 2 52 24.6 (22.7-27.1) 24.9 (22.9-26.5) 0.927
Blood draw 3 62 32.4 (29.8-35.6) 34.0(31.6-35.1) 0.330
Fetal outcomes:
Birth weight (g) 72% 2369 + 707 2824 + 471 0.002
SGA (<10t centile) 72% 8 (29%) 12 (27%) 1.000
Neonatal unit care 62* 8 (36%) 5(13%) 0.048
Pre-pregnancy renal status:
Creatinine (umol/L) 68* 99.0 (66.3-132.8) 80.5 (65.3-96.8) 0.075
GFR (ml/min/1.73m?) 69* 58.5 (44.0-90.0) 73.0 (61.5-90.0) 0.114
UACR (mg/mmol) 65* 35.3(9.4-89.4) 2.7 (0.8-30.7) <0.001
Chronic hypertension 75 19 (66%) 12 (26%) <0.001
Kidney transplant 75 3 (10%) 3 (7%) 0.671
Pre-pregnancy CKD stage: 69* 0.062
1 8 (31%) 12 (28%)
2 5 (19%) 21 (49%)
3 12 (46%) 9 (21%)
4 1 (4%) 1(2%)
Cause of CKD:** 69 0.366
Glomerular disease 8 (31%) 9 (21%)
Tubulo-interstitial disease 5 (19%) 6 (14%)
Lupus nephritis 6 (23%) 5(12%)
ADPKD 2 (8%) 7 (16%)
Structural disease / VUR 1(4%) 5(12%)
Other 1 (4%) 7 (16%)
Unknown 3(12%) 4 (9%)

Analyses are based on N=29 SPE pregnancies, and N=46 non-SPE pregnancies. Continuous variables are
reported as mean * standard deviation, with p-values from independent samples t-tests, or as median
(interquartile range), with p-values from Mann-Whitney U tests. Categorical variables are reported as N
(column %), with p-values from Fisher’s exact tests. Bold p-values are significant at p<0.05. *Missing data (N
denotes number of cases data available for from total of 75 pregnancies). **75 pregnancies in 69 women were
recorded. 6 women had 2 pregnancies each: for these women, ethnicity and cause of CKD is only counted once,
with the remaining data relating to each individual pregnancy. ADPKD: autosomal dominant polycystic kidney

disease; VUR: vesico-ureteric reflux.
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4.2.2 Complement results

Complement blood results are shown in Table 4.2. Variable numbers of samples were tested for
each trimester and complement component, since not all participants had a blood sample drawn
within each specified timeframe. A total of 42 blood samples were available for testing from the first
trimester, 52 from the second trimester, and 62 from the third trimester. In some cases, not enough
plasma volume was available to test for all 3 complement components. In this instance, testing for
properdin was prioritised, followed by Ba (based upon the significant differences found between PE
and healthy pregnant controls in Chapter 3 of this thesis). The ELISA test for one properdin plate was
unsuccessful (due to suspected substrate contamination), causing a loss of some second and third

trimester properdin results.

Trends in complement component concentrations over the course of pregnancy are displayed in
Figure 4.1. There were no significant differences seen in first and third trimester properdin
concentrations between groups. However, second trimester properdin was significantly higher in
pregnancies affected by SPE when compared to non-SPE pregnancies (21438 ng/ml vs. 14668 ng/ml,
p=0.003). In SPE pregnancies, properdin concentrations appeared to rise in the second trimester,
before falling to a nadir in the third trimester. However, the opposite trend was the case for non-SPE

pregnancies.

Plasma Ba concentrations were higher in SPE pregnancies than in women who did not develop SPE in
all 3 trimesters, but none of the differences between groups were statistically significant. Ba
concentrations appeared to rise to reach a peak during the second trimester, before falling again in

the third trimester.

No significant differences were observed in C5b-9 concentrations between SPE and non-SPE
pregnancies in any of the 3 trimesters measured. In non-SPE pregnancies, C5b-9 concentrations rose
throughout pregnancy to reach a peak in the third trimester. In pregnancies affected by SPE, C5b-9

concentrations fell slightly during the second trimester but then rose to a peak in the third trimester.
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Table 4.2: Complement results by trimester of blood draw: CKD Cohort

Blood test (ng/ml) N SPE Non-SPE p-value
Trimester 1 Properdin 42 193(7n0=i:1)283 200(3'”2;;595 0.735
Trimester 2 Properdin 43 214(3n8=§37)504 146(6n8=§ (;242 0.003
Trimester 3 Properdin 53 190(63n5=i?)341 178(0n5=§95)495 0.526
Trimester 1 Ba 41 1066 (ff&)zzgo) o7 ‘(ii;l)m) 0.169
Trimester 2 Ba 51 1899 ((rlzifﬂg) 1340 ((35257')2266) 0.213
Trimester 3 Ba 42 1608 &iig;zwl) 1251 ((:33217')2186) 0.312
Trimester 1 C5b-9 40 265 ((rflolifm) 226 (211521(;)283) 0.100
Trimester 2 C5b-9 51 259 ((nzzzzzjom 278 ((rfgfm 0.509
Trimester 3 C5b-9 42 295 ((rff_r;;‘ls ) 281 ((nz=5247-;100) 0.783

Normally distributed variables are reported as mean * standard deviation, with p-values from independent
samples t-tests, or as median (interquartile range), with p-values from Mann-Whitney U tests otherwise. Bold

p-values are significant at p<0.05.
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Figure 4.1: Plasma complement concentrations in non-SPE and SPE pregnhancy by trimester

Image shows box-and-whisker plots, with horizontal lines representing the median, boxes representing interquartile range, and whiskers representing the total range.

Outliers >1.5 standard deviations from upper quartiles are excluded for display purposes. ¥ = significant difference between groups (Non-SPE vs. SPE) by trimester
measured (p<0.05).

Legend:

. Trimester 1 . Trimester 2 . Trimester 3
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4.2.2.1  Subgroup analysis: CKD patients with non-immune-mediated disease

The analysis was repeated after removing all patients with a background of lupus nephritis or
glomerular disease, so as to eliminate any potential confounding factors including autoimmune or
complement-mediated disease. This left a comparison between 12 SPE pregnancies, and 30 non-SPE
pregnancies. Demographic and clinical outcome data are presented in Table 4.3. After removing all
patients with lupus and glomerular disease, pre-pregnancy creatinine and GFR were now
significantly different between SPE and non-SPE groups (median creatinine 139.0 umol/L for SPE, vs.
79.0 umol/L for non-SPE, p<0.001, and median eGFR 39.0 ml/min/1.73m? for SPE, vs. 73.5
ml/min/m? for non-SPE pregnancies, p<0.001). SPE pregnancies were also characterised by higher

urine ACR, and lower mean birth weights and gestational age than pregnancies not affected by SPE.

Complement analysis is presented in Table 4.4, and shows that, in line with the results from the
overall CKD Cohort, second trimester properdin was again significantly higher in SPE pregnancies
compared to the non-SPE group (20850 ng/ml, vs. 13018 ng/ml, respectively, p=0.011). In addition,
trimester 3 Ba concentrations were now significantly raised in SPE pregnancies, compared to non-
SPE (2581 ng/ml, vs. 1217 ng/ml, p=0.027), as well as being elevated for trimesters 1 and 2 in
women with SPE — albeit without reaching a statically significant difference. There were no

significant differences between groups in C5b-9 at any of the timepoints measured.
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Table 4.3: Demographic and clinical outcome data: CKD Cohort with lupus and glomerulonephritis

patients removed

N SPE (n=12) Non-SPE (n=30) p-value
Maternal age at delivery (years) 42 30.5+5.9 30.8+6.2 0.891
BMI (kg/m?) 40* 28.2+5.7 25.7+4.8 0.172
Ethnicity: 42 0.802
White 10 (83%) 20 (67%)
Asian 2 (17%) 6 (20%)
Black 0 (0%) 1 (3%)
Mixed/Other 0 (0%) 3 (10%)
First pregnancy 42 6 (50%) 10 (33%) 0.483
Mode of delivery 42 0.300
Caesarean 9 (75%) 16 (53%)
Vaginal 3 (25%) 14 (47%)
Gestation at (weeks):
Delivery 42 35.8 (34.4-37.3) 38.0 (36.9-39.0) 0.003
Blood draw 1 23 13.9 (13.1-14.0) 13.9 (10.4-14.7) 0.973
Blood draw 2 29 23.3(21.8-26.8) 25.0 (22.4-26.6) 0.647
Blood draw 3 37 35.1(29.6-35.6) 33.9(31.3-34.8) 0.985
Fetal outcomes:
Birth weight (g) 40* 2337 £ 809 2872 £ 492 0.014
SGA (<10% centile) 40* 4 (33%) 4 (14%) 0.211
Neonatal unit care 33%* 3 (43%) 3 (12%) 0.093
Pre-pregnancy renal status:
Creatinine (umol/L) 36* 139.0 (99.0-172.0) 79.0 (63.0-91.0) <0.001
GFR (ml/min/1.73m?) 37* 39.0 (30.0-60.0) 73.5 (62.8-90.0) <0.001
UACR (mg/mmol) 36* 51.0 (3.7-195.5) 1.6 (0.3-6.9) 0.005
Chronic hypertension 42 7 (58%) 7 (23%) 0.067
Kidney transplant 42 2 (17%) 2 (7%) 0.565
Pre-pregnancy CKD stage: 37* 0.053
1 0 (0%) 8 (29%)
2 3 (33%) 14 (50%)
3 5 (56%) 5 (18%)
4 1(11%) 1 (4%)
Cause of CKD: 42 0.460
Tubulo-interstitial disease 5 (42%) 6 (20%)
ADPKD 2 (17%) 8 (27%)
Structural disease / VUR 1(8%) 5(17%)
Other 1(8%) 7 (23%)
Unknown 3 (25%) 4 (13%)

Analyses are based on N=12 SPE pregnancies, and N=30 non-SPE pregnancies. Continuous variables are
reported as mean * standard deviation, with p-values from independent samples t-tests, or as median

(interquartile range), with p-values from Mann-Whitney U tests. Categorical variables are reported as N
(column %), with p-values from Fisher’s exact tests. Bold p-values are significant at p<0.05. *Missing data (N

denotes number of cases data available for from total of 42 pregnancies)
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Table 4.4: Complement results by trimester of blood draw: CKD Cohort with lupus and
glomerulonephritis patients removed

Blood test (ng/ml) N SPE Non-SPE p-value
. . 21843 + 3000 20615 + 6750
Trimester 1 Properdin 23 (n=6) (n=17) 0.675
. . 20850 + 6174 13018 + 7212
Trimester 2 Properdin 23 (n=11) (n=12) 0.011
. . 22760 + 7917 18310 + 4593
Trimester 3 Properdin 30 (n=5) (n=25) 0.092
Trimester 1 Ba 29 1917 (1174-3614) 707 (622-1212) 0.083
(n=6) (n=16)
Trimester 2 Ba )8 1972 (1446-3456) 1320 (1002-1735) 0.133
(n=12) (n=16)
Trimester 3 Ba 2 2581 (1816-3182) 1217 (951-2052) 0.027
(n=6) (n=16)
Trimester 1 C5b-9 22 211 (157-235) 158 (136-266) 0.747
(n=6) (n=16)
. 259 (240-307) 244 (223-323)
Trimester 2 C5b-9 28 (n=12) (n=16) 0.599
Trimester 3 C5b-9 22 328 (288-432) 280 (259-427) 0.494
(n=6) (n=16)

Normally distributed variables are reported as mean * standard deviation, with p-values from independent
samples t-tests, or as median (interquartile range), with p-values from Mann-Whitney U tests otherwise. Bold

p-values are significant at p<0.05.
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4.2.3 Serial samples results

The analysis was repeated to review complement component results for only those patients who
had a blood sample drawn in each trimester of pregnancy. This would allow an accurate review of
the relative differences in complement concentrations by trimester in women with CKD who went

on to develop SPE, and in those who did not.

From the original cohort of 75 pregnancies in women with CKD, data were available for 34
pregnancies in 33 women who had had serial blood samples drawn in each trimester of pregnancy.
Of the 34 pregnancies, 7 were complicated by SPE. Baseline demographic and pregnancy outcome
data are presented in Table 4.5. There were no significant differences in maternal age, BMI,
ethnicity, or parity between groups. Similarly, there were no significant differences in pre-pregnancy
renal parameters between groups (creatinine, GFR, urine ACR, CKD stage, or aetiology of CKD).
Furthermore, pregnancy outcomes, including mode of delivery, birth weight, gestational age, rates
of growth restriction, and requirement for NNU care were comparable between groups. Finally,
there were no significant differences in the timing of blood draw between groups in any of the 3

trimesters tested.
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Table 4.5: Demographic and clinical outcome data: CKD cohort with serial blood samples

N SPE Non-SPE p-value
Maternal age at delivery (years) 34 30.3+5.2 30.0+5.6 0.886
BMI (kg/m?) 32%* 289+4.9 26.5+£5.6 0.321
Ethnicity:** 33 0.740
White 5(71%) 15 (58%)
Asian 2 (29%) 7 (27%)
Black 0 (0%) 2 (8%)
Mixed/Other 0 (0%) 2 (8%)
First pregnancy 34 4 (57%) 10 (37%) 0.410
Mode of delivery 34
Caesarean 5(71%) 14 (52%) 0.426
Vaginal 2 (29%) 13 (48%)
Gestation at (weeks):
Delivery 34 36.4 (35.5-37.4) 37.6 (36.9-38.9) 0.105
Blood draw 1 34 13.9 (13.2-14.3) 13.0(10.1-14.1) 0.259
Blood draw 2 34 23.7 (23.2-25.9) 24.7 (22.8-26.2) 0.670
Blood draw 3 34 35.6 (29.6-35.9) 34.7 (31.1-36.4) 0.482
Fetal outcomes:
Birth weight (g) 32% 2680 + 461 2817 £ 525 0.536
SGA (<10t centile) 32% 1(14%) 7 (28%) 0.646
Neonatal unit care 31* 0 (0%) 4 (16%) 0.561
Pre-pregnancy renal status:
Creatinine (umol/L) 31* 93.5(71.5-112.5) 88.0 (66.0-103.0) 0.671
GFR (ml/min/1.73m?) 32%* 65.0 (48.0-84.5) 66.0 (57.3-89.3) 0.769
UACR (mg/mmol) 30* 30.3 (9.0-159.4) 5.9 (0.8-34.8) 0.161
Chronic hypertension 34 5(71%) 8 (30%) 0.079
Kidney transplant 34 1(14%) 3 (11%) 1.000
Pre-pregnancy CKD stage: 32%* 0.653
1 2 (33%) 7 (27%)
2 2 (33%) 12 (46%)
3 1(14%) 6 (23%)
4 1(14%) 1(4%)
Cause of CKD:** 33 0.202
Glomerular disease 1(14%) 7 (27%)
Tubulo-interstitial disease 4 (57%) 3 (12%)
Lupus nephritis 1(14%) 3 (12%)
ADPKD 0 (0%) 5 (19%)
Structural disease / VUR 1(14%) 3 (12%)
Other 0 (0%) 3 (12%)
Unknown 0 (0%) 2 (8%)

Analyses are based on N=7 SPE pregnancies, and N=27 non-SPE pregnancies. Continuous variables are reported
as mean + standard deviation, with p-values from independent samples t-tests, or as median (interquartile
range), with p-values for Mann-Whitney U tests. Categorical variables are reported as N (column %), with p-

values from Fisher’s exact tests, unless stated otherwise. Bold p-values are significant at p<0.05. *Missing data

(N denotes number of cases data available for from total of 34 pregnancies. **34 pregnancies in 33 women

were recorded. 1 woman had 2 pregnancies: in this instance, ethnicity and cause of CKD is only counted once,
with the remaining data relating to each individual pregnancy.

192



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

Complement concentrations from serially collected blood samples are shown in Table 4.6. Trends in
complement component concentrations by trimester of blood sampling are presented graphically in

Figure 4.2.

When compared to pregnancies not complicated by PE, women who developed SPE had significantly
elevated plasma concentrations of Ba in the third trimester (2524 ng/ml vs. 1251 ng/ml, p=0.025). Ba
concentrations were higher throughout pregnancy when comparing SPE to non-SPE pregnancies,
although the differences did not reach statistical significance for first or second trimesters. Ba
concentration appeared to rise between the first and second trimesters, and then level off in the
third trimester, in both groups. The predictive accuracy of third trimester Ba concentration was
assessed, returning an AUROC of 0.778 (SE 0.08) for distinguishing between cases of SPE and non-

SPE.

There were no significant differences in properdin or C5b-9 concentrations between study groups
across any of the trimesters tested. Properdin concentrations were of higher magnitude in SPE
pregnancies than in non-SPE pregnancies for each trimester tested. There was no clear trend shown
in properdin levels during pregnancy in this arm of the study. In the non-SPE group, properdin
decreased between the first and second trimesters, before rising again in the third trimester.
Conversely, in the SPE group, properdin levels rose between the first and second trimesters before

falling in the third trimester.

C5b-9 concentration appeared to rise during pregnancy, with a higher rate of increase in third
trimester SPE pregnancies, and a separation from non-SPE values. The difference between groups

did not reach statistical significance however.
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Table 4.6: Complement biomarker results: CKD Cohort with serial blood samples

Blood test (ng/ml) N SPE Non-SPE p-value
Trimester 1 Properdin 34 20359 + 4631 20184 £ 6670 0.949
Trimester 2 Properdin 25%* 20614 £ 7355 16317 £ 5531 0.069
Trimester 3 Properdin 26** 18945 + 8471 16781 + 6789 0.523
Trimester 1 Ba 34 (802:1‘:17) (6639-117162) 0.297
Trimester 2 Ba 34 (134273-25830) (98?3266) 0.154
Trimester 3 Ba 34 (2042;3;:)01) (8911%251186) 0.025
Trimester 1 C5b-9 34 (20?;54) (1521?583) 0.481
Trimester 2 C5b-9 34 (2322?396) (232?;344) 0.594
Trimester 3 C5b-9 34 (30376_5:15) (2535200) 0.120

Data are reported as mean # standard deviation, with p-values from independent samples t-tests, or as median
(interquartile range), with p-values for Mann-Whitney U tests. Bold p-values are significant at p<0.05. Maternal
plasma complement concentrations were available for N=7/N=27 SPE/non-SPE pregnancies, with the exception
of * (N=6/N=19) for Trimester 2 properdin, and ** (N=6/N=20) for Trimester 3 properdin, due to the failure of

an ELISA plate.
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Figure 4.2: Plasma complement concentrations by SPE status in CKD Cohort with serial blood samples

Image shows box-and-whisker plots, with horizontal lines representing the median, boxes representing interquartile range, and whiskers representing the total range.

Y = significant difference between groups (Non-SPE vs. SPE) by trimester measured (p<0.05).

Legend:

. Trimester 1 . Trimester 2 . Trimester 3
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4.2.4 Complement and adverse pregnancy outcomes in women with CKD

There are no established diagnostic criteria for SPE in women with CKD, and diagnosis is often
complicated by women having abnormal renal function, proteinuria and/or chronic hypertension
prior to pregnancy. There was consequently a risk that the analysis presented in Sections 4.2.2 and
4.2.3 could have mis-classified SPE and/or non-SPE pregnancies. Patients were therefore grouped
according to the presence or absence of composite adverse pregnancy outcome (see definition in

section 4.1), and the results analysis repeated.

Cohort characteristics by adverse pregnancy outcome group are presented in Table 4.7. A total of 74
pregnancies were classified by composite adverse pregnancy outcome (1 pregnancy from the
original cohort had missing data so was unable to be classified). Of these, 42 pregnancies met the
criteria for adverse outcome classification. There were no significant differences in maternal age,
BMI, ethnicity, parity, or mode of delivery between groups. There were no significant differences in
gestation at blood draw for samples collected in the second trimester of pregnancy, but first and
third trimester blood samples were drawn significantly earlier in the adverse outcome group vs. non-
adverse outcome group (median 12.0 vs. 13.9 weeks, p=0.024 in first trimester, and 31.7 vs. 34.1

weeks in third trimester, p=0.021, respectively).

The adverse outcome group had a higher median pre-pregnancy creatinine than the non-adverse
outcome group (95.5 umol/L vs. 76.0 umol/L, p=0.013), and lower median pre-pregnancy GFR (61.5
ml/min/1.73m? vs. 83.0 ml/min/1.73m?, p=0.012), respectively. The adverse outcome group also had
more significant pre-pregnancy proteinuria (ACR 32.6 mg/mmol, vs. 4.8 mg/mmol in non-adverse
outcome pregnancies, p=0.006). Rates of chronic hypertension were higher in the adverse outcome
group (55% vs. 25% in non-adverse outcome pregnancy, p=0.017). There were no statistically
significant differences in the stage or cause of CKD between groups, but the adverse outcome group
featured a higher proportion of women with lupus nephritis (23%; vs. 7% in the non-adverse

outcome group).
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Table 4.7: Demographic and clinical outcome data by composite adverse pregnancy outcome

status
Adverse outcome Non-adverse
N p-value
(n=42) outcome (n=32)
Maternal age at delivery (years) 74 29.5+6.6 30.0+4.5 0.711
BMI (kg/m?) 72%* 27.1+£6.2 27.3+£5.2 0.884
Ethnicity:** 68 0.853
White 26 (67%) 18 (62%)
Asian 9 (23%) 7 (24%)
Black 3 (8%) 2 (7%)
Mixed/Other 1 (3%) 2 (7%)
First pregnancy 74 17 (40%) 11 (34%) 0.635
Mode of delivery 74 0.351
Caesarean 27 (64%) 17 (53%)
Vaginal 15 (36%) 15 (47%)
Gestation at (weeks):
Delivery 74 35.9 (34.1-37.1) 38.1(37.7-39.0) <0.001
Blood draw 1 41 12.0 (9.6-13.9) 13.9 (12.8-14.7) 0.024
Blood draw 2 51 25.4 (22.8-26.6) 24.3 (22.6-26.9) 0.770
Blood draw 3 61 31.7 (30.3-34.9) 34.1(33.0-35.9) 0.021
Birth weight (g) 72* 2259 + 511 3132 + 304 <0.001
Pre-pregnancy renal status:
Creatinine (umol/L) 68* 95.5 (75.5-119.8) 76.0 (59.3-91.0) 0.013
GFR (ml/min/1.73m?) 68* 61.5 (44.5-84.8) 83.0 (62.3-90.0) 0.012
UACR (mg/mmol) 64* 32.6(3.2-71.2) 4.8 (0.3-18.7) 0.006
Chronic hypertension 74 23 (55%) 8 (25%) 0.017
Kidney transplant 75 5(12%) 1(3%) 0.226
Pre-pregnancy CKD stage: 68* 0.069
1 7 (18%) 13 (43%)
2 14 (37%) 11 (37%)
3 16 (42%) 5 (17%)
4 1(3%) 1(3%)
Cause of CKD:** 68 0.097
Glomerular disease 11 (28%) 6 (21%)
Tubulo-interstitial disease 6 (15%) 5(17%)
Lupus nephritis 9 (23%) 2 (7%)
ADPKD 2 (5%) 7 (24%)
Structural disease / VUR 5(13%) 1(3%)
Other 3 (8%) 5 (17%)
Unknown 3 (8%) 3 (10%)

Continuous variables are reported as mean # standard deviation, with p-values from independent samples t-

tests, or as median (interquartile range), with p-values for Mann-Whitney U tests. Categorical variables are
reported as N (column %), with p-values from Fisher’s exact tests, unless stated otherwise. Bold p-values are
significant at p<0.05. *Missing data (N denotes number of cases data available for from total of 74
pregnancies. **74 pregnancies in 68 women were recorded. 6 women had 2 pregnancies each: for these
women, ethnicity and cause of CKD is only counted once, with the remaining data relating to each individual
pregnancy.
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Complement concentration results by pregnancy outcome group are shown in Table 4.8, with the
distribution by trimester shown in box-and-whisker plots in Figure 4.3. Ba concentrations appeared
to rise from early to mid-pregnancy, before levelling off in the third trimester for both adverse
outcome and non-adverse outcome groups. Ba levels were significantly elevated in CKD pregnancies
with adverse outcomes at all three timepoints when compared to non-adverse outcome
pregnancies: median Ba 1133 vs. 737 ng/ml, p=0.008 in first trimester, 2203 vs. 1188 ng/ml, p=0.001

in second trimester, and 2186 vs. 1048 ng/ml, p=0.001 in third trimester.

No significant differences were observed in properdin or C5b-9 concentrations between adverse
outcome and non-adverse outcome pregnancies at any of the timepoints measured. Properdin and
C5b-9 concentrations were higher in adverse outcome pregnancies than non-adverse outcome
pregnancies in first and second trimester blood samples, and lower in third trimester samples, but

the differences between groups were not statistically significant.
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Table 4.8: Complement biomarker results by composite adverse pregnancy outcome status

Blood test (ng/ml) N Adverse outcome Non-adverse outcome p-value AUROC

Trimester 1 Properdin 41 20127 + 6074 19673 + 5841 0.810 0.527 (0.09)
(n=23) (n=18)

Trimester 2 Properdin 42 20040 + 7560 15940 + 6932 0.091 0.662 (0.09)
(n=27) (n=15)

Trimester 3 Properdin 52 17085 + 6034 19121 + 6623 0.253 0.625 (0.08)
(n=25) (n=27)

Trimester 1 Ba 40 1133 (880-2145) 737 (624-930) 0.008 0.747 (0.08)
(n=23) (n=17)

Trimester 2 Ba 50 2203 (1332-3555) 1188 (796-1599) 0.001 0.781 (0.07)
(n=32) (n=18)

Trimester 3 Ba 41 2186 (1317-3184) 1048 (824-1642) 0.001 0.797 (0.07)
(n=22) (n=19)

Trimester 1 C5b-9 39 235 (200-327) 208 (152-276) 0.278 0.603 (0.09)
(n=23) (n=16)

Trimester 2 C5b-9 50 279 (237-328) 248 (223-329) 0.701 0.533 (0.09)
(n=32) (n=18)

Trimester 3 C5b-9 41 284 (254-372) 308 (258-494) 0.229 0.390 (0.09)
(n=22) (n=19)

Normally distributed variables are reported as mean + standard deviation, with p-values from independent samples t-tests, or as median (interquartile range), with p-values

for Mann-Whitney U tests otherwise. AUROC = area under receiver operating curve, reported with associated standard error. Bold p-values are significant at p<0.05.
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Figure 4.3: Plasma complement concentrations (ng/ml) in adverse outcome and non-adverse outcome pregnancy by trimester

Image shows box-and-whisker plots, with horizontal lines representing the median, boxes representing interquartile range, and whiskers representing the total range.
Outliers >1.5 standard deviations from upper quartiles are excluded for display purposes. % = significant difference between groups (AO vs. non-AO) by trimester measured
(p<0.05). AO: adverse outcome pregnancy; Non-AO: non-adverse outcome pregnancy.

Legend:

. Trimester 1 . Trimester 2 . Trimester 3

200



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

4.2.4.1 Predictive accuracy of plasma Ba for adverse pregnancy outcomes
ROC curve analysis found third trimester Ba to be the strongest predictor of adverse pregnancy
outcome (AUROC 0.797, SE 0.07). This was followed by second trimester Ba (AUROC 0.781, SE 0.07),

and first trimester Ba (AUROC 0.747, SE 0.08). See Table 4.8, with ROC curves shown in Figure 4.4.

Further ROC curve analysis sought to determine cut-off values for Ba concentration in each trimester
to successfully identify pregnancies at risk of adverse outcome. This found that a Ba concentration
above 949 ng/ml (from a maternal blood sample taken from 0-16 weeks of pregnancy); 1731 ng/ml
(16+1 to 27+6 weeks of pregnancy); and 2027 ng/ml (28 weeks of pregnancy and beyond) would be

indicative of a pregnancy at risk of adverse outcome in women with CKD (see also Figure 4.4).
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Figure 4.4: Predictive accuracy of Ba concentration in determining adverse pregnancy outcome: ROC analysis

Images show ROC curves for the performance of Ba in the prediction of adverse outcome by trimester of blood draw. AUROC values are reported with associated standard

error. Optimal cut off points are then identified using Youden’s J statistic with associated sensitivity and specificity
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4.2.4.2 Logistic regression analysis
Although Ba was consistently elevated across all 3 trimesters in the adverse pregnancy outcome
group, this group was characterised by significantly poorer pre-pregnancy renal function and higher

levels of pre-pregnancy proteinuria than the non-adverse outcome group.

In Chapter 3, Ba was elevated in previously healthy pregnant women with PE compared to pregnant
controls in univariate analysis, but the difference between groups became non-significant after
controlling for biochemical and immunological markers in multivariate analysis. This raises the
guestion of whether the elevation of Ba in PE (and SPE) is actually a reflection of impaired excretory

renal function and AKI, rather than being a result of systemic complement activation.

Data for renal function at the time of delivery were not available for the CKD Cohort, but logistic
regression analysis was performed after controlling for pre-pregnancy creatinine and pre-pregnancy

proteinuria (urine ACR). The results are displayed in Table 4.9.

Trimester 3 Ba concentration remained independently associated with composite adverse pregnancy
outcome in women with CKD after controlling for pre-pregnancy creatinine and proteinuria (odds of

adverse outcome 1.20 per 100 ng/ml increase in Ba, 95% Cl 1.04-1.39, p=0.016).

However, neither Trimester 1 nor Trimester 2 Ba concentrations were independently associated with
adverse pregnancy outcome in women with CKD, after controlling for pre-pregnancy creatinine and

urine ACR.
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Table 4.9: Logistic regression analysis to identify independent markers of adverse pregnancy outcome in women with CKD

Model 1 Model 2 Model 3

Factor OR (95% ClI) p-value OR (95% Cl) p-value OR (95% Cl) p-value
Trimester 1 Ba 1.08 0323
(per 100 ng/ml increase) (0.93-1.26) '
Trimester 2 Ba 1.08 0.095
(per 100 ng/ml increase) (0.99-1.17) ’
Trimester 3 Ba 1.20 0.016
(per 100 ng/ml increase) (1.04-1.39) ’
Pre-pregnancy creatinine 0.92 0.94 0.77

0.647 0.635 0.109
(per 10 pmol/l increase) (0.66-1.30) (0.74-1.20) (0.56-1.06)
Pre-pregnancy uACR 1.98 2.03 2.86
(per 10-fold increase, mg/mmol)* (0.69-5.68) 0.202 (0.77-5.40) 0155 (0.79-10.38) 0111

Binary logistic regression analyses were conducted, using adverse pregnancy outcome as the dependent variable. Pre-pregnancy creatinine and urine ACR were entered into
each model as continuous covariates, and odds ratios for adverse pregnancy outcome are reported, with associated 95% confidence intervals. *OR for pre-pregnancy uACR

reported per 10-fold increase, because values were log-transformed to improve goodness-of-fit of the regression model. P-values are significant at p<0.05.
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4.3 Discussion

4.3.1 Summary of findings

Despite the growing body of evidence supporting a role for complement dysregulation in the
pathogenesis of PE (4, 9, 11), the results from this study do not conclusively confirm evidence of
increased complement activation in pregnant women with CKD and SPE. This is contrary to the
findings presented in Chapter 3, demonstrating excessive complement activation in the placental

tissue and maternal and fetal circulation in women with PE with no pre-existing medical conditions.

4.3.1.1 Complement biomarkers in CKD: SPE versus non-SPE pregnancy

In this study, comparisons between groups showed that Ba levels were consistently higher in SPE
than non-SPE pregnancies, albeit with the only significant difference between groups in third
trimester Ba in the serially collected samples cohort. This is potentially suggestive of excessive
alternative complement pathway activation in SPE; a phenomenon which has previously been
described in the setting of PE (17, 139), and is demonstrated in the Chapter 3 results. Contrary to
this, however, was the lack of evidence of properdin consumption in SPE pregnancies. In fact, second
trimester properdin concentrations were significantly raised in SPE when compared to non-SPE
pregnancies and were generally higher in SPE pregnancies across the time points measured (albeit
with no other statistically significant differences between groups). To date, there are no published
reports of Ba or properdin in the setting of SPE secondary to CKD. Data are limited to a single cohort
study by Wiles et al., of 60 pregnant women with CKD; 15 of whom developed SPE (203). The study
reported no evidence of any difference in alternative pathway regulator Factor H concentrations

between SPE and non-SPE pregnancies.

No significant differences in C5b-9 were observed between groups at any stage of pregnancy in the
present study. This is in keeping with the results from the study by Wiles et al., in which third
trimester C5b-9 concentrations did not differentiate SPE from non-SPE pregnancy in women with

CKD (203). In the serially collected samples group, there did appear to be an uplift in C5b-9 levels in
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third trimester samples taken from women who developed SPE, but the difference between groups

was not statistically significant.

Analyses were repeated after removing subjects with a background of lupus nephritis or glomerular
disease, so as to eliminate potential confounding factors caused by underlying autoimmune or
complement-mediated disease. This had no significant effect on the overall results, other than third
trimester Ba levels now being statistically significantly higher in the SPE group, compared to non-SPE
pregnancies. The caveat to this is the very small numbers of patients included in this analysis,
meaning that results should be treated with an element of caution, and the significantly poorer pre-

pregnancy renal function in the SPE group.

4.3.1.2 Interpretation of findings

There are several potential reasons why the results from this study differ from those seen in
previously healthy women with PE in Chapter 3. One theory is that the pathogenesis of SPE is
different to PE, and therefore may be thought of as a separate disease entity. A proportion of
women develop early-onset PE, which appears to be a primarily placentally-driven disease, typified
by malplacentation, complement dysregulation, and significant angiogenic imbalance (4). This often
results in adverse pregnancy outcomes including low birth weight and growth-restricted babies. This
is in contrast to late-onset PE, which is less commonly associated with placental lesions, angiogenic
imbalance, or fetal growth restriction (118, 120, 255). Instead, it is postulated that late-onset PE
develops as a result of the rising metabolic demands of later pregnancy outstripping the perfusion
capacity of the placenta (107). This process is intensified in those with metabolic or cardiovascular
disease, including women with CKD, which is characterised by pre-existing endothelial dysfunction
(79), and already ‘inflamed’ tissue. Some writers cite the ‘sensitive vasculature’ theory as the
predominant driver of SPE pathogenesis in women with CKD. It is postulated that pre-existing

endothelial dysfunction sensitises the maternal vasculature to circulating antiangiogenic factors,
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creating a lower threshold to develop angiogenic dysregulation, and subsequent SPE, than for

women without renal disease (79, 201).

This theory is supported by the findings from a study by Wiles et al., who report increased
expression of markers of endothelial dysfunction (hyaluronan and VCAM) in pregnant women with
CKD who developed SPE, compared to those who did not (203). In contrast, there were no
differences in maternal plasma complement concentrations between groups (C3a, C5a, Factor H, or
C5b-9). The authors argue that this indicates a significant maternal component to the pathogenesis
of SPE, driven by endothelial dysfunction (203). This is in contrast to the complement-mediated,
placentally-driven process, described in ‘classical’ PE (4, 9, 11), and also suggested by the Chapter 3

results.

Another potential explanation for the lack of difference seen in complement component
concentrations between women with CKD who did and did not develop SPE is the more advanced
renal dysfunction in the SPE group. Complement components are renally excreted, and previous
studies have found positive correlations between urine complement concentrations, including
properdin and C5b-9, and serum creatinine (256). C5b-9 and properdin are both relatively high
molecular weight proteins, with properdin forming polymers of approximately 220 kDa (257). It is
conceivable that their excretion may be reduced in subjects with more advanced renal impairment,
and therefore elevated plasma concentrations are seen. This may explain why properdin
consumption, which was consistently seen in PE in previously healthy women in Chapter 3, was not
observed in this study in women with CKD and SPE. Another study reported significantly elevated Ba
concentrations in patients with advanced chronic kidney disease and renal failure when compared to
the assay normal range (249). The utility of other renally-excreted biomarkers in predicting SPE
(including hyaluron, VCAM, and PIGF), was found to be reduced in women with more advanced renal

disease (CKD stages 3-5), compared to women with CKD stages 1-2 (192).
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4.3.1.3 Complement biomarkers in CKD: adverse outcome versus non-adverse outcome pregnancy
A final contributory factor to the lack of difference seen in complement concentrations between
groups could be the inherent difficulties in diagnosing SPE in women with pre-existing CKD (192,
203). Although clearly defined criteria for the diagnosis of SPE were used (see section 2.4.6),
proteinuria, hypertension, and impaired renal function characterise both pregnancy-related CKD
progression and SPE. Baseline CKD parameters may have a confounding effect, with the effects of
physiological adaptations to pregnancy triggering arbitrary thresholds in the absence of disease.

Thus, some patients in this study could have been misclassified.

The distinction between SPE and pregnancy-related CKD progression is particularly blurred in milder
forms of disease when proteinuria and hypertension occur later in pregnancy (258). Conversely,
early-onset PE (prior to 34 weeks gestation) has a similar biochemical and clinical profile in healthy
women and those with CKD, and has led some commentators to question whether SPE actually

exists, or if “PE is always PE” (258).

To alleviate this problem, the analysis was repeated using a composite adverse pregnancy outcome
measure. In this analysis, Ba concentration was significantly elevated across all 3 trimesters of
pregnancy in women who had an adverse pregnancy outcome, compared to those who did not. Ba
concentrations were consistently higher in adverse outcome pregnancies at all timepoints
measured, with a particular separation in values during the second trimester, before the symptoms
of SPE would usually be clinically detectable. Furthermore, in all 3 trimesters, an elevated Ba
concentration appeared to offer strong predictive accuracy of the development of adverse

pregnancy outcome.

One potential confounder was the significantly poorer pre-pregnancy renal function and elevated
pre-pregnancy proteinuria in the adverse outcome group. In Chapter 3 results, Ba was found not to
be independently associated with PE after controlling for biochemical and immunological markers.

However, in this chapter, third trimester Ba concentration did remain independently associated with
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adverse pregnancy outcome in women with CKD after controlling for pre-pregnancy creatinine and

urine ACR (but not first or second trimester Ba levels).

This is suggestive of increased alternative complement pathway activation in women with CKD who
later developed adverse pregnancy outcomes. Raised Ba levels may also indicate activation of any of
the 3 complement pathways, triggering the alternative pathway amplification loop. These findings
are corroborated by previous studies that report elevated levels of Bb in the first half of pregnancy in
healthy women who later developed PE (17) or experienced spontaneous preterm birth (66). The
authors hypothesise that inflammatory and/or ischaemic events during early placental development
trigger complement activation (and production of complement activation fragments). This in turn
leads to defective placental angiogenesis, maternal endothelial dysfunction, and adverse pregnancy

outcomes including PE.

Overall, the results raise the possibility of third trimester plasma Ba levels being a useful biomarker
for ‘at-risk’ pregnancies in women with CKD. The potential clinical utility would include informing
decisions around increased antenatal surveillance, and in timing of delivery. Furthermore, the results
raise the question of using complement inhibition therapies, particularly through blockade of

excessive alternative pathway activation, before adverse pregnancy outcomes develop.

There were no significant differences in properdin or C5b-9 between adverse outcome and non-
adverse outcome pregnancy groups. The more advanced renal dysfunction in the adverse outcome
group may again have been a contributory factor in this observation (192), as well as earlier

gestation of blood draw in trimester 1 and 3 samples.

4.3.2 Strengths and limitations
This study offers a novel review of circulating complement component activity in pregnant women

with CKD across a wide range of aetiologies and disease severity (including CKD stages 1 to 4, and
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those with a prior kidney transplant). This represents the first time maternal plasma Ba or properdin
have been reported on in the context of CKD and SPE, and provides a detailed overview of the

potential role of circulating complement in the pathogenesis of SPE.

The analysis included a range of timepoints measured during pregnancy, allowing an assessment of
how complement biomarker expression changes during gestation in women who did and did not go

on to develop SPE or an adverse pregnancy outcome.

Furthermore, the study aimed to reduce the impact of potential confounding factors, by repeating
analyses after removing patients with lupus nephritis and glomerular disease, and by re-classifying
pregnancies by composite adverse outcome. Logistic regression analysis also aimed to control for
the potential confounding effect of differences in pre-pregnancy renal function and proteinuria.
However, this analysis was based on a relatively small sample size, and a risk of over-adjustment of
the regression model or residual confounding exists. Furthermore, only data on pre-pregnancy
creatinine and proteinuria were available. Renal function can change during pregnancy, and typically
worsens during later gestation in women with pre-existing CKD. Testing contemporaneous serum
samples taken during pregnancy would have better controlled for this effect, but there were not

sufficient blood samples available for this purpose.

The study is limited by the relatively small sample size, meaning that it is likely to be underpowered
to detect statistically significant differences in complement markers between groups. Pregnancy in
women with CKD is relatively uncommon, so it was not pragmatic to extend the timeframe of
recruitment any further. Subjects were recruited by convenience sampling, with blood testing taking
place at routine clinic visits. Blood was drawn at differing timepoints during gestation for each
subject, meaning that samples were not consistently available for all subjects for each specified
trimester, and analysis of complement components across all 3 trimesters was only possible for a
small proportion. This limitation was compounded by one of the properdin ELISA plates failing to

read due to presumed substrate contamination. The plasma aliquots had already been thawed and
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re-frozen so re-testing was not possible due to the likely confounding effect of complement
activation. It is possible that those subjects with added pregnancy complications had more frequent
antenatal blood testing and therefore more blood samples available for testing — thus a potential
confounding effect. However, demographics and clinical outcome criteria very closely reflected
those from the original CKD cohort (unpublished; described in a thesis by Dr Nadia Sarween, UoB

(232)), with no evidence of a more severe phenotype in the current study.

Having more blood tests available for each subject across a range of gestations would have allowed
a detailed longitudinal analysis of the change in complement biomarkers during pregnancy.
Furthermore, analysis of placental histology would have enabled an evaluation of how circulating

complement in the fluid phase relates to complement deposition in tissue in women with SPE.

Diagnosis of SPE in women with CKD is notoriously difficult, due to a blurring of disease phenotypes.
Attempts were made to use a consistent definition of SPE, including the escalation of pre-existing
hypertension or proteinuria, as employed by other research groups (79, 192). However, it is
physiological for blood pressure to fall in mid-pregnancy, before returning to baseline later in
pregnancy, requiring re-establishment of antihypertensives (177, 180, 193). Similarly, it is
physiological for proteinuria to increase during healthy pregnancy (259). It is possible that these

factors could have led to over-estimation of SPE in the CKD Cohort.

In the adverse pregnancy outcome analysis, there were gestational differences in the timing of first
and third trimester blood draw, with samples being drawn earlier in subjects with an adverse
pregnancy outcome. Ba concentration rises during pregnancy, particularly between the first and
second trimester. Therefore, the results may have under-estimated the magnitude of the difference

between Ba in adverse outcome and non-adverse outcome pregnancies.

The subjects in this study had relatively mild disease (median gestation at delivery 36.0 weeks in the

SPE group). It would be interesting to compare those with severe, early-onset SPE with later-onset
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disease, to assess whether there are differences in the complement profile between groups. Given

the relatively small sample size, a subgroup analysis of this nature was not pragmatic.
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4.4  Conclusions

This study did not confirm an association between complement activation and SPE in pregnant
women with CKD. This is in contrast to the findings from Chapter 3, in which PE was associated with

excessive complement activation in women with no pre-existing medical conditions.

Although there was excess Ba production in all 3 trimesters in women who later developed SPE, the
differences between groups were not statistically significant. The diagnosis of SPE in women with
CKD is difficult and may complicate analysis through misclassification of subjects. Furthermore,
complement component tests have not been validated in pregnant subjects with pre-existing renal
dysfunction. Impaired renal excretion in the SPE group may have confounded the results. Finally, the
complement-mediated, placentally driven model of ‘classical’ PE in previously healthy women may
differ from SPE pathogenesis in women with CKD, who have a predisposition for endothelial
dysfunction. Further testing with a validation cohort of pregnant women with CKD would solidify the

findings from this study.

The results from this study demonstrate excess production of circulating Ba in early, mid, and late
pregnancy in women with CKD who developed adverse pregnancy outcomes. This potentially
supports the theory of increased complement activation as a contributor to adverse pregnancy
outcome; particularly excessive alternative pathway activity. Ba appears to provide excellent
predictive accuracy of adverse pregnancy outcome in all three trimesters, raising the possibility of its
utility as a biomarker for ‘at-risk’ pregnancy in women with CKD. Although third trimester Ba
concentrations remained independently associated with adverse pregnancy outcome after
controlling for pre-pregnancy renal function, significant differences in renal function between groups

at the time of blood sampling may have confounded the results.
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CHAPTERS

INVESTIGATING THE ROLE OF COMPLEMENT

IN THE PATHOGENESIS OF PRE-ECLAMPSIA

IN WOMEN OF SUB-SAHARAN AFRICAN ETHNICITY
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5 Investigating the role of complement in the pathogenesis of pre-
eclampsia in women of sub-Saharan African ethnicity

5.1 Summary and overview

Maternal mortality and morbidity rates remain disproportionately high in the world’s least
developed regions. In 2017, approximately two-thirds of global maternal deaths occurred in SSA
(84), often as a result of obstetric complications including PE and eclampsia (204). However, racial
disparities in pregnancy outcomes exist even in more economically developed nations, including the
UK (208, 209). Complex socioeconomic factors undoubtedly play a significant role in this, but it has
been postulated that Black ethnicity itself confers an elevated risk of adverse pregnancy outcomes,
including PE (175, 207, 253, 260). Population studies in the USA (174) and France (176) have
reported significantly increased rates of PE in women of AA and SSA heritage, compared to women
who identify as White American and White European, after controlling for maternal age and
socioeconomic status. SSA ethnicity also appears to be a risk factor for early-onset PE (176) and PE
with severe features (211). A genetic component may be responsible for conferring additional
pregnancy risks in Black women. There is particular interest in high rates of KIR and HLA-C variants
(216, 217), as well as high-risk alleles encoding the APOL-1 gene, which are only found in those with

recent African ancestry (123, 124, 219).

There is very little published data on the role of complement in the pathogenesis of PE in women of
SSA ethnicity. Existing evidence reports increased concentrations of alternative complement
pathway activation fragment Bb in AA women with PE, both in early pregnancy (17), and at term
(141). These studies featured relatively small cohort sizes and did not test any other complement
components or biochemical parameters. A more comprehensive analysis of circulating complement
markers in women of SSA is required, to assess for the potential contribution of complement
activation to the high rates of PE seen in SSA women. Complement-modifying agents might present

novel therapeutic opportunities for this group of women who would potentially have much to gain.
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The specific aims of this arm of research were to:

Investigate markers of complement activation in maternal circulation (Ba, properdin, C3, C4
and C5b-9) in a Ghanaian cohort of pregnant women, and to compare the relative changes in
PE, gestational hypertension, and healthy pregnant controls.

Analyse maternal blood samples for biochemical and immune markers of inflammation, to
assess for any correlation with complement activation and pregnancy outcome group.
Samples of maternal serum were tested for creatinine, cystatin C, urea, uric acid, B2M, LDH,

HS-CRP, sFLCs, and immunoglobulins G, A and M.
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5.2 Results

5.2.1 Cohort characteristics

Demographics and clinical outcome data are presented in Table 5.1. A total of 108 women were
included in this study; 47 with a diagnosis of PE, 26 with gestational hypertension, and 35 healthy
pregnant controls. All participants were of Ghanaian SSA ethnicity (from Ewe, Ga Adangbe, Akan,
Dagbani, or Hausa background). There were no significant differences in maternal age, gravidity or
parity between groups. A proportion of women in the PE group had pre-existing chronic
hypertension (13%; versus none in the gestational hypertension or control groups, p=0.009). 11% of
the PE group and 23% of the gestational hypertension group had had a previous diagnosis of
hypertension in pregnancy, compared to none of the women in the control group (p=0.011).
Antenatal clinic attendance was poorer in the PE group, compared to both other groups, but the

overall difference between groups was not statistically significant (p=0.362).

5.2.1.1 Maternal and fetal outcomes

PE was associated with an increased risk of adverse pregnancy outcomes compared to the
gestational hypertension and control groups. Median gestation in the PE group was 36.7 weeks,
compared with 38.7 weeks for gestational hypertension, and 39.3 weeks for controls, p<0.001.
Furthermore, there was a significantly higher proportion of preterm births among women with PE,
as compared to gestational hypertension and controls (53%, vs. 4% and 17%, respectively, p<0.001).
Women with PE were more likely to deliver by emergency Caesarean section (60%, versus 35% for
gestational hypertension and 23% for controls, p=0.005). The mean peak recorded blood pressures,
by definition, were significantly higher for both PE (168/108 mmHg) and gestational hypertension
(156/102 mmHg), compared with controls (123/77 mmHg), p<0.001. Approximately 1 in 8 women in
the PE group were diagnosed with eclampsia during their pregnancy, indicating severe or poorly

controlled disease.
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Adverse fetal outcomes were similarly commonplace among the PE group. The mean birth weight
for pregnancies affected by PE was 2419 g, compared to 3232 g for gestational hypertension, and
3221 g for healthy controls, p<0.001. Almost half the babies born to mothers with PE were of low
birth weight (less than 2500 g), compared with just 4% of the gestational hypertension group, and
11% of healthy controls (p<0.001). Likewise, SGA babies were seen more often in the PE group (51%
of pregnancies) as compared to gestational hypertension and controls (16% and 20% respectively,

p=0.002). There were 3 neonatal deaths among the PE group, but none in the other groups.
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Table 5.1: Demographics and clinical outcome data: Ghana Cohort

N Pre-eclampsia (n=47) Gestational HTN (n=26) Control (n=35) p-value
Maternal age at delivery (years) 99* 28.6+6.7 30.1+5.8 30.2+6.4 0.487
Chronic HTN 108 6 (13%) 0 (0%) 0 (0%) 0.009
Pregnancy history:
Parity 107* 1(0-2) 2 (0-2) 1(0-2) 0.756
Gravidity 95* 3 (2-4) 3 (2-4) 2 (1-3) 0.094
Previous HTN in pregnancy 108 5(11%) 6 (23%) 0 (0%) 0.011
Regular antenatal clinic attendance 108 38 (81%) 23 (88%) 32 (91%) 0.362
Gestation (weeks) 107* 36.7 (34.0-39.4) 38.7 (38.0-40.7) 39.3 (38.0-40.9) <0.001
Preterm birth (<37 weeks) 107* 25 (53%) 1 (4%) 6 (17%) <0.001
Mode of delivery: 108 0.005
Vaginal 16 (34%) 14 (54%) 16 (46%)
Emergency CS 28 (60%) 9 (35%) 8(23%)
Elective CS 2 (4%) 3 (12%) 7 (20%)
Unknown 1(2%) 0 (0%) 4 (11%)
Peak recorded BP (mmHg):
Systolic 107* 168 £ 15 156 £ 19 123+9 <0.001
Diastolic 108 £ 11 102 £ 11 77 £ 10 <0.001
Eclampsia 47 6 (13%) NA NA NA
Fetal outcomes:
Twins 108 1(2%) 2 (8%) 1 (3%) 0.455
Birth weight (g)*** 106* 2419 + 879 3232 +528 3221 + 608 <0.001
Low birth weight (<2500 g)** 106* 22 (49%) 1 (4%) 4 (11%) <0.001
SGA (birth weight <10% centile)** 105* 23 (51%) 4 (16%) 6 (17%) 0.001
Neonatal death 108 3 (6%) 0 (0%) 0 (0%) 0.135

Continuous variables are reported as mean * standard deviation, with p-values derived from one-way ANOVA tests, or as median (interquartile range), with p-values from
Kruskal-Wallis tests. Categorical variables are reported as N (column %), with p-values from Fisher’s exact tests. Bold p-values are significant at p<0.05. *Missing data (N
denotes number of cases data available from total of 108 pregnancies). **For twin pregnancies, outcomes were the same for both babies; hence these were combined for
analysis. ***For twin pregnancies, the average weight of the two babies was assumed. NA=data were not available in the cohort for the stated variable. HTN = hypertension,
CS = Caesarean section, BP = blood pressure, SGA = small-for-gestational-age.

219



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

5.2.2 Complement results

Complement concentrations by group are presented in Table 5.2. Data were available for 108
women (47 with PE, 26 with gestational hypertension, and 35 healthy controls) for Ba and C5b-9,
and 107 women (46 with PE, 26 with gestational hypertension, and 35 controls) for C3 and C4 (1
participant had insufficient serum to test). For one plate of samples, the properdin ELISA test failed
due to suspected substrate contamination. Properdin results are therefore only available for 88

subjects (35 with PE, 19 with gestational hypertension, and 34 healthy pregnant controls).

Post hoc analysis found that C5b-9 concentration was comparable between subjects with PE and
controls but was significantly lower in the gestational hypertension group (720 ng/ml in PE vs. 544

ng/ml in gestational hypertension, p=0.040).

Post hoc analysis of Ba concentrations showed higher levels in subjects with PE than in gestational
hypertension, with the difference between groups approaching but not reaching statistical
significance (1222 ng/ml in PE vs. 993 ng/ml in gestational hypertension, p=0.069). Ba
concentrations in women with PE were also generally higher than for controls, but the difference

between groups was not statistically significant (1222 ng/ml, vs. 1074 ng/ml, respectively, p=0.543).

There were no significant differences in properdin, C3, or C4 between groups, with blood marker

analysis returning very similar blood results across all 3 groups tested.
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Table 5.2: Complement component results: Ghana Cohort

Post hoc test p-values
Blood test N Pre-eclampsia (n=47)  Gestational HTN (n=26) Control (n=35) p-value PE vs PEvs gest  Gest HTN
control HTN vs control
Properdin (ng/ml) 88* 18802 + 7208 17886 + 4924 18229 + 5320 0.855 0.919 0.857 0.979
1222 993 1074
B I 1 .067 .54 . .

a (ng/mi) 08 (927-1708) (770-1179) (851-1304) 0.06 0.543 0.069 0.960
C3 (g/L) 107* 16+04 1.7+0.3 1.6+0.3 0.413 0.857 0.630 0.383
C4 (g/L) 107* 0.3+0.1 0.3%0.1 0.3%0.1 0.637 0.972 0.617 0.767

720 544 710
- | 1 .02 1. .04 .052
C5b-9 (ng/ml) 08 (550.922) (407-724) (563-890) 0.025 000 0.040 0.0

Normally distributed variables are reported as mean + standard deviation, with overall p-values derived from one-way ANOVA tests, or as median (interquartile range), with
overall p-values for Kruskal-Wallis tests otherwise. Post hoc analyses were carried out using Tukey’s test for multiple comparisons between groups for normally distributed
variables, and Bonferroni-adjusted pairwise comparisons between groups for non-normally distributed variables. Bold p-values are significant at p<0.05. *= missing data (N
denotes number of cases data available from a total of 108 pregnancies).
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5.2.2.1 Subgroup analysis: hypertensive disorders of pregnancy versus controls

Women with a background of chronic hypertension were not excluded from this study, which could
potentially complicate the diagnosis of PE and lead to patients being misclassified. Furthermore,
formal urine protein quantification was not available, thus proteinuria was detected using the more
crude measure of urine dipstick testing to diagnose PE. This made it possible that PE was not always
accurately diagnosed, and increased the complexity of the PE phenotype, with some potential
crossover with the gestational hypertension group. The results analysis was therefore repeated by
amalgamating subjects with PE and gestational hypertension into a single ‘hypertensive disorder of

pregnancy’ group and comparing them to healthy control pregnancies.

Demographic and clinical outcome data are presented in Table 5.3. The differences between groups
were very similar to the overall analysis presented in Table 5.1, with hypertensive disorders of
pregnancy characterised by earlier delivery (median gestation 38.0 weeks, vs. 39.3 weeks for
controls, p=0.003), higher rates of emergency Caesarean delivery (51%, vs. 23% of controls,
p=0.003), lower mean birth weight (2717 g, vs. 3221 g in controls, p=0.002), and a larger proportion
of SGA babies (39%, vs. 17% of controls, p=0.028). The differences in this new analysis related to
gravidity, which was significantly higher in hypertensive disorders of pregnancy than for controls
(median 3 vs. 2, p=0.030), and PTB rates which were no longer significantly different between groups

(36% in hypertensive disorders of pregnancy, vs. 17% in controls, p=0.076).

Complement biomarker results comparing hypertensive disorders of pregnancy with healthy control
pregnancies in the Ghana Cohort are shown in Table 5.4. There were no statistically significant
differences in any of the complement markers tested between groups, with largely comparable

concentrations of all biomarkers between cases and controls.

222



MD Immunology & Immunotherapy

Investigating the role of complement in the pathogenesis of pre-eclampsia

Table 5.3: Demographic and clinical outcome data: hypertensive disorders of pregnancy versus

controls

Hypertensive disorder

of pregnancy (n=73) Control (n=35) p-value
Maternal age at delivery (years) 99* 29.2+6.4 30.2+6.4 0.466
Chronic HTN 108 6 (8%) 0 (0%) 0.089
Pregnancy history:
Parity 107* 1(0-2) 1(0-2) 0.455
Gravidity 95%* 3(2-4) 2 (1-3) 0.030
Previous HTN in pregnancy 108 11 (15%) 0 (0%) 0.010
Regular antenatal clinic 108 61 (84%) 32 (91%) 0.377
attendance
Gestation (weeks) 107* 38.0(35.1-39.6) 39.3 (38.0-40.9) 0.003
Preterm birth (<37 weeks) 107* 26 (36%) 6 (17%) 0.071
Mode of delivery: 108 0.003
Vaginal 30 (41%) 16 (46%)
Emergency CS 37 (51%) 8 (23%)
Elective CS 5 (7%) 7 (20%)
Unknown 1(1%) 4 (11%)
Peak recorded BP (mmHg):
Systolic 107* 164+ 18 123+9 <0.001
Diastolic 106 + 11 77 £10 <0.001
Eclampsia 47%* 6 (13%) NA NA
Fetal outcomes:
Twins 108 3 (4%) 1(3%) 1.000
Birth weight (g)*** 106* 2717 £ 861 3221 + 608 0.002
Low birth weight (<2500 g)** 106* 23 (32%) 4 (11%) 0.031
SGA (birth weight <10™ centile)** 105* 27 (39%) 6 (17%) 0.028
Neonatal death 108 3 (4%) 0 (0%) 0.549

Continuous variables are reported as mean * standard deviation, with p-values from independent samples t-
tests, or as median (IQR), with p-values for Mann-Whitney U tests. Categorical variables are reported as N
(column %), with p-values from Fisher’s exact tests. Bold p-values are significant at p<0.05. *Missing data (N
denotes number of cases data available for from total of 108 pregnancies). **For twin pregnancies, outcomes
were the same for both babies; hence these were combined for analysis. ***For twin pregnancies, the average
weight of the two babies was assumed. NA=data were not available in the cohort for the stated variable.
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Table 5.4: Complement biomarker results: hypertensive disorders of pregnancy versus controls

Blood test N Hypertensive disorder of Control p-value
pregnancy

Properdin (ng/ml) 88 184i](1§46)462 182(2n9=§45)320 0.850

Ba (ng/ml) 108 1086 ((:=6743-)1489) 1074 ((55315‘)1304) 0.625

c3 (g/L) 107 o e 0333

c4 (g/L) 107 S s 0875

C5b-9 (ng/ml) 108 675 ((:5763';346) 710 ((:=6:5-)890) 0.272

Normally distributed variables are reported as mean * standard deviation, with p-values from independent
samples t-tests, or as median (interquartile range), with p-values from Mann-Whitney U tests otherwise. Bold

p-values are significant at p<0.05.
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5.2.3 Biochemical and immunological markers

Biochemical and immunological markers were tested for a total of 107 women (46 with PE, 26 with
gestational hypertension, and 35 healthy pregnant controls). 1 subject with PE from the overall
Ghanaian cohort had insufficient serum available to perform testing. Results are presented in Table

5.5.

Post hoc analysis found statistically significant differences between PE and control groups for several
of the markers tested. Specifically, creatinine and cystatin C were both significantly raised in PE
compared to healthy pregnant controls (median creatinine 66 pmol/L in PE, vs. 51 pmol/Lin
controls, p=0.015, and mean cystatin C 1.4 mg/L in PE, vs. 1.0 mg/L in controls, p=0.001). There were
no statistically significant differences in other markers of excretory renal function (urea and uric

acid) between groups, though.

B2M concentration was significantly raised in the PE group (3.0 mg/L, vs. 2.3 mg/L in controls,
p=0.002). Conversely, HS-CRP was significantly lower in the PE group when compared to controls

(4.8 mg/L, vs. 15.9 mg/L, respectively, p=0.013).

The only significant difference in biomarker comparisons between PE and gestational hypertension
groups was serum creatinine, which was again significantly elevated in PE (66 pmol/L vs. 42 umol/L,

p=0.004).

There were no significant differences in biochemical or immunological markers between gestational
hypertension and control groups. Similarly, there were no observed statistically significant
differences in any of the immunoglobulin groups, serum free light chains, or LDH between any of the

three study groups.
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Table 5.5: Biochemical and immunological marker concentrations: Ghana Cohort

Post hoc test p-values

Blood test Pre-eclampsia (n=46) Gestational HTN (n=26) Control (n=35) p-value PE vs PEvsgest Gest HTN

control HTN vs control
B2M (mg/L) 3.0 (2.6-3.9) 2.5(2.3-3.2) 2.3(1.9-2.9) 0.002 0.002 0.064 0.671
Creatinine (umol/L) 66.0 (51.0-81.0) 42.0(39.0-55.5) 51.0 (39.0-60.0) 0.001 0.015 0.004 1.000
Urea (mmol/L) 2.4 (1.8-3.6) 1.8 (1.5-2.7) 2.1(1.7-2.7) 0.234 1.000 0.269 1.000
Uric acid (mg/dL) 48+1.4 41+1.2 42+1.2 0.065 0.144 0.105 0.952
Cystatin C (mg/L) 14+05 13+04 1.0+04 0.002 0.001 0.385 0.157
IgG (g/L) 11.1+34 12.1+23 114+27 0.373 0.826 0.339 0.688
IgA (g/L) 2.1+0.9 19+0.6 1.8+0.7 0.118 0.119 0.370 0.901
IgM (g/L) 1.0+0.6 1.2+05 1.0+£0.5 0.313 0.902 0.465 0.298
Kappa (mg/L) 26.4 (22.1-33.3) 25.4 (21.0-31.9) 23.4 (18.6-28.0) 0.272 0.325 1.000 1.000
Lambda (mg/L) 25.7 (23.4-32.3) 26.6 (22.5-30.5) 26.5 (20.4-30.0) 0.612 0.974 1.000 1.000
HS-CRP (mg/L) 4.8 (1.7-15.0) 10.1 (2.0-20.7) 15.9 (5.3-33.5) 0.015 0.013 1.000 0.241
LDH (U/L) 601.9 (353.7-948.7) 647.5 (409.7-946.3) 594.2 (421.7-902.7) 0.941 1.000 1.000 1.000

Normally distributed variables are reported as mean * standard deviation, with overall p-values derived from one-way ANOVA tests, or as median (interquartile range), with
p-values for Kruskal-Wallis tests otherwise. Post hoc analyses were carried out using Tukey’s test for multiple comparisons between groups for normally distributed
variables, and Bonferroni-adjusted pairwise comparisons between groups otherwise. Bold p-values are significant at p<0.05. B2M = beta-2 microglobulin, HS-CRP = high-
sensitivity C-reactive protein, LDH = lactate dehydrogenase.
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5.2.3.1 Correlation between complement components and biochemical / immunological markers
The relationship between complement and biochemical / immunological markers was assessed in
order to characterise the cohort in greater detail, to assess the relationship between complement
and other markers of immunity and inflammation, and to be able to identify potential confounding
factors. Correlations between complement components and biochemical / immunological markers
are shown in Table 5.6. Given that multiple comparisons were performed, a Bonferroni-corrected

threshold for statistical significance of p<0.004 is also indicated.

Using the Bonferroni-corrected threshold, there were no significant correlations between properdin,

C5b-9, or C3, and any of the biochemical and immunological markers tested.

In contrast, Ba was positively correlated with B2M (Spearman’s rho 0.461, p<0.001), creatinine (rho
0.368, p<0.001), urea (rho 0.429, p<0.001), uric acid (rho 0.300, p=0.002), and HS-CRP (rho 0.334,
p<0.001). There were no observed statistically significant correlations between Ba and any of the
immunoglobulin classes, serum free light chains, cystatin or LDH, using the Bonferroni-corrected

threshold.

C4 had a significant positive correlation with HS-CRP levels (rho 0.307, p=0.001).
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Table 5.6: Correlation between complement components and biochemical / immunological markers: Ghana Cohort

Complement component
Properdin Ba C5b-9 C3 4
BIM r:-0.073 r: 0.461 r:0.162 r:-0.077 r: 0.039
p=0.504 p<0.001* p=0.095 p=0.430 p=0.690
Creatinine r:0.112 r: 0.368 r:0.178 r:-0.067 r:0.061
p=0.339 p<0.001* p=0.088 p=0.524 p=0.563
Urea r:-0.076 r: 0.429 r:0.244 r:-0.039 r: 0.070
p=0.482 p<0.001* p=0.011 p=0.693 p=0.477
Uric acid r:-0.227 r: 0.300 r: 0.058 r:-0.202 r:-0.109
p=0.035 p=0.002* p=0.552 p=0.037 p=0.266
Cystatin C r: 0.040 r: 0.198 r:-0.089 r:-0.162 r: -0.065
p=0.710 p=0.041 p=0.359 p=0.095 p=0.507
lgG r: 0.033 r:-0.064 r: 0.004 r:0.031 r:-0.223
p=0.759 p=0.513 p=0.967 p=0.750 p=0.021
lgA r: 0.055 r:0.047 r: 0.237 r:0.136 r: 0.083
p=0.620 p=0.637 p=0.015 p=0.168 p=0.398
lgM r: 0.028 r:-0.115 r:0.127 r: 0.108 r: 0.029
p=0.799 p=0.242 p=0.196 p=0.272 p=0.770
Kappa r: 0.069 r: 0.201 r: 0.195 r:-0.039 r: -0.008
p=0.527 p=0.039 p=0.045 p=0.689 p=0.931
Lambda r: 0.040 r: 0.159 r: 0.206 r:-0.068 r:-0.032
p=0.716 p=0.103 p=0.034 p=0.491 p=0.748
HS-CRP r:-0.034 r:0.334 r: 0.232 r: 0.186 r: 0.307
p=0.755 p<0.001* p=0.016 p=0.055 p=0.001*
LDH r: 0.048 r: 0.096 r:-0.082 r: 0.107 r:0.023
p=0.659 p=0.325 p=0.401 p=0.275 P=0.817

Analyses are based on a total of 107 blood results (N=68 for PE; NE=26 for gestational hypertension, and n=35 controls). Associations between variables are reported as

Spearman’s correlation coefficients, with associated p-values. Bold values are significant at p<0.05. r: Spearman’s correlation coefficient. *p<0.004 (Bonferroni-corrected

threshold for multiple comparisons).
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5.2.3.2 Logistic regression analysis
In this cohort, Ba concentrations closely correlated with biomarkers of excretory renal function.
Furthermore, Ba concentrations were raised in women with PE (approaching a statistically significant

difference when compared with the gestational hypertension group).

In Chapter 3, Ba was found not to be independently associated with PE after controlling for renal
function. Contrary to this, in Chapter 4, third trimester Ba did remain independently associated with

adverse pregnancy outcomes in women with CKD after controlling for pre-pregnancy renal function.

Logistic regression analysis was therefore conducted, using PE as the dependent variable, and
controlling for serum creatinine. This found that, in the Ghana cohort, Ba was not independently
associated with PE after controlling for renal function (OR for PE per 100 ng/ml increase in Ba: 1.04,

95% Cl1 0.96-1.14, p=0.337).
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5.3 Discussion

5.3.1 Summary of findings

Existing literature highlights disproportionately high rates of hypertensive disorders of pregnancy,
including PE, among women of SSA ethnicity (210, 211). This is also reflected in studies of more
economically developed nations (176, 207, 215), and after controlling for demographic and
socioeconomic factors (174). This is suggestive of an inherent risk of PE in this population of women.
Women of SSA origin may also be at greater risk of severe disease (254, 261). A French study of 526
women reported rates of early-onset PE (diagnosis prior to 28 weeks’ gestation) of 22% in SSA
women versus 7% in white European women, and 7% in Maghrebian women (p<0.01) (176). Further
evidence highlights disproportionately high rates of PE with severe features (211), and eclampsia

(212), among women of SSA ethnicity, when compared to global rates.

A growing body of evidence, together with the results from Chapter 3 of this thesis, have linked
excess complement activation with the pathogenesis of PE (4, 9-11). It was therefore postulated that
women of SSA ethnicity — a population with already increased rates of PE, and with a high incidence
of severe disease —would exhibit excessive complement activation in the setting of PE. The results
from this study, however, do not confirm any significant association between complement

dysregulation and PE in women of Ghanaian SSA ethnicity.

5.3.1.1 Complement biomarkers in women of SSA ethnicity

In this study, concentrations of properdin, C3 and C4 were comparable between women with PE,
gestational hypertension, and controls. This is in direct contrast to the findings from Chapter 3, in
blood samples taken from a UK cohort of women, which found properdin, C4 and C3 to be
significantly reduced in women with PE when compared to healthy pregnant controls. Likewise,
other publications have reported reduced C4 concentrations in women with PE (142), and high levels
of split product C4d (34); indicative of C4 consumption via classical or lectin pathway activation.

These findings are not reflected in this Ghanian cohort of women.
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The present study found reduced concentrations of C5b-9 in Ghanaian women with gestational
hypertension. However, when PE samples were compared with just healthy pregnant controls, there
were no significant differences in C5b-9 between groups, and thus no evidence to confirm increased
terminal pathway activation in Ghanaian women with PE. This is in contrast with some published
research studies (of ethnically diverse groups), which report increased circulating C5b-9
concentrations in women with PE compared to healthy pregnant controls (34, 148, 150, 152), and
associations with fetal growth restriction (34) and HELLP syndrome (80, 246). There were no cases of
HELLP syndrome in the Ghana Cohort. No data were available about the timing of PE onset, but the
median gestation at delivery was almost 37 weeks, with an interquartile range of 34.0 — 39.4 weeks,
so it could be inferred that the majority of women in this cohort did not have early-onset disease.

This may have contributed to the lack of difference in C5b-9 between PE and controls.

Although the present study did not report any significant difference in Ba concentration between
groups, there was a trend towards elevated Ba levels in women with PE when compared with the
gestational hypertension and healthy pregnant control groups. This is in keeping with the results
from chapter 3, which found increased Ba in maternal and cord blood in subjects with PE, and
Chapter 4, which found elevated Ba concentrations in all three trimesters in women with CKD with
an adverse pregnancy outcome. Elevated Ba concentrations may be indicative of excessive
alternative complement pathway activation in women with PE. The evidence base for alternative
pathway activation in the maternal circulation in PE is conflicting. Elevated levels of complement
Factor B and split product Bb have been reported during early pregnancy in prospective studies of
women who later developed PE (17, 138). This is suggestive of early alternative pathway activation,
as the placenta is developing. Further studies have reported high concentrations of Bb at term in
cases of PE (141), and an association with PE severity (139), whereas other groups examining C3
levels reported no significant differences between cases of PE and healthy pregnant controls (142,

147).
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Inclusion of women with chronic hypertension, and lack of formal protein quantification in this
cohort Increased the complexity of the PE phenotype, with a potential blurring of diagnosis of PE
and gestational hypertension. Thus PE and gestational hypertension patients were grouped together
as ‘hypertensive disorders of pregnancy’ in subgroup analysis. However, there were no significant
differences observed in any of the complement biomarkers between patients with a hypertensive
disorder of pregnancy and healthy pregnant controls. Regrouping the patients in this way therefore

did not alter the overall conclusions drawn.

5.3.1.2 Interpretation of findings

There is a scarcity of existing data on the role of complement in the pathogenesis of PE specifically in
SSA populations, with publications limited to women of AA heritage living in the US. One prospective
study by Lynch et al. examined maternal blood samples taken within the first 20 weeks of pregnancy
for alternative pathway activation fragment Bb (17). From a total cohort of 701 women, 51 were of
AA ethnicity. Overall, women with a Bb concentration measuring within the top decile were at a
substantially increased risk of developing PE later in pregnancy (RR 3.3, 95% Cl 1.6-7.0, p<0.001).
Women of AA ethnicity were twice as likely as non-AA women to have a top decile Bb measurement
(RR 2.2, 95% CI 1.2-4.0, p=0.008). The study did not report a significant increase in PE diagnoses in
the AA group of women, but the numbers of affected women were very small and the study was

underpowered to detect such a difference.

A later US-based study tested maternal and umbilical cord blood samples for Bb from a cohort of
291 women, of whom 78% were of AA ethnicity (141). From the overall cohort, maternal blood Bb
concentrations were almost 30% higher in women with PE than in controls. Similarly, maternal blood
Bb concentrations were significantly higher in AA women with PE, compared to AA women without
PE (1.26 ug/ml vs. 0.96 pug/ml respectively, p=0.007). No significant differences in cord blood Bb
concentrations between groups were found, and the study did not report a subgroup analysis of Bb

concentrations in AA women with PE, versus women of non-AA ethnicity with PE.
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Although these publications imply a potential role for alternative pathway activity in the maternal
circulation in AA women with PE, the results are based on small cohorts of women and do not

provide any analysis of biomarkers from other complement pathways.

Overall, there was a lack of evidence for excess complement activation in the setting of PE in this
cohort of women of SSA ethnicity. The results may have been confounded by sampling from a
resource-limited setting (with unavailability of formal urine protein quantification, angiogenic
marker analysis, and uterine artery Doppler imaging), leading to potential misclassification of
patients with PE. It may be the case that additional factors are at play and predispose women of SSA
ethnicity to PE. Environmental and socioeconomic disparities — including differences in access to
healthcare and higher rates of hypertension and obesity — undoubtedly play a role (175, 206, 253,

262).

Another hypothesis is that genetic differences in those with recent African ancestry confer a
particular risk for developing PE during pregnancy. It has been proposed that the interaction
between HLA-C expressed by trophoblasts, and KIRs expressed by dNK cells is important in
successful trophoblast invasion, and therefore in healthy placental development (86, 98, 102, 103).
Specific combinations of maternal KIR and fetal HLA-C alleles have been found more frequently in
cases of PE (86, 98, 102). Interestingly, studies have shown high rates of these risk-conferring KIR
and HLA-C variants in Ugandan (216) and Ghanaian (217) populations, which may contribute to the

high rates of PE seen in women of SSA ethnicity.

Studies of the APOL-1 gene have also garnered much recent attention. ‘High risk’ variants of G1 and
G2 alleles encoding the APOL-1 gene are only found in those with recent African ancestry and are
known to confer an increased risk of kidney disease and hypertension (218, 263-266). In a Nigerian
cohort study, approximately one in four people had two APOL-1 risk alleles, and among those with
CKD, the prevalence rose to two-thirds (267). Although the presence of the maternal high-risk APOL-

1 genotype has not been linked with the overall risk of developing PE, one study has reported an
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association between the maternal APOL-1 G1 allele and the risk of developing early-onset PE (OR
2.2, p=0.03) (219). Instead, there appears to be a particular link between fetal high-risk APOL-1
genotypes and the risk of developing PE. One multicentre study of two US cohorts reported odds
ratios for having a pregnancy affected by PE in the context of high-risk APOL-1 fetal genotype of 1.84
(95% Cl1.11, 2.93) and 1.92 (95% CI 1.05, 3.49), p<0.05 (123). This finding has been corroborated by
later studies (124), and reinforces the theory that both maternal and fetal genetic factors are likely

to play an important role in the pathogenesis of PE in women with recent African ancestry.

5.3.1.3 Relationship between complement and biochemical / immunological biomarkers
Biochemical analysis in this study found significantly elevated levels of B2M in Ghanaian women with
PE. This association has previously been reported in a racially diverse cohort of women in the UK,
where B2M was proposed to be a potentially useful biomarker for pregnancies at risk of PE (142).
The authors also reported that B2M was strongly correlated with creatinine, meaning that elevated

levels may be representative of impaired renal function rather than inflammation (142).

Women with PE in the present study had significantly higher levels of creatinine and cystatin C than
healthy pregnant controls. These biomarkers are indicative of renal dysfunction and are expectedly
elevated in the setting of PE. Ba concentrations were positively correlated with markers of excretory
renal function, meaning that elevated Ba levels might be a product of poorer renal function, rather
than necessarily being indicative of systemic complement activation. Ba is known to be renally
excreted, and has been shown in previous research to be significantly elevated in patients with
advanced chronic kidney disease compared to the assay normal range (249). However, the serum
creatinine in the PE group (median 66.0 pmol/L) would still be considered to be within the normal
range for pregnancy (250), thus the effect on renal excretion of small and middle-sized molecules
would be expected to be minimal. Logistic regression analysis however confirmed that Ba was not

significantly associated with PE after controlling for renal function. The trend towards elevated Ba
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levels in SSA women with PE might therefore be interpreted as a surrogate marker of AKI, rather

than excess complement activation.

In contrast to previous research (142), polyclonal serum free light chains were not significantly
elevated in women with PE in this study when compared to controls. Interestingly, however, light
chain concentrations for cases and controls in this Ghanaian cohort were almost double the
reported levels in racially diverse UK cohorts in Chapter 3 of this thesis, and in published research
(142). Furthermore, light chain concentrations were towards or above the upper limits of normal of
stated laboratory reference ranges for non-pregnant populations (normal range for kappa 3.3-19.4
mg/L and lambda 5.7-26.3 mg/L (268)). Similarly, 1gG concentrations for both PE cases and controls
in the Ghana Cohort were significantly higher than levels reported during pregnancy in published
research (142) and in Chapter 3 of this thesis. Previous studies have described higher I1gG levels in
Black populations than in White populations (269, 270), and higher proportions of Black patients
with abnormal sFLC ratios than White patients, in the setting of monoclonal gammopathy (271).
Despite this, there are no published reports to date on the link between inflammatory markers and
ethnicity in pregnancy, except for a UK-based study of 88 women with PE and 107 healthy pregnant
controls, in which Sarween et al. noted a trend towards higher levels of sFLCs and IgG in women of
non-White ethnicity (142). This phenomenon could be contributory to the overall increased risk of

inflammatory events in pregnancy, including PE, in women of SSA ethnicity.

5.3.2 Strengths and limitations

This study, for the first time, reports on a comprehensive panel of circulating complement
biomarkers in a specific cohort of women of SSA ethnicity. This provides a valuable and unique
insight into the potential contributors to PE pathogenesis in SSA women, who are known to be at a
particularly high risk for developing PE during pregnancy. This cohort was recruited from a well-

defined geographic area in Accra, Ghana, limiting the impact of geographical and socioeconomic
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variations upon the results. Furthermore, there were no significant differences in antenatal clinic
attendance between groups, which could be seen as an indicator of equality of access to healthcare

between groups.

This study also provides a thorough review of biochemical and immunological markers in SSA
women with PE, gestational hypertension, and healthy pregnancy. This has not previously been
reported on and provides new potential mechanistic insights into the high rates of pregnancy

complications seen in women of SSA ethnicity.

The results from this study are limited by the sample size: this study is likely to be underpowered to
detect statistically significant differences in complement markers between groups. However,
samples were tested retrospectively from an historically collected cohort, and all available samples

were utilised.

Measurement of urine ACR was not possible within this healthcare setting, so the diagnosis of PE
relied on more crude measures such as urine dipstick testing. Similarly, adjuncts to PE diagnosis used
routinely in Western healthcare settings, including measurement of angiogenic markers (sFlt-1 and
PIGF), and uterine artery Doppler ultrasonography were unavailable. Additionally, women with
chronic hypertension were not excluded from this study, which could have further complicated the
accurate diagnosis of PE and lead to potential misclassification. In an attempt to overcome this, a
subgroup analysis was conducted, comparing all women with hypertensive disorders of pregnancy
with healthy controls. This did not reveal any further significant differences between groups when

compared to the overall results.

Another study limitation was the lack of availability of some demographic data. The gestation at PE
onset and diagnosis was not recorded, so it was not possible to categorise the severity of PE. The
gestation at blood draw was not recorded either, meaning that controlling for this effect in statistical
analysis was not possible. However, the PE group delivered significantly earlier in pregnancy than

gestational hypertension and control groups (albeit with a median gestation of 36.7 weeks in PE,
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which would be considered almost ‘term’). It is therefore a possibility that gestational differences

between groups could have impacted upon the recorded complement concentrations.
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5.4 Conclusions

This study, for the first time, provides a comprehensive review of circulating biomarkers of
complement activation during pregnancy in a cohort of women of SSA ethnicity. No significant
differences were found in properdin, Ba, C3, C4, or C5b-9 concentrations between women with PE,
women with gestational hypertension, or healthy pregnant controls. These results do not provide
any conclusive evidence for complement activation being responsible for the excess rates of PE

reported in women of SSA ethnicity.

Confounding factors were present which may have affected the conclusions drawn. The lack of
availability of formal protein quantification and diagnostic adjuncts including uterine artery Doppler
imaging and angiogenic marker analysis, and the inclusion of subjects with chronic hypertension,
may have led to misclassification and a blurring of the PE phenotype. Future studies should aim to
use standardised definitions of PE to enable accurate comparisons between groups. Furthermore,
this study reports on a small population of women of Ghanaian ethnicity and is not representative of

SSA as a whole.

Reasons for the increased rates of PE seen among women of SSA ethnicity are keenly debated. This
study reported novel evidence of particularly high 1gG and sFLC concentrations across all groups
when compared to published data of racially diverse cohorts and normal laboratory reference
ranges. This may contribute to an overall baseline systemic inflammation during pregnancy in SSA

women, and high rates of pregnancy complications including PE.

This group of women have inherent differences to the racially diverse UK cohorts investigated in
Chapters 3 and 4 of this thesis. The effect of complex environmental and socioeconomic factors
cannot be overlooked and is likely to play a significant role in the high rates of PE seen in women of

SSA ethnicity.
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CHAPTER 6

A COMPARISON OF COMPLEMENT ACTIVATION
IN PRE-ECLAMPSIA
IN PREVIOUSLY HEALTHY WOMEN,

AND IN HIGH-RISK GROUPS
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6 A comparison of complement activation in pre-eclampsia in
previously healthy women, and in high-risk groups

6.1 Summary and overview

PE is a heterogenous obstetric syndrome with hallmark features of hypertension and proteinuria,
but wide variations in timing of onset and maternal and fetal clinical outcomes, including the
development of HELLP syndrome and fetal growth restriction. This has led some commentators to
guestion whether PE is in fact more than one disease with a shared clinical phenotype (107, 116), or
if it has a single pathogenesis but manifests in different ways depending on individual sensitivities
and risk factors (including age, obesity, ethnicity, and underlying health conditions including CKD)

(118, 119).

The final chapter of this thesis aimed to compare complement markers within the maternal
circulation across all three study groups (women with no pre-existing medical conditions in the
Birmingham Cohort, women with renal disease in the CKD Cohort, and women of SSA ethnicity in the
Ghana Cohort). Prior analysis in Chapter 3 (section 3.2.9) from a subset of patients from the
Birmingham Cohort showed that complement assays conducted in Birmingham using commercially
available ELISA kits returned the same statistically significant differences in complement biomarkers
as MSD assays conducted in Newcastle. Therefore, the Birmingham ELISA test results from this

subset of patients were compared with the CKD and Ghana cohort results.

The aim was to compare and contrast patterns of complement activation in PE and healthy
pregnancy across a cohort of previously healthy women, women with CKD, and women of SSA

ethnicity.

A summary discussion follows, providing a review of the principal novel findings arising from this

thesis.
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6.2 Results

6.2.1 Comparison of complement activation in PE: Birmingham vs. CKD vs. Ghana cohorts

A comparison of the demographic and clinical outcome data for Birmingham and Ghana Cohort PE
groups, and the CKD SPE group are shown in Table 6.1. It should be borne in mind that different
criteria were used for the definition of PE or SPE across the three cohorts. In the Birmingham Cohort,
PE was diagnosed according to international consensus criteria (see Table 1.3), whereas for the
Ghana Cohort, there was no availability of diagnostic adjuncts such as urine protein quantification
with ACR or PCR, angiogenic marker analysis, or uterine artery Doppler. In the CKD Cohort, SPE was
diagnosed according to the criteria listed in section 2.4.6, which was adapted from previous research

studies of SPE in women with CKD, in the absence of any standardised diagnostic criteria.

Data were available for a total of 78 women with PE: 16 from the Birmingham Cohort, 15 from the
CKD cohort, and 47 from the Ghana Cohort. The only significant differences between PE cohorts
related to ethnicity and parity. The Ghana Cohort was entirely comprised of women of Black
ethnicity, whereas Birmingham and CKD cohorts were both more racially diverse; reflective of the
population local to the West Midlands, UK. The Birmingham Cohort had a significantly higher
proportion of nulliparous women (81%,; vs. 47% of CKD and 30% of Ghana cohorts, p=0.001). Apart
from this, cohorts were well matched for maternal age, gestation, mode of delivery, and fetal

outcomes.

A comparison of complement biomarker concentrations in women with PE by cohort is displayed in

Table 6.2.

Post hoc analysis found that plasma properdin concentration was significantly lower in the
Birmingham Cohort compared with the CKD Cohort (mean 12605 ng/ml, vs. 19065 ng/ml

respectively, p=0.029), and with the Ghana Cohort (12605 ng/ml, vs. 18802 ng/ml, p=0.009).
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C5b-9 concentrations were markedly raised in the Ghana Cohort when compared with the
Birmingham Cohort (median 720 ng/ml, vs. 262 ng/ml respectively, p<0.001), and with the CKD

Cohort (median 720 ng/ml, vs. 295 ng/ml, p<0.001).

There were no C3 or C4 results available for the CKD Cohort, but when comparing Birmingham with
Ghana results, both C3 and C4 were significantly higher in the Ghana Cohort. Mean C3 concentration
was 1.6 g/L for Ghana, vs. 1.3 g/L for Birmingham, p<0.001; and mean C4 concentration was 0.3 g/L

for Ghana, vs. 0.2 g/L for Birmingham, p=0.002.

There were no statistically significant differences in plasma Ba concentrations across any of the
three PE cohorts tested, although the median Ba concentration was notably higher in the CKD
Cohort than in either of the other cohorts (1608 ng/ml for CKD, vs. 1286 ng/ml for Birmingham, and

1222 ng/ml for Ghana, p=0.086).
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Table 6.1: Demographic and clinical outcome data for women with PE: Birmingham vs. CKD vs. Ghana Cohort

N Birmingham CKD Ghana p-value
(n=16) (n=15) (n=47)
Maternal age at delivery (years) 74%* 285+7.4 289+4.7 28.6+6.7 0.985
Nulliparous 78 13 (81%) 7 (47%) 14 (30%) 0.001
Ethnicity 78 <0.001
White 9 (56%) 8 (53%) 0 (0%)
Asian 4 (25%) 5 (33%) 0 (0%)
Black 3 (19%) 1(7%) 47 (100%)
Mixed/Other 0 (0%) 1(7%) 0 (0%)
Gestation (weeks) 78 36.9 (36.0-37.5) 37.1(35.4-37.6) 36.7 (34.0-39.4) 0.826
Preterm birth (<37 weeks) 78 10 (63%) 7 (47%) 25 (53%) 0.697
Mode of delivery: 78 0.872
Vaginal 4 (25%) 4 (27%) 16 (34%)
Caesarean 12 (75%) 11 (73%) 30 (64%)
Unknown 0 (0%) 0 (12%) 1(2%)
Fetal outcomes:
Birth weight (g) 75%* 2311.3+725.0 2659.9 £ 595.0 2418.7 £ 879.0 0.478
Low birth weight (<2500 g) 75%* 10 (63%) 6 (43%) 22 (49%) 0.587
SGA (birth weight <10t centile) 75* 9 (56%) 3 (21%) 23 (51%) 0.103

Continuous variables are reported as mean * standard deviation, with p-values derived from one-way ANOVA tests, or as median (interquartile range), with p-values from
Kruskal-Wallis tests. Categorical variables are reported as N (column %), with p-values from Fisher’s exact tests. Bold p-values are significant at p<0.05. *Missing data (N
denotes number of cases data available from total of 78 pregnancies).
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Table 6.2: Complement biomarker results in women with PE: Birmingham vs.

CKD vs. Ghana Cohort

Blood test

Post hoc test p-values

N Birmingham CKD Ghana p-value Bham vs Bham vs CKD vs
CKD Ghana Ghana
Properdin (ng/ml) 65 12605 + 3052 19065 + 8341 18802 + 7208 0.008 0.029 0.009 0.992
1286 1608 1222
Ba (ng/ml) 72 (977-1544) (1260-2581) (927-1708) 0.086 0.309 1.000 0.095
C3 (g/L) 62 1.3+0.2 - 1.6+0.4 <0.001 - - -
C4 (g/L) 62 0.2+£0.1 - 03+0.1 0.002 - - -
262 295 720
C5b-9 (ng/ml) 72 (196-378) (258-415) (550-922) <0.001 1.000 <0.001 <0.001

Normally distributed variables are reported as mean * standard deviation, with overall p-values derived from independent samples t-tests, or one-way ANOVA tests. Non-
normally distributed variables are reported as median (interquartile range), with overall p-values for Kruskal-Wallis tests. Post hoc analyses use Tukey’s test for multiple
comparisons between groups for normally distributed variables, and Bonferroni-adjusted pairwise comparisons between groups for non-normally distributed variables. Bold
p-values are significant at p<0.05. Properdin data based on Birmingham N=16/ CKD N= 14/ Ghana N=35. Ba and C5b-9 data based on Birmingham N=10/ CKD N=15/ Ghana

N=47. C3 and C4 data based on Birmingham N=16/ Ghana N=46.
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6.2.2 Comparison of complement activation in pregnant controls: Birmingham vs. CKD vs.
Ghana cohorts

Data were available for a total of 97 pregnant controls: 16 from the Birmingham Cohort, 46 from the

CKD Cohort, and 35 from the Ghana Cohort. Baseline demographic and clinical outcome data are

presented in Table 6.3.

There was some heterogeneity in pregnant control group phenotypes across the three cohorts
tested. Once again, there were inherent differences in the ethnic makeup of the groups tested. In
addition, there were significant differences in mode of delivery, with the majority of the Birmingham
Cohort controls delivering via Caesarean section, compared to a much more even split between
vaginal and Caesarean deliveries in the CKD and Ghana controls. This is likely to be a result of many
of the Birmingham Cohort controls being recruited from elective Caesarean section clinics. Note
prior subgroup analysis in section 3.2.8.1 which showed that mode of delivery did not appear to

impact upon complement activation, however.

Control pregnancies in the CKD group had significantly earlier gestational age and smaller birth
weights in the CKD cohort than in either the Birmingham or Ghana Cohort controls. Specifically, the
CKD controls had a median gestational age of 37.9 weeks, vs. 39.3 weeks in both the Birmingham
and Ghana cohorts, p<0.001. The mean birth weight for the CKD controls was 2824.3 g, vs. 3456.6 g
for Birmingham, vs. 3221.1 g for Ghana, p<0.001. These differences are illustrative of the inherent
challenges in managing pregnancy in women with renal disease and high rates of adverse outcomes

even in the absence of PE (179, 180).

Complement biomarker concentrations for control groups are compared in Table 6.4.

In contrast to PE groups, there were no significant differences in properdin concentrations between

any of the study cohorts, or in C3 or C4 concentrations between Birmingham and Ghana cohorts.
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Ba concentrations were significantly higher in CKD Cohort controls when compared to the

Birmingham Cohort (1251 ng/ml, vs. 853 ng/ml respectively, p=0.006).

Once again, C5b-9 concentrations were in the order of 2.5 times greater in the Ghana Cohort than in
either the Birmingham or CKD Cohort (710 ng/ml for Ghana, vs. 204 ng/ml for Birmingham, vs. 281

ng/ml for CKD; p<0.001).
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Table 6.3: Demographic and clinical outcome data for pregnant control patients: Birmingham vs. CKD vs. Ghana Cohort

N Birmingham CKD Ghana p-value
(n=16) (n=46) (n=35)
Maternal age at delivery (years) 92* 30.1+6.0 30.2+5.8 30.2+6.4 0.998
Nulliparous 96* 6 (38%) 16 (29%) 11 (32%) 0.959
Ethnicity 97 <0.001
White 9 (56%) 27 (59%) 0 (0%)
Asian 4 (25%) 11(24%) 0 (0%)
Black 2 (13%) 4 (9%) 35 (100%)
Mixed/Other 1 (6%) 4 (9%) 0 (0%)
Gestation (weeks) 96* 39.3 (39.0-40.6) 37.9 (37.0-38.9) 39.3 (38.0-40.9) <0.001
Preterm birth (<37 weeks) 96* 0 (0%) 10 (22%) 6 (17%) 0.133
Mode of delivery: 97 0.009
Vaginal 3 (19%) 25 (54%) 16 (46%)
Caesarean 13 (81%) 21 (46%) 15 (43%)
Unknown 0 (0%) 0 (0%) 4 (11%)
Fetal outcomes:
Birth weight (g) 95* 3456.6 £344.0 2824.3+471.2 3221.1 £ 608.3 <0.001
Low birth weight (<2500 g) 95* 0 (0%) 13 (30%) 4 (11%) 0.011
SGA (birth weight <10t centile) 95* 0 (0%) 12 (27%) 7 (20%) 0.053

Continuous variables are reported as mean * standard deviation, with p-values derived from one-way ANOVA tests, or as median (interquartile range), with p-values from
Kruskal-Wallis tests. Categorical variables are reported as N (column %), with p-values from Fisher’s exact tests. Bold p-values are significant at p<0.05. *Missing data (N
denotes number of cases data available from total of 97 pregnancies).
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Table 6.4: Complement biomarker concentrations in pregnant control patients: Birmingham vs. CKD vs. Ghana Cohort

Post hoc test p-values
Blood test N Birmingham CKD Ghana p-value Bham vs Bham vs CKD vs
CKD Ghana Ghana
Properdin (ng/ml) 89 18669 + 3915 17805 + 5495 18229 + 5320 0.844 0.841 0.958 0.935
853 1074
Ba (ng/ml) 72 (626-1001) 1251 (891-2186) (851-1304) 0.008 0.006 0.148 0.271
C3 (g/L) 51 1.6+0.2 - 1.6+0.3 0.594 - - -
Ca (g/L) 51 03+0.1 - 0.3+0.1 0.859 - - -
204 281 710
- <0. . <0. <0.
C5b-9 (ng/ml) 72 (175-356) (254-400) (563-890) 0.001 1.000 0.001 0.001

Normally distributed variables are reported as mean * standard deviation, with overall p-values derived from independent samples t-tests, or one-way ANOVA tests. Non-
normally distributed variables are reported as median (interquartile range), with overall p-values for Kruskal-Wallis tests. Post hoc analyses use Tukey’s test for multiple
comparisons between groups for normally distributed variables, and Bonferroni-adjusted pairwise comparisons between groups for non-normally distributed variables. Bold
p-values are significant at p<0.05. Properdin data based on Birmingham N=16/ CKD N=39/ Ghana N=34. Ba and C5b-9 data based on Birmingham N=10/ CKD N=27/ Ghana
N=35. C3 and C4 data based on Birmingham N=16/ Ghana N=35.
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6.3 Discussion: comparison of complement biomarkers in pre-eclampsia in

previously healthy women, and in high-risk groups

Analysis of complement biomarkers in both PE and healthy pregnancy across three distinct patient
cohorts revealed different patterns of complement activity in each. Analysis of the Birmingham
Cohort found significantly reduced concentrations of properdin in the maternal circulation of
women with no pre-existing medical conditions in the setting of PE. This was not seen in the CKD or
Ghana cohorts in women with PE, and in healthy control pregnancies, circulating properdin levels
were comparable across all cohorts. The results are suggestive of excessive alternative complement
pathway activity in women with PE in the Birmingham Cohort. Properdin is hypothesised to move
from the maternal circulation and bind to activated complement in placental tissue — see section

3.3.2) (224). This may in turn trigger further complement activation via the amplification loop.

Further differences between cohorts were seen in C3 and C4, which were both lower in the
Birmingham PE Cohort than in the Ghana PE Cohort, and could be representative of complement

consumption secondary to excessive activation of any of the 3 complement pathways.

Confounding factors may have contributed to the lack of properdin consumption seen among
women with PE (or SPE) in the CKD and Ghana cohorts. One hypothesis is that impaired renal
function in women with CKD could have caused reduced excretion of properdin (and other
complement components), leading to relatively higher plasma concentrations in the CKD Cohort

(256).

The raised levels of properdin, C3 and C4 seen in the Ghana PE Cohort could be ethnicity related.
There are no published data relating to ethnic differences in complement components during
pregnancy. Interestingly though, one recent study reported significantly elevated concentrations of

properdin, C3 and C4 in a cohort of 89 Black African men, when compared to 96 White European
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men (272). The authors suggest that this might predispose Black populations to systemic
complement activation and inflammation, and could be contributory to the high rates of metabolic

disease seen in this demographic.

C5b-9 concentrations were notably elevated in both PE and control pregnancies in the Ghana
Cohort, compared to the Birmingham and CKD cohorts, with no overlap in the IQR between groups.
Earlier subgroup analysis of the Birmingham Cohort also found a possible signal for raised C5b-9

levels in Black women with PE, versus non-Black women with PE (see sections 3.2.8.3 and 3.3.1.6).

The evidence base for ethnicity-related differences in C5b-9 is limited and conflicting. Goff and
colleagues did not report any significant difference in circulating levels of C5b-9 in their small cohort
study of men of Black African heritage, versus White European men (272). Another small study
found significantly reduced C5b-9 levels in 9 subjects of African origin, compared to 46 Caucasian
subjects, p<0.01 (273). A final study compared the complement profile of 200 South Asians with 200
Caucasians, and found significantly elevated C5b-9 concentrations in South Asian participants (274).
None of these studies included pregnant subjects, but they do highlight potential differences in
normal ranges of complement components between ethnic groups. Having an elevated baseline
C5b-9 level could theoretically predispose women of SSA ethnicity to inflammatory events during
times of immune system stress, such as pregnancy. This may contribute to the high rates of PE with

severe features and HELLP syndrome seen in the SSA population (80, 253).

Ba concentrations were higher in the CKD Cohort than in either the Birmingham or Ghana cohorts
(although the differences between groups were only statistically significant for CKD vs. Birmingham
pregnant controls). Note that the CKD control group had a significantly earlier gestation than
Birmingham controls, so the reported difference between groups may be an under-estimate. Ba is
known to be renally excreted, and has been shown to be significantly elevated in patients with
advanced chronic kidney disease compared to the assay normal range (249). Previous analysis in

Chapters 3 and 5 found Ba to be significantly correlated with biomarkers of renal function, although
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third trimester Ba did remain independently associated with SPE after controlling for pre-pregnancy
renal function in the CKD Cohort. Given that Ba concentrations are consistently elevated in CKD
patients (even in control pregnancies not affected by SPE), and when compared to cohorts with
normal kidney function, it seems likely that this is indicative of renal dysfunction rather than
complement activation. Caution is needed when reviewing research studies reporting on Ba or Bb
concentrations in PE, and study design should ideally control for or report on the renal function of

participants.

It should be borne in mind that different diagnostic criteria were used for PE and SPE across the
three cohorts tested, which may have affected interpretation of the results. Future studies should
aim to use standardised and clearly defined disease descriptors, to enable reliable comparisons

between groups.
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6.4 Summary discussion

PE is a common hypertensive disorder of pregnancy, resulting in significant obstetric morbidity and
mortality (74, 212, 237). Certain populations of women, including those with CKD and women of SSA
ethnicity, have particularly high rates of PE (79, 190, 213, 262). The pathophysiology of PE remains
poorly understood, and no definitive treatment is currently available, other than expedited delivery
of baby and placenta (77, 86, 275). The identification of therapeutic targets could have substantial
and much-needed benefits for at-risk women and help to reduce the extensive burden of disease

(81).

There is increasing interest in the potential role of complement in the pathogenesis of PE. Animal
models demonstrate placental complement activation inducing defective angiogenesis, abnormal
placentation and fetal demise (15, 112, 114, 131), with complement inhibition rescuing pregnancy
(15, 112). Small studies of human tissue report conflicting results but have demonstrated excessive
placental complement deposition in women with PE, with potential links to disease severity (25, 31,
132). Other studies have reported raised concentrations of complement biomarkers in the maternal
circulation in PE (17, 34, 148, 150). Data on umbilical cord blood complement is extremely limited.
Despite the growing body of evidence, it remains unclear whether raised concentrations of
circulating complement in human pregnancy affected by PE reflect a general heightened

inflammatory state or are directly associated with placental complement-mediated injury.

This thesis examined the hypothesis that PE is associated with excessive complement deposition in
placental tissue, with concurrent complement activation within the maternal and fetal circulation;
and therefore, that abnormal levels of circulating complement are reflective of complement-
mediated placental tissue damage. A secondary hypothesis was that groups with a high prevalence
of PE, and of PE with severe features, (women with CKD and women of SSA ethnicity) would exhibit

a significant degree of systemic complement activation.
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There were three main arms of research; see Figure 2.1. The first study examined placental tissue
along with simultaneously collected samples of maternal and umbilical cord blood from a pregnant
cohort of previously healthy women (PE cases and healthy controls), to explore how placental
complement deposition might be related to levels of circulating complement in the fluid phase. The
second and third arms of research examined maternal blood samples for complement biomarkers in
cohorts at high risk of developing PE (pregnant women with CKD, and pregnant women of SSA

ethnicity).

The aim was to provide further support for the role of complement activation in the pathogenesis of
PE and also to provide mechanistic insight into the sequence of events leading to complement
activation on a local and systemic level. This might in turn strengthen the evidence base towards

future trials of complement-modifying agents in the treatment of PE.

6.4.1 Pre-eclampsia in previously healthy pregnant women is characterised by placental
complement deposition and concurrent complement dysregulation in the maternal
and fetal circulation

This study reports novel evidence of placental complement deposition associated with significant

changes in complement biomarkers in the maternal and fetal circulation in women with PE.

Specifically, women with PE had significant placental complement deposition (particularly C4d), with

simultaneous significant reductions in properdin, C3 and C4 in the maternal circulation, and elevated

Ba concentrations in both the maternal and fetal circulation.

Maternal plasma properdin emerged as being particularly strongly associated with PE. This is the
first time a reduction in properdin in the context of PE has been reported. The findings were
replicable in a separate validation cohort, and significant differences in properdin persisted after
controlling for gestational age and excretory renal function. Furthermore, maternal plasma

properdin concentration appears to provide excellent diagnostic accuracy in distinguishing cases of
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PE from healthy pregnancy (AUROC 0.87 (SE 0.03), with properdin concentration < 5764 ng/ml
suggestive of a PE diagnosis with sensitivity and specificity of 81%; reported in section 3.2.2 and
Figure 3.3). Importantly, placental C4d deposition was negatively correlated with maternal
properdin and C4, indicating that those women with the greatest complement consumption within
the maternal circulation also had concurrent increased complement deposition within placental

tissue.

This study also provided a novel review of complement biomarkers within the fetal circulation in PE
and healthy pregnancy. Ba was the only complement component to significantly differ between PE
and controls, but this may represent diffusion from the maternal circulation rather than fetal
complement activation per se. This theory is reinforced by none of the fetal complement markers
correlating with placental complement deposition, and all biomarkers except split products iC3b and

Ba being lower in the fetal circulation than the maternal circulation.

Whilst this study cannot prove direct cause and effect, the results do provide new mechanistic
insights into the role of complement in the pathogenesis of PE. The presence of significantly
deranged circulating complement biomarkers with concurrent significant complement deposition
support a role for complement activation being involved in the pathogenesis of PE rather than
simply being present as a result of systemic inflammation. The proposed sequence of events using
the new data from this thesis is that properdin binds to activated complement in placental tissue,
resulting in depleted plasma concentrations. Classical pathway activation predominantly drives C4d
deposition within the placenta (triggered by ischaemia-reperfusion injury) (31, 132), and the

amplification loop exacerbates the cycle of activation via the alternative pathway.

Animal and in vitro laboratory studies have demonstrated links between aberrant complement
activation and disordered angiogenesis, implicating them as crucial mechanisms of PE pathogenesis.
Complement activation can stimulate the release and upregulation of antiangiogenic sFlt-1 (15, 137),

leading to the formation of a poorly vascularised placenta, ischaemia-reperfusion injury, further
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complement activation, and maternal endothelial dysfunction (133, 163). Conversely, complement
blockade can reduce sFlt-1 production (15, 129), restoring placental perfusion (131), and rescuing

pregnancy in mice (15, 112, 129).

In conclusion, this study, for the first time, demonstrates evidence of excessive placental
complement deposition associated with significant concurrent changes in maternal and fetal
circulating complement biomarkers in PE. Placental complement deposition is strongly correlated
with complement activation within the maternal circulation, suggesting that those patients with the
most excessive changes in circulating markers of complement activation also have the greatest
extent of placental complement-mediated damage. Inhibition of complement activation might be a
viable treatment option for women with PE, allowing improved pregnancy outcomes through

blocking placental tissue injury and the endothelial dysfunction that results.

6.4.2 There is no evidence of excessive systemic complement activation in women with
superimposed pre-eclampsia secondary to chronic kidney disease

Women with CKD have disproportionately high rates of SPE during pregnancy (180, 190). There is

very little published literature on the role of complement in SPE in women with CKD. This study, for

the first time, examined complement biomarkers in the maternal circulation in early, mid, and late

pregnancy in a cohort of pregnant women with CKD; a proportion of whom developed SPE.

The data from this study did not reveal any significant differences in maternal circulating
complement biomarkers between SPE and non-SPE pregnancies. Therefore, this study did not
confirm any evidence for excessive complement activation being responsible for the high rates of

SPE seen among women with renal disease.

Several confounding factors may have contributed to the lack of difference found between SPE and

non-SPE groups. Impaired renal function may affect the excretion of complement components,
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causing misleadingly raised biomarker concentrations in both groups. Secondly, the diagnosis of SPE
in women with CKD is complicated by hypertension and proteinuria characterising both conditions,
and may have led to some patients being misclassified. Misclassification of the SPE phenotype could
be reduced in future studies by avoiding subjective measures, such as expert clinical review, and
using objective diagnostic adjuncts instead, such as angiogenic marker analysis (sFlt-1 and PIGF). The
caveat to this, however, is that angiogenic markers are less reliable in patients with more severe
excretory renal impairment (192). Placental histology could also be examined to retrospectively

classify patients according to the presence or absence of placental disease.

An alternative analysis found that maternal Ba concentrations were significantly elevated in women
with CKD and an adverse pregnancy outcome, compared to those with no adverse outcomes, in all
three trimesters of pregnancy. Third trimester Ba levels remained independently associated with
adverse pregnancy outcome after controlling for pre-pregnancy renal function. Although adverse
outcome does not equate to a diagnosis of SPE, the results are suggestive of excessive alternative
pathway activation and raise the possibility of using Ba as a biomarker for ‘at-risk’ pregnancies. It is
possible however that differences in renal function at the time of blood draw could have
confounded the results, given that the adverse outcome group had significantly poorer pre-

pregnancy renal function than the non-adverse outcome group.

Overall, the data from this study do not provide conclusive evidence of complement being a primary
driving factor in the high rates of SPE seen in women with CKD. Impaired excretory renal function
and the use of subjective measures in the diagnosis of SPE may have confounded the results.
Irrespective of the potential confounding factors, it is possible that a different mechanism of disease
predominates. One proposal is the ‘sensitive vasculature’ theory, whereby pre-existing endothelial
dysfunction in women with CKD sensitises the maternal vasculature to circulating antiangiogenic
factors, creating a lower threshold to develop angiogenic dysregulation and subsequent SPE, than

for women without renal disease (79, 116, 201). Further research with a larger cohort of women
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with renal disease is needed to validate the data from this study. The addition of placental tissue
analysis would allow further mechanistic links to be made, to determine whether complement-

mediated placental tissue injury is a feature of SPE in women with CKD.

6.4.3 There is no evidence of excessive systemic complement activation in women of sub-
Saharan African ethnicity with pre-eclampsia

Unduly high rates of PE, and PE with severe features, complicate pregnancies in women of SSA

ethnicity (175, 176, 210-212, 262), even after controlling for environmental and socioeconomic

factors (174). This has led some commentators to question whether there is an inherent risk of PE

conferred by Black ethnicity. There is a scarcity of published evidence on complement biomarker

concentrations in SSA populations, either during or outside of pregnancy.

This study, for the first time, examined a broad panel of complement, biochemical and
immunological biomarkers in a cohort of Ghanaian pregnant women. There was no evidence to
support excessive complement activation in women with PE, or with any hypertensive disorder of
pregnancy among women of SSA ethnicity, compared to healthy pregnant controls. A lack of access
to formal urine protein quantification, uterine artery Doppler imaging, or angiogenic marker analysis
may have led to misclassification of subjects, potentially confounding the results. Furthermore, this
study reports on a small population of women of Ghanaian ethnicity and is not representative of SSA

as a whole.

There were no patients in this study with HELLP syndrome and few PE patients with very early
delivery. It would be interesting to conduct a sub-group analysis of these groups in women of SSA

ethnicity, to assess for evidence of excessive complement activation in the setting of severe disease.

Interestingly, concentrations of C5b-9, IgG, and sFLCs were significantly higher than stated

laboratory reference ranges in both PE and healthy control pregnancies from the Ghana Cohort. This
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may be indicative of an overall state of heightened systemic inflammation in women of SSA ethnicity
during pregnancy and might contribute to the risk of adverse pregnancy outcomes. Additional
factors, such as high rates of risk-conferring APOL-1, KIR and HLA-C alleles, as well as socioeconomic
barriers, may further compound the overall level of risk in women of African ancestry. Overall,
however, the results from this study were not sufficient to support a hypothesis of excessive
complement activation being a principal driver of excess rates of PE reported in women of SSA

ethnicity.

6.4.4 There are different patterns of circulating complement expression in previously
healthy women with PE compared to high-risk groups

Analysis of circulating complement in three distinct cohorts of pregnant women identified different

patterns of complement biomarker expression in each.

The Birmingham Cohort study provided novel evidence linking abnormal maternal and fetal
complement biomarker expression with excessive placental complement deposition. These data
support a central role for excessive complement activation in the pathogenesis of PE. This led to a
hypothesis of ischaemia-reperfusion injury during placentation resulting in complement deposition
and placental tissue injury (predominantly mediated by classical pathway activation), potentiating
further circulatory complement activation primarily within the maternal compartment, and

mediated by excessive alternative pathway activity.

The evidence for excessive complement pathway activation in the CKD and Ghana cohorts was less
clear. Impaired excretory renal function and possible misclassification of SPE in women with CKD
may have confounded the results, masking any association between complement and pregnancy
outcome in this cohort. Additional contributors in women of SSA ethnicity including genetic factors
and a possible baseline heightened state of systemic inflammation may predispose these women to

a heightened level of risk. Misclassification of PE may also take place in resource-limited settings
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where there is a lack of routine availability to diagnostic adjuncts including urine protein

guantification, uterine artery Doppler imaging, and angiogenic marker analysis.

Future studies should employ robust, objective diagnostic criteria for PE, to enable reliable
comparisons between groups and to reduce the risk of misclassification of the phenotype.
Furthermore, it would be pertinent to separate out early-onset cases of PE (where the disease is
thought to be primarily driven by defective placentation from early in pregnancy (77, 98, 116)), from
late-onset PE (which is thought to result from maternal factors including endothelial dysfunction (99,
118)), as the pathophysiology may differ considerably. Finally, it would appear to be important to
control or match for risk factors including baseline renal function and ethnicity to allow accurate

interpretation of results.

Overall, the evidence arising from this thesis supports the theory of PE being a heterogenous
condition with different mechanisms of pathogenesis in specific groups but culminating in a common
clinical syndrome (77, 86, 116). Inhibition of the complement system may ameliorate placental
tissue injury and the resulting maternal endothelial dysfunction for some women with PE, allowing

improved pregnancy outcomes for mother and child.
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6.5 Therapeutic implications and future work

PE is a common disorder of pregnancy, carrying a significant global burden of disease (81).
Surprisingly, there remains no definitive treatment except for iatrogenic delivery. The evidence from
Chapter 3 of this thesis strongly supports a role for complement dysregulation in the pathogenesis of
PE, and directly links derangement of circulating complement biomarkers with placental
complement deposition. The results strengthen the evidence base towards potential future clinical
trials of complement inhibiting therapies for use in PE. Inhibition of complement activation might
enable improved pregnancy outcomes for women with PE through blocking complement-mediated
placental tissue damage and the endothelial dysfunction that results. Those with severe, early-onset
disease would potentially stand to gain the most from such treatment, through prolongation of

pregnancy enabling improved maternal and fetal outcomes (168).

Eculizumab is a potent C5 inhibitor and already widely used in the treatment of aHUS and PNH, with
a demonstrated safety profile in pregnancy (55, 58, 276). There are isolated case reports of its
successful use in prolonging pregnancy in women with severe PE, with vital benefits to mother and
baby through extending gestation (168-171). One small open-label phase 1 clinical trial investigating
the use of eculizumab in HELLP syndrome is currently recruiting participants (277), but another
similar trial investigating the use of eculizumab in severe PE has now been suspended (due to the
principal investigator moving institutions) (278). There are inherent difficulties in recruiting patients
for complement inhibition trials in the pregnant population, including obtaining ethical approval,
and concerns about maternal and fetal immunosuppression (61) and potential long-term side
effects. As the use of complement inhibition in the treatment of other diseases becomes more
commonplace however, confidence may grow among clinicians and patients, leading to improved

recruitment rates.

Numerous complement-modifying agents are currently undergoing development for use in other

diseases and are in varying stages of clinical trials (164-167). Ravulizumab is a biosimilar drug to

260



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

eculizumab but has a longer half-life and therefore a reduced frequency of dosing is required. A
phase 2 multicentre, international, randomised controlled trial for its use in patients with IgA
nephropathy and lupus nephritis is currently recruiting participants (279). Another promising agent
is the C5a receptor antagonist avacopan, which has been shown to be non-inferior to prednisolone
in the treatment of ANCA-associated vasculitis (280). Avacopan has recently been approved by the
US Food and Drug Administration (FDA) (281), and by NICE in the UK (282) for use as a steroid-

sparing agent in the treatment of severe active cases of ANCA-associated vasculitis.

Agents that specifically target the alternative pathway have potential advantages over C5a or C5b-9
blockade by allowing other complement pathways to still function. Iptacopan is a highly-selective
Factor B inhibitor and has shown favourable early results in a phase 2 clinical trial in patients with
IgA nephropathy (283). Another promising therapeutic target could be properdin inhibition:
particularly as significantly reduced properdin concentrations were found in the maternal circulation
of previously healthy women with PE in this thesis, with strong associations with placental
complement deposition. Interestingly, an anti-properdin antibody is currently in early development
(224). In murine studies, properdin blockade has been shown to ameliorate renal ischaemia-
reperfusion injury (284, 285). Furthermore, in a mouse model of aHUS, treatment with an anti-
properdin mAb lead to significant improvements in thrombotic microangiopathy and overall survival
when compared to a control treatment (286). The results from these studies indicate that properdin
blockade can benefit diseases mediated by complement activation directed at self surfaces, by
relieving or reducing host tissue injury (224). This could be of particular interest in PE, given that
placental complement deposition was significantly associated with a reduction in circulating
properdin in the research within this thesis. Thus properdin blockade could potentially ameliorate
placental tissue injury, and further alternative pathway complement amplification. Furthermore, the
benefits of properdin blockade in a mouse model of aHUS raises the question of whether this

treatment could also benefit the phenotypically similar conditions of severe PE and HELLP syndrome.
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There are some planned areas of future research to further investigate the pathogenesis of PE in
high-risk groups. In the CKD arm of research, further analysis of maternal blood samples for
properdin, Ba and C5b-9 is planned in a validation cohort of women with CKD from research
collaborators in London. The additional numbers tested will strengthen the research conclusions and
help to firmly establish whether there is evidence of systemic complement dysregulation in women

with CKD and SPE, and in those with an adverse pregnancy outcome.

For the Ghana Cohort, genetic analysis for maternal APOL-1 variants is planned by research
collaborators in Accra, Ghana. This will help to determine whether there is an association between
maternal APOL-1 risk variants and hypertensive disorders of pregnancy (including PE and HELLP

syndrome) within this specific population.

It is hoped that the data arising from this thesis will build the evidence base towards a future UK
clinical trial of complement inhibition in the treatment of PE. Collaboration between research groups
with an interest in hypertensive disorders of pregnancy would be necessary in order to recruit
sufficient participants. A study of this nature should focus upon the general population first (those
without CKD or other pre-existing health conditions), to avoid introducing potential confounding
factors. Women with severe, early-onset disease could be offered complement inhibition treatment,
with the aim of prolonging pregnancy. Maternal and fetal outcomes could be compared with women

receiving the current standard of care (expectant management).

262



MD Immunology & Immunotherapy
Investigating the role of complement in the pathogenesis of pre-eclampsia

6.6 Final conclusions

The research conducted for this thesis has highlighted novel evidence of complement deposition in
placental tissue, associated with concurrent changes in maternal and fetal circulating complement
biomarkers, in previously healthy women with PE. This provides new mechanistic insights into the
pathogenesis of PE, by demonstrating a link between systemic complement dysregulation and
complement activation at a tissue level. Inhibition of complement activation might be a viable
treatment option for women with PE and allow better pregnancy outcomes through blocking

complement-mediated placental tissue damage and the endothelial dysfunction that results.

The results also suggest an association between alternative pathway activation and adverse
pregnancy outcomes in women with CKD. Despite this, there was no definitive evidence for
excessive complement activation in the maternal circulation of women with CKD and SPE, or in
women of SSA ethnicity. The results may have been confounded by a lack of consensus criteria for
the diagnosis of SPE in women with CKD, and by a lack of availability of diagnostic adjuncts in the
Ghana Cohort, potentially complicating the diagnosis of (S)PE. Despite this, additional factors in
specific patient groups — including pre-existing endothelial dysfunction in women with CKD, and
genetic risk variants and socioeconomic factors in women of SSA ethnicity — may contribute to the

disease pathogenesis.

Future studies should employ robust, objective diagnostic criteria for PE, to avoid misclassification of
the phenotype. Further study of complement activation in healthy controls, and in normal
pregnancy across a range of gestations is required, in order to better understand complement

biomarker profiles in health and in disease states.

Overall, this body of research would support the hypothesis that PE is a heterogenous condition,
with different mechanisms of pathogenesis in different patient groups culminating in a common

clinical syndrome.
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Appendix 1: Publication and abstracts arising from thesis

Blakey H, Sun R, Xie L, Russell R, Sarween N, Hodson J, Hargitai B, Marton T, Neil D, Wong E, Sheerin
N, Bramham K, Harris C, Knox E, Drayson M and Lipkin G . Pre-eclampsia is associated with
complement pathway activation in the maternal and fetal circulation, and placental tissue.
Pregnancy Hypertension. 2023; 32: 43-9. (See Appendix 8).

Blakey H, Sun R, Xie L, Russell R, Sarween N, Hodson J, Hargitai B, Marton T, Neil D, Wong E, Sheerin
N, Bramham K, Harris C, Knox E, Drayson M and Lipkin G. Pre-eclampsia is associated with
complement activation in maternal and fetal circulation, and placental tissue.

Poster presentation at American Society of Nephrology Kidney Week 2022 conference — Orlando,
Florida, USA.

Blakey H, Sarween N, Wong E, Sheerin N, Bramham K, Knox E, Drayson M, Lipkin G. Chronic kidney
disease and pregnancy: serial alternative complement pathway activity in women with superimposed
pre-eclampsia.

Poster presentation at UK Kidney Week 2021 conference.

Blakey H, Sun R, Xie L, Russell R, Wong E, Sheerin N, Bramham K, Knox E, Drayson M, Harris C, Lipkin
G. Alternative complement pathway dysregulation in women with pre-eclampsia.

Poster presentation at UK Kidney Week 2020 conference.
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Appendix 2: REC approval

NHS

Health Research Authority

Mational Research Ethles Service

NRES Committes Morth West - Haydock
Ird Aoar - Bakoew Hid s

4 Mdireshull Etrect

Fdaima hezsieer

M1 30Z

Tk phone: 0161 6256 TE2T
Facsimibe: 0861 625 TI90
2T Febiuary 2015

Dx Jane C Stesls

University of Birmingham

Caollesge af Medical and Dental Sciencas

Edgbasion

Birmingharm

B15 2ZTT

Dear Or Sleele

Title of the Research Tissus Bank: Human Biomaterials Resource Cenirg
REC refarance: 15 NWIDTE

Designated Individual : Professor Jonathan Frampton
IRAS project ID: 171283

Thank you for yeur submission responding e the Commilee’s requesd for further infeemation on
e abeve research lissue bank and submiting revized documentation.

The further information kas been conssdensd on behall of he Commifies by the Chair and the
Second Fewewer.

W plan to publish your research summany wording for the abowve study on the HRA
website, together with your contact details. Publication will be no earlier than thres
monkhs from the date of this favourable opinion letter. The expectation is that this
information will e published for all studies that receive an ethical opinion but should you
wish to provide a substitute contact point, wish to make & request to defer, or require
further information, please conlac he REC Manager Rachel Karanellenbogen,
nrescommities. nohwes-haydocki@nhs. nel. Undar very limited circumstances (e.g. for
student research which has recemved an unfavourable opindon), it may be possibla to
grant an exemption to the publication of the study.

Confirmation of ethical opinion

On behall af the Commilles, | am pleased o confim a favourablie ethical opinion of the abowe
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regaanch lissue bank on the basis described in the application fomn and supporting
documentaion ag revigesd.

The Committee has alao confirmed thal the lavoursble ethical opinien applies to all resesrch
projects canducted in the UK using tissue of data suppbed by the lisaue bark, provided hat the
release of lisgue o data complies with the aftached conditions. It will nol be necessary for these
researchers o make propect-based appheations Tof ethecal aparoval, They will be deemied to have
afhical HF]ZIII'-I'.'M.I'H Traim this commitbes, You should |'.'|I'I:|-'|'l:|I‘.' ife researches with a Copy of thig afer
as eonfirmation of this. The Commiltee should be natied af all projects recaiving lissue and data
Tresem Ahes Tesue Bank bj' means of an annoal I'EF!'.'I-I"I'.

Mental Capacity Act 2005

| eonlinm that the commibles has approved this research project for the purpeses of the Mental
Capatity Act 2005. The cormmilles is satiafied that the requirements of section 31 of the Act will b=

el in relation 1o research camed oul as |'.'I-H"| of This FI'I'_'IJE'I:'.:[I'_'H"I, of in relaion 9, a pErson Wi
Lacks capacity b conasnt bo 18king pan in e project,

Duwration of ethical epinion

The favourable epinion i given for a period of five years from the date of this letter and provided
that you comply with the standard condtions of ethcal appraval for Ressanch Tissue Banks sel
aul in the attached document. You ane advised io study the conditions carefully. The opinion may
be renewesd for a further period of up to five years on receipt of a frash application. It is suggested
thal the Tresh application s made 3-6 months belore the 5 yaans expires, 1o ensure conlinuous
approval for the research Bssue bank.

Approved documents

The docwments reviewed and approved al the meeiing weana:

| Dacument Vensian | D e

Human Tissue Authority licence [HTA ressanch kcence 12358 M 19 December 21012
Ohher [fppendx 1. HTA licence 12388 struchee) 10 12 January 2015
Ohher [fppendx 2. ATF gowemance struciure 10 12 January 2015
Oiher [Health Screening Questonnaine | 140 12 January 2015
%r;r[ﬁm:rm & ATF Management Committee. Membership and [1.0 12 January 2015
ﬂ'LIH'I[J:'uar!.' 2015. Anmual report form) 21 January 3015
Cither [Jamuary 2015, Summary of sample colecion and releass| M January 2015
Oither [funnual Report: Applcations for releass of samples) 21 January 115
Ohher [fppendx 1. HTA licence 12388 struchee) TN 21 January 3015
Ohher [fppendx 2. ATF gowemance struciure TN 21 January 3015
Ohher [Health Screening Cuestonnains] M 21 January 115
1|'._'l1.ﬂr|:r[|i.m|:ncb| & ATF Management Committee. Membearship and i 21 January 3015
U'U'E'.IF[JI"I.IHI'!.' 2015 Anmual report form) i M January 2015
Oiher [Jamuary 2015, Summary of sample colecSion and releass] ML 21 January 115
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Participant consent form [UHEFT Consent For imeestigation Or i

T reatment]

Participant consent form [&dult Pasent Consent Form with racked |20 20 Febinmary 2016
changes|

Participant consent form [Adult Pasent Consent Form dean] 20 20 Febnmary 2018
Participant consen form [Healty Yaoluntesr Consent Form with 21 20 Febnsary 2016
tracked changes |

Participant consent form | Healthy Yaoluntesr Consent Form clean] |20 20 Felnmary 3016
Participant consent form |ParentChild Consent Form with racked |20 20 Febnmary 2018
changes)

Participant consen| form [Parent'Child Consent Form clean] 21 20 Febnsary 2016
Participant consent formi [Consant Fomm for Patents with 24 20 Felbnsary 2018
Heurodepeneralive Disorders with fracked changes)

Farticipant consent form [Consent Fom for Patents with el 20 Febinsary 3016
Heurodegenerative Disorders clean)

Participant consent form |Personal Consukes Declaration with 20 20 Febnmary 2018
iracked changes)

Participant corsent foem |Persanal Caonsulies Declaration clean] 24 20 Felbnmary 2018
Farticipant consent form [Hominaied Comsulies Declara$on wath el 20 Febinsary 3016
tracked changes)

Farticipant consent form | Hominated Consufes DeclaraSon clean] |20 20 Febinsary 3016
Participant consent form [Consent Form for fhe Donation of Placenta, |20 20 Febnmary 2018
Umbilical Cord and Umbiical Gord Bliood with tradoed changes)

Participant consent farm [Comsent Fom for e Donation of Placenta, |20 20 Felbnsary 2018
Umbilical Ciord and Umbiical Cord Biood clean)

Participant information sheet (PiS) [fdult Paent information Sheet ][1.0 12 January 2015
Participant infoemation shesst (PIS) [Healthy Valuntesr information  [1.0 12 January 2015
Sheet |

Participant infoemation shest (PIS) [Parent indormation Sheed | 1.0 12 January 20185
Participant information shest (PIS) finformation Sheet for Pagents  [1.0 12 January 2015
with Mewndegensrative Disorders |

Participant information shest (PIS) [Personal Consubes informaton [1.0 12 January 2015
Shized]

Participant infoemation shest (PIS) [(Nominated Consubee 1.0 12 January 20185
infarmation Sheet]

Participant infoemation shest (PIS) [Child Information Sheet {under 820 20 Febnuary 2016
years oid) with tracked changes)

Participant information shesst (PIS) [Child information Sheed (under 8120 20 Felbnsary 2018
years oid) clean|

Participant information shest (PiS) [Child information Sheet (8- 12 |20 20 Febinsary 3016
years oid) with tracked changes)

Participant infoemation shesst (PIS) [Child Information Sheet (8- 12 20 20 Febnmary 2018
years oid) clean|

Participant infoemation shest (PIS) [Child Information Sheet {ower 13|20 20 Febnuary 2016
years oid) with tracked changes)

Participant information shest (PIS) [Child information Sheet {ower 13(20 20 Felbnsary 2018
years oid) clean|

Farticipant information shest (PiS) jinformation Sheet for the 20 20 Febnmary 3016

Dsonabion of Placenta, Umkbilical Cord amd Umbikcal Cord Blood with
iracked changes|
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Participant information shest (PIS) [Information Shest for te 20 20 Febnsary 3015
Dsonation of Placenta, Umbilical Cord and Umnbilcal Cord Blood

Ch=an

Froiocol for management of e bssue bank [HERC Prolocol) 140 12 January 2015
REC Application Form 13 January 2015
Relative information sheet [Donor Family Information Sheet) 140 12 January 2015

Licence from the Human Tissue Authority

Thank you Tor providing a copy of the above licante.

Research governancs

Under the Research Governance Framework (RGF), there is no reguirement for MNHS reseanch
pemmission for the esiablishment of research Bssee banks in the NHS. Applications o NHS R&D
affices through IRAS are not reguired as all NHS organisations are expeacted bo have inchudesd
ranagement réeview in the process of eslablishing the resaarch lissue bank.

Ressarch penmission is also not requirsd by collaborabors. at Esee oolledion cantres [TCCE) wio
provide lissue of data under the terms of & supply agreement betwesn the organesation and the
reseanch lissue bank. TCCs are nol research sifes for the purposes of the RGF.

Research lissue bank mansgers are advised to provide RAD offices at all TCCs with a copy of the
REC applcation Tor infarmation, togethes with & copy af the lavourable opinion letler when
available. All TCCs should be ksted in Pant C of the REC application.

MHS ressarchers undertaking speciic ressarch projects wsng Gasue of data suppled by a
resagnch lissue bank fmust HFIH!.I for parmission io RED olfices ai ﬂﬂ'gﬂ'ﬂﬂ-ﬂﬂﬂl‘rﬂ where [he
resagnch = conductad, whalher of nol e resagrch lissue Bank has athical HFII!I'-EI'I'H.
Eltﬂrﬁpﬂﬂhﬁ aﬁ-ﬂﬁ-ﬁ'ﬂﬂﬁ“ﬂﬂ.ﬁ] i mtamquamtfnf athical raview of reasanch lissue banks.
Staternent of compliance

The Commities & constiluied in actondancs with the Govarnance Admangements for Resaanch
Ethics Commitlees and complies fully with the Standard Operating Procedures for Ressarch
Ethics Commitless in the LIK.

After ethical review

Repoating requiremerls

The altached standard conditions give detaied guidance on reporting reguiremeants for research
lissue banks with a Tavousable spinion, including:

o Molilying substantial amendments
= Submilting Annual Progress reports

The HRA website also provides guidance on these tapics, which = updated in the light of changes
in reporing requiremenis or procedures.
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User Feadback

The Health Research Authority is continually siriving to provide a high quality sendca to all
applicants and sponsors. You are invited to give your view of the sendee you have received and
the applcation procedure. If you wish 1o make your views known please use the feedback form
available on the HRA websaite:

hitp:itwaw.bra nhs ukl about the-hralgovemance/guality-assurance/

HRA Training

We are pleased 1o welcome researchers and RAD stalf at our training days - see details at
hitphwew hira nhs k) hra-training!

| 1&NwWo0TS Ploase quote this number on all correspondence |

Yours sinceraly

On behalf of

Dr Tim S Sprosen

Chair

E-mail nrescommitiee. nofthwest-haydock nhs. net
Enclosures: Standard approval conditions

Copy to: Professor Jonathan Frampton, University of Bimingham
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Appendix 3: HBRC study approval

ER

College of Medical and
Dental Sciences
Research and Knowledge
Transfer Office
5 May 2018
Dr Ellen Knox
Birmingham Women's Hospital
Mindelsohn Way
Edgbaston
Birmingham B15 2TG
Dear Dr Knox
Application Number: 18-308
Exploring the role of the complement system in
Project Title: the pathogenesis of pre-eclampsia in healthy
women and those with chronic kidney disease
Application Received: 6™ March 2018

I am pleased to confirm that your application to obtain human biomaterials from the Human
Biomaterials Resource Centre has now been approved by the Access Review Panel.

I would be grateful if you could return a signed copy of the letter covering the Terms of this
approval (attached to the email) as soon as possible.

I'would like to remind you that the materials released to you should only be used for the project
described in your application, which has been approved by the Access Review Panel, and there
should be no ransfer of matenials to other researchers unless this has been agreed in writing.
We should be infoemed promptly of any changes to the original application.

Yours sincerely

Dr Jane Steele

Director, Advanced Therapies Facility
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Appendix 4: Patient Information Sheet

UNIVERSITYOF Birmingham
BIRMINGHAM and Children's
WHS. Fisgnd st Tresl

MATI F SAMP T RE

Adult Patient Information Sheet

Introduction

The Human Biomaterials Besource Centre [HBRC) collects and stores haman samples in @ SRCUre arinan el
tor ethically approved medical research. Scientists nead hurman tissue, cells and body flulds for research inta
finding aut how a disaase starts, and ta find naw ways al diagnosing snd treating the lness,

Thiz information sheet explains what happens whan a samphs is donatad 1o the HERT, Please take time 1o read
it carelaly and ask f anything is rot chear. I you hae any questions at a later date phease CONLRCt LS WEng the
chetalls @t thie baticen af chis sheat,

What are we asking you to do?

= ‘W would libe to invite you to donate a sample to the HERC. The sample may be tissue, blpod or
another body flukd, Yeur samgleds) miy e stored until release to resesrchers for use in ethically and
scientifically approved research projects, oF an some occasions they may be released direczly too an
approvied project.

& Sometimes samplas ame ramdeed Tod roulice 1e91s ad during surgery or chrecel procedures. They may be
dispased of, or they may be sent to the Pathology laboratories in the hospital 1o halp sith diggresis, in
iy Cages there will b= a surplus of the sample after the diagnosis is complete. With your agresment,
these “wasta”™ and “leftoar” samplias can be donated 1o the WBRC. The Pothology laboratories may alsa

have kept your sample(s] from previous tests, surgeny of progedures, ard these can s19) be very useful for
regeanchers, Again, with your agreement, some of this material could becoma part of the HERC collecticn

*  On some omasions and ondy if @ is sfe and easy 1o do so, we may ask whether w9 can take a small
additianal sample, far example, an exira blood sample or extra small bit of fissue. These samghes can
usiially e Taken a4 part al treatment 56 should not rechee ary extra pein, dscoméort or inoonvenence.

& Some research projects require seral blocd or wrine samples, or need samipkes 10 b taken ab & certain tirmne
point, 50 that they can monitor disease progress, in thess nstances you mey be asked o donabe 3 sample
at a different time to ez youd are hawing samples taken far rougine hosginal tesks,

«  Infarmation about your medical cordition, other diseasels] and treatments (now, ard in the longar tem| s
soieriifically useful to researchers. This includes lang teren Tellew wp infeemation beld, for example, by the
Matianal Cancer Registry and the Offioe of Mational Statistics. We therelosa ask vou to agres to allow us ta
RECESE ot health récards if you agree to donate a sampleis|.

What will happen If you agree?
& First wou meded 1o give your writben permission by signing the consent form. You will b given a cogy of the

signed consent Torm (o keep, Plogse @ho keep this informetion sheet to remind you of what you wers
askosd 1o do.

& Whan your sample arfieed 81 the BERC 7 will be given a wregue code linked to your NES ar hosgial
number. A link ta pour idengity will be refained within the Baspitsl A1 iedormation about you will remain
(elidential and will be storsd in accordance with te U Data Prodaction At 199&. No infarmation will
ever D reldeased 1o Bn insurance company. Aesearchers recering vour samphes will NOT be provided with
any personal imformation such &5 your name, sddress or phone rumber, The information they will be ghven
fior their work will relate 1o your disease, treatment ard meadical history cedy and will NOT be directhy linked
o o identity,

¢« Yaur samples may be released for geretic studies but anly 1o research projects simed 5t prowiding dues to
e Aadure Gf diease, or if it is known already that geres ane Impoetant.

‘Wernion 1.0 g 0 8l 2 0 Y A 8 R 1D T O
13-1an- 30015
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=l % oyt 5‘
UNIVERSITY™ am

Birmingham Women's

BIRMINGHAM and Children’s

HHE Fpundation Trust

#  Your sagmplels] may alio be used 10 Juppon sthecally approved medical research which uses aromalks, but
only when 1R s absolaely necegsary and experiments carsal Be performead in any athar way. fnirmasl
misdels can be invaluable for increasing our understanding of disease and advancing Iraatmants,

& Lomatimeg researchens may grow your fells s g caljure dish dor & kapg time and again, this type of
approach can be rvaluabls for medical research.

*  Your saamiples and assoiged mlormation fram pow FBeslth recands will b= used maindy by local researchers
b may also be made avalable 1o researchars autside of Birmingham, alsewhens in e UK or averdsas,
They may work in uréversities, hospials or privatefcommercial companies that do medical research.
Cornmarcial ccllaboraticem sre vital Tor the developernant of suitabile dougs and Ereatmerits.

* You wil not receive any personal financial reward for donating your samples and the samples you hase
gitved will reear be sohd Tor profl, Howeeer, we may gik resssechers to cover some of the cast inourred in
samglks colkecton and siorage,

Do you hawve to say yes?

MOT AT ALL. It & entirely up to you. You do not have to donate a sample, or ghe a reason if you dhaose mot oo,
Yo deckadn will nat aflect your cane or treatment in &y way now, or in the future.

What happens if you change your mind?

If you consent ta donate samples ta the HEBRC, this il be lsting unless you dhasge pour mind. ¥ou can change
vour mind at any time by contacting your hospital docbar or the hospital Research and Developmang Office
[details belaw], You do not hawe o ghve a reasan whey.

IT e Tdl 1 yema have chanpged yoaur mird, this wall not affect your care or trestmsent sy way now or in tha
futune. & samplas hekd in the HERC will B destraved in the way human samples are normally destropsd by
hoepitals. Similarly, the information e stone about you will be deleted so that it can never b used again, We
will alse cantsct ary resesrch proups using vour samples and ersure that they destroy any that arne unised and
assoclated data.

If you changs your mird after a kng pedioe ol teme, the samples may alresdy have been used. We annot recall
samgpbe=s or informatscn from researchers if this s the case.

What are the benefits to you?

It i unlikely thst there will be any direct benefit o you snce it takes many years for research to prodisce
advancas in the way dseasas ane diagndsed, reatsd or prévented, You can beredit from the kroadedge that
research will make faster progress o mone heman samphes ane studied and you ane persceally contributing ka
this,

What are the risks bo you?

A Tar & v kndw There s NO risks sssodiated with the donaton of samples to the HBRC. Samples will criy be
collected when It is safe to do so during your reine Baspital visits, Your identity will remain confidential and
researchers are bound by a sirict agreement to use the sam@bes anly far the reseanch thiey said Uiy would,

Can you find out the results?

The develaprmenl of reliable new clinical tests takes mary years so the HERC will not routinely report indrsidual
research resalis You can find ol mose gerserally about the types of ressarch projects using vour samiphes by
contacting us using tho dotails balow.

If a research praject which uses wour samplas peneratas clinkcally mportar nlgrmation then your doctar, or
anciher member of your heakhcare team, will contact vou. They may wish to discuss how the wlermatian

could be used 1o @uids trestmenl far your current condition or for other conditions [possibly hersdtary] which
miay affect you and vour family,

Contact detailss  Research and Developrment Department, Birmingham Women's Hospital, K13 Martan
Court, Matchley Park Road, Edghastan, Birmingham 615 ITG

Tel: 0131 627 I76E

Varsion §.3 Fagea I off 3 e oo B P vy i e ey
12-Jar-0015
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Appendix 5: Patient Consent Form

UMIVERSITY™
BIRMINGITAM

BWCH-171117-0055

INHS

ingham Women's

and Children’s

MH5 Foundation Trust

DONATION OF SAMPLES TO THE HUMAN BIOMATERIALS RESOURCE CENTRE

Adult Patient Consent Form

Please initial each box if you agree with the statement and sign the bottom of the form

I have read the Information Sheet entitled "DONATION OF SAMPLES
TO THE HUBMAN BIOMATERIALS RESQURCE CEMTRE' dated 12-Jan-
2015 (Version 1.0) and had the opportunity to ask questions.

I eonsent to the storage of my samples (may be tissue, blood or other
body fluids] in the Human Biomaterials Aesource Centre and for their
use in ethically approved medical research projects, including genetic
studias. | understand that occasionally samples may not be stared but
may be releasad directly to approved projects,

| understand that donated samples may sometimas be usad in
ethically approved medical research which uses animals, but only
when this is absolutely necessary and no alternative approach is
available.

I understand that giing my samples for research s completely
woluntary and that | am free to withdraw my consent at any tirme
without giving & reason, and without my medical care of treatment
being affectad.

I understand that my health records may be accessed for research,
both now and in the future, but that all extracted infarmation will be
ananymised.

I understand that ry samples may be used by local researchers or
by research institutions elsewhere in the UK and owerseas,
including private/commercial companies that do medical research.
| understand that | will not receive any personal financial reward
far donating my samples.

Attach patient sticker here

Please enter inftials

Please enter initials

Please enter initials

Please enter initials

Plegse enter initials

Please snter initials

PATIENT

PERSOM TAKING CONSENT

Mame Mame
Date Role
Signature Date

Signature

Version 2.0
20-Fab-2015%

Bk gy I B prvey Fo e naBiesnd
il CONY B D RGNS B e BRI

Too winke cooy &0 g0 1 aanienr sl recong
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Appendix 6: Ghana Cohort study ethics approval

MRS KORLE BU TEACIING HOSPITAL
eday PO, BOX KB 7T
% KORLE BU_ACCRA.

i euse of roply the sumber "}
And the dare of this
Lettor vhanld he quatl

My Ref. M-K&I&JM - CSM

T T A S————

Told: #2135 02 SaTISWETIO-S
Fax; 4211 302 (47789

Email: Infoiv kbih govgh
prigkhehgov.gh

Webhsire: wwmkbih.govgh

25" October, 2017
DR. DWOMOA ADU
RENAL UNIT
KORLE BU

=l upy o NETIC DETERMINANTS OF HYPERTENSIVE DISEASE IN

PREGNANCY™

KBTH - IRB AN0056/2017
Investigator: Dr. Dwomoa Adu
On 25" October, 2017, the Korle-Bu Teaching Hospital [nstitutional Review Board (KBTH IRB)

() reviewed and granted approval 1o the study entitied “Pilot Study of Genetic Determinants of Hypertensive
Disease in Pregnancy"

Please note that the Board requires you 1o submit a final review report on completion of this study to the
KBTH-IRR,

Kindly, note that, any modification/amendment to the approved study protocol without approval from
KEBTH-1RB renders this certificate invalid.

Please report all serious adverse events related to this study 10 KBTH-IRB within seven days verbally and
fourtesn days in wriling.

This [RB approval is valid till 30" September, 2018, You are 1o submit annual report for continuing
review,

.

i
CHAIR (KBTH-IRBE)

Ce: The Chief Executive Officer
Korle Bu Teaching Hospital

The Director of Medical Affairs
Kotle Bu Teaching Hospital
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CqRATHIN
o L3 *5

"I zasz of reply the numsher
And the date af this

Letter should be guote
My Raf. N, ﬁ—h.’

NORLE BU TEACHING IOSFITAL
O, BOX KK 17,
ROMELE BL, ACCHA

Tek: #2580 502 6477408720 04-6
Fax: +215 0} 6017389
Email: |afods kbth gov.zh

Kireer RO Vthsemnssesemmsssssmmsrns préEkhib.gev.gh
Wehsite: wuw khith pov.ph -
28" July, 2017

DR DWOMOA ADU

RENAL UNIT

KORLE BU

CALC MMI'[TEE PFROVAL
IDENTIFICATION H C 7

The Kocle Bu Teaching Hospital Scientific and Technical Committee {KBTH-STC), on Z8™ July, 201 7 appraved your
submitted study protocol.

TITLE OF PROTOCOL: “Pilof study of Genetic Determinants of Hyperiensive Disease in pregoancy™

PRINCIPAL INVESTIGATOR: Dr. Dwonsoa Adu

This approval requires that you forward your approved document to Korle Bu Teaching Hospital-Institutional
Review Board (KBTH-1RHB) for the ethical aspect of the proposal to be assessed before the project can be
initiated,

This STC appeoval is valad Ll 31" March, 2019
You may, however, request extension of the approval period, or renewal as the case may be, shauld the study extend
beyond the stated period

Upan completion, you are required to submit a final report on the stedy to the STC, This is to enable the STC ensure
among others that, the project has been implemented as per the approved protocol. You are also required 1o inform
the KBETH-S5TC and Research Divectorte of any publications that miny emanate fioun the research Andings

Kindly note that, should the need arise, the KBTH.STC or IRB may institute appropriate measures to satisfy itself
that study is being conducted according to the highest scientific and ethical standards,

Please note that wny modification 1o the study protecol withowt Scientific Technical Committee (STC) approval
renders this approval invalid.

Pr Ay Adjei
Chasrman, KBTH-STC

Ce: The Chairman, KRTTIRRA
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Appendix 7: Ghana Cohort study consent form

Consent Forms - Adulis

KORLE-BU TEACHING HOSPITAL

TELEPHOME: 666987 Dept. of Medicine
P. 0. Box 77,
Acora.
INFORMED CONSENT FORM

Particpani 1D Mumber:
Particpant's inilials:
Date:

Tithe: Pilot study of genetic determinamts of hypertensive disease in
pregnancy

You are being asked io take parl in a research study looking al determinants af
hypertension amang pregnant women. Please read his form carefully and ask any
guestions you may have before agresing fo lake parfl in the sudy. 'We will offer
explanaions or misrpreta®on for those who cannot read.

What the sthidy is about: The purpose of ths study is o l=am aboud the hereditary
faciors associsied with hyperiension dunng pregnancy. This sludy will also ook at
other non-hereditany deteminants of hyperenson in pregnancy.

What we will 25k you 1o do: If you agree o be n this sludy, 'we will conducl an
imerview with you. The interview will indude questiors about your healh and
demographic information. We will also obtain some infaormation such as your medical
diagnosis, and medication from your clnical file. The inferview will lake about 30
minuies o complebe.

Laboratory tests

Blood and saliva samples: During each study wisit, we will take 20ml of blood.
We may also ask you for a sample of your saliva. We will t=st DRA from your blood
sample for genetic varialion and seguenoce the DNA o read ool all the genetic
information in it We will lak= a sample of urine. Blood samples will be drawn by
experienced laboratory techricans or ressarch personnel o awoid multiple needle
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prcks. In addiion aboul Smis of biood from the umbilical cord af your baby will be
drawn for iest 1o look for bereditary predisposition to hypertension during pregnancy.
STORED SPFECIMENS: Your blood and urine samples will be slored al a central
laboratary (MO S-Lanced Laboratones, East Legon, Accra, Ghana) or a designated
storage faclily for future studies of Kidney and hear diseasss. This sample will
nod have your name and any other identifying information. |t will be connedied 1o
your study results only by a unique study number assigred o sach person in the
study. This unigue study number has no meaning outside e sludy. Your blood,
unne and saliva specmens may be stored indefinitely. I may be used al any @me
during that period for more ather sludies nol related 1o kidney dissase. s
possible thal new tesis meght be available in the fulure, which could be us=hl n
understanding kidney dissase. Slored blood and/or wrine may be used laler 1o
find new risk factors for kidney hearl and ather diseases. These sludies may be
about your genelic makeup or o deschibe youwr genes or DNA.  You wil not be

able to find out e reslls of these tesis because your blood will no longer have
your name altached. Samiples of all participants who withdraw from the study

will not be analyzed and will be discarded. Your information on computer will
be securely protected with password known to only the investigators.
Approval will be sought from the Korle Bu Eltecal Review Commiltee for further use

ol the =pecimens.

Rizks and benafits:

There is the risk thal you may find some of the questions about your conditions ta be
sensilive. Polential nsks of blood drawing include light-headedness, sweling, and
inflammation at the sile of the blood draw. Mnor discomforet is associaled with blood
drawing. Parficpants are asked o spend about 30=40 minutes of your lime for study
intake and the one-lime sample collecion, which may be a minor inconvenience.
Psychological nsks are expected o be minimal. Although research-refaled njuries are
not anticipaled, any researcherelated inunes thal ocour will be Feated by site staff,
and appropriate referrals wall be made far any services that the sit= cannol provide.

There are no benefils o you and you will nol bear any cos! associated with the study.
Korle-Bu Teaching is the major referal cenire for mast medical conditions in Ghana

and we hope o leam aboul this comman condition 1o help clinicians in their practice.
Compensation: Thers will be no compersalion
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Your answers will be confidential. The records of this study will be kept private. In
any sof of report we make public we will nal include any information that will malke it
possible 1o identify you. Research records will be kepl in a locked file; only the
ressarchers will have access lo the records.

Taking part is voluntary: Taking par in this study is complelsly voluntary. You may
skip any guestions that you do nal wanl to answer. i you decide nol o take part or o
skip some of the quesSons, it will nol affect your curent or future relationship with
Karle-Bu Teaching Hospital/School of Medicine and Denlistry, University of Ghana. If
you decide to take parl, you will be asked o sign a corsant form.

if you have questions: The ressarchers conduclng his siudy are Vincent Boima,
Jerry Coleman, Dwomaoa Adu and Dr. Charlofle O=afo. Please ask any questions you
have now. If you have questions laber, you may conact the above researchers via the
contacts below;
Dr Vincen! Boima

i you wanl to speak with someone nol direclly involived in this research study please
contact the Research Ethics Commifiee Administalor al the Korle Bu Teaching
Hospital on 0302666766,

You will be gven a copy of this form io keep for your recornds.

Statement of Consent: | have read the above information, and have received
answers o any questions | asked. | consent to take part in the study.

Your Signature Dale

Your Name
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Appendix 8: Publication (Chapter 3 study)

Pregrancy Hypertension: An International Journal of Women s Card iovascular Health 32 (2023) 43-49

Contents lists available at Sclencelirect

Pregnancy Hypertension: An International
Joumnal of Women's Cardiovascular Health

ELSEVIER

journal homepage www.elsevier. comocate preghy

Pre-eclampsia is associated with complement pathway activation in the
maternal and fetal circulation, and placental tissue
Hannah Blakey ", Ruyue Sun °, Long Xie °, Rebecca Russell *, Nadia Sarween”,

James Hodson’, Beata Hargitai*, Tamas Marton , Desley A H Neil *, Edwin Wong ',
Neil S Sheerin', Kate Bramham *, Claire L Harris ", Ellen Knox *, Mark Drayson ", Graham Lipkin

* Bena Madicine Dyparemens, Quonen Eliaaeeh Ho g bal Birmingh A v
" dmite of Avnmalogy and b oy, Lw-vm;r d&mihm hhmu\nm UK
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! Revarch Dewlgpmenr and aowaon, Jasmde of [rodasona M«MM M!wrm Hovpwrad Mirmingham NMS Keadason Troe, Remagham, LK
* Brmingham Wamm s and Chilfran s NHS Foondasion ?mt. Armingham, LK
" Nutional Remal Comypl L s Coere, N w

'npmrq‘mmmﬁma‘mimmsmlmm Londn, UK

ARTICLE INFO ABSTRACT

Kepaord:

Precclanpda

Comphamant sy soom pedl cins
Pregmacy

Phaomes

Boomarien

Objactives Preedampsia PE) s a leading cawse of obstetric morbidity, with no definitive therapy other than
delivery. We almed © compare complement markers in masernal and fetal droulation, and plicental tssue,
batween women with PE and heakthy pregnant controls.

Study Design: Maernal and umbilical cord blood was tested for KC3h, 3, C4, properdin, Ba and C5b-9, and
plascental tissue for Cid, C4d, C9 and Clq, from women with PE (n = 34 )and healthy pregnant controls (n = 33).
Matenal properdin and Ba tess were repeated in a sepamte validation cohort (PE n = 35 heahy pregnant
contralsn = 35).

Main Outcome M Coen plement

n maema and umblical cord blood, and placental
A w

Resals: Women with PE had significantly Jower concentrations of properdin (mean: 4828 v 6877 ng/ml,
p < 0.001) and C4 (mean: 0.20 vs 031 gA, p < 0L001), and higher Ba (median: 150 vs 113ng/ml p = 0.012),
compared to controls. After controlling for gestational age at blood draw, average properdin concentration was
1945 ng/ml kower in PE vs controks (95 % CL 1487 2402, p < 0.001). Of the cord blood markes assessed, only
Ba differed significantly between PE and conwrols (median: 337 vs 233 ng/ml, p = 0.004). C4d staining of the
syncyorophoblast membrane was increased In PE vs controk (median immuncreactivity score 3 vs 0,
p < 0001). Maternal properdin and C4 were significantly negativdy correlated with placental C4d staining.
Conchedons: Our data confi xcessive placental compl deposi tlon assoclated with signi ficant concurnent
changes in maternal and fetal o roulating complement biomarkers in PE Inhibition of c.om plement activation ks a
potential therapoutic target

1. Introd uction

Pre-eclampsia (PR b a multsystem disorder that affects around 5 %
of pregnancies, and is a leading contributor to olstetricmorbidity [1-3]).
There remains no definitive treatment except for delivery of the laly
and placenta, which is often necessitated preterm, due to declining
maternal and/or fetal wellbeing.

There Is increasing evidence implicating complement dysregulation

in the pathogeness of PE. Animal modes demonstrate placenal com-
plement activation inducing defective anglogenesis, abnormal placen-
tation, and fetal demise [4 6], with complement inhibidon rescuing
pregnancy [4.5) Studies of human placental tissue from women with PE
report excess CAd depasition compared to healthy pregnant controls,
msociated with preterm birth [7] and fetal growth restriction [9). C3d
and C5b-9 deposition may also be increased in PE [9-12], but other
studies refute this [13). Studies of maternal plasma drawn In early

Cuml‘]u author at Ilrnll Medicine, Quoen Hizabeh Hospital Birmingham, Mindelkohn Way, Birmingham B15 2GW, UK

E-mal address: tormahbbaheyiintane (1. Bakey).

1 0400])
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2210-7789/Crown Copyright © 2023 Published by Elsevier B.V. on behalf of International Sockety for the Study of Hypertension in Pregnancy. Al rights reservad.

294



MD Immunology & Immunotherapy

H. Blaker e al,

pregnancy repon incresged Bl concentrations in women who later
developed PE [14,15], suggesting exoessive altemative complement
pathway activity during early placenta] development. Raised concen-
trations of C5h-% in PE demonsimaie terminal pathway activation
[ 16141 and may be asocisted with PE severity [19]. Dat on umbilical
cord blood (UL BE) complement |5 e xtremely Hmdied. UCE C5a appears to
e raiged in PE [20], suggesting that complement aclivation affecs te
fetal compartment, although data on UCE Bl ane conflicting [21,22).

Complementmadifying agents are undergoing rapid development
and may provide novel opportunities to treat omplement-mediaed
diseases [20-27). Despite the growing body of evidence, it remains
unelear whether ralsed concentrations of clreulating compl ement refbect
a general helghtened inflammatory s tate in PE or ane directly assoclaied
with placental complement-medisted injuny. We therefore aimed, for
the first time, 1o simulianemely compane markers of local placental
complement deposition with sysemic complement activation in the
maemal and fetal circulation between FE and healthy pregnancy. The
resulis will potentially provide further suppornt for the rale of comple-
ment activation in the pathogenesis of PE, and may also provide insight
into the sequence af events leading 1o complement activation on a local
anil systemie level.

2, Methods

2.1 By popilatian

The printary cohar comprissd wonmen recruited from Birmingham
Waormen's Hospital between 2008 and 19 (“Birmingham Cohan”)L The
FE group include d women with a confirmed diagnosis of FE, according
to intermational consensus criteria [28.29], Healthy pregnant controls
wiere recrudted from elective Caesarean section clinic and induction of
labar suite. This only included subject undergoing planned delivery for
numn-emergency remons. Participants were recruited by comenience
sampling. Exchigion erileria were a known histary af: CHED, chronie
hypertension, autoimmune disease, or recurrent miscamiage. Clinical
outcome data were collaied from obstetric recards,

Health Research Authority approval was obtained through the Uni-
verslty of Blrmingham Human Blomaterals Resource Centre (Research
Ethies Commdttes references 15/NW 0790 All stdy participants gave
informesd congent

2.2 Sample collacdon

Samples of matemal plasma (EDTA) and serum were oollected upan
haspital admission, within seven days prior 1o delivery and befre
estalblished labar. UCE samples and placental tissue were oollected
immesdiately following birth. Full thickness tissue sections wene cut from
a central portion of the placenta, then formalin-fived and paraffin-
emiedded. Blood samples were centrifuged, separated into (05 ml ali-
quits, snd frozen at —80 “C within four hours of collestion o minimize
e vive com plensenl activation.

2.7 Laborawry analyses

Matemal and cond plasma samples were tested for properding Ba,
iCIh, C3, and C50-9 Complement biomarker concenizations wene
delermined using inchouse electrochenihininescenl imminassais
(MesoScale Diag nostics {MSD, Rockville, M) with either Gold S$h-well
Strepavidin QuickPlex plates or Small Spot Streptavidin plates (#C3b)
Capure,/detection antibodies were: C3: Clone 2894, Clone 3; K3
ABSOT antl KC3hC3d, BHE Properdin: Clone SIM 2495, Clone 2.9; Ba
Clane D223, F21; C5b-% aE11, B2 ant-C8. All antibodies were fam
Hycult Biotech (Wetherlands), other than E2 anti-C8 (gifit from BP
Margan, Carediff Universin and ABSOT (in-house anti iCI/C3d HuCal
antibody), Mates were read on a QuickPlex 50 120 instrument (MSD)
Analyte  concentrations  were  defermined by standand  curve

Investigating the role of complement in the pathogenesis of pre-eclampsia
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interpolstion using MSD Waorkbench software v15.0. Samples were
diluted to 122,000 properdin}, 15 (Bal, 1-30W (iCI0, 120,000 {C3) and
1:20 (C5h-5) and tested in duplicate, with the average value taken. Intra-
amay ooefficients of variation (C¥s) were 0059% (properdin, 3.3 % (Ba),
23 % (1C3b), 2.0 % (C3), and 3.3 % (C5h-9. A mdnimum of two cantral
plasma samples wene used to messure Inter-assay varance. Inter-asssy
CW's were 12 % (propendin and Ba), 7 % (10300 8 % (C3), and 125 %
(5090 The C3 asay was designed w0 detect native, non-activated C3
which may differ from nephelometry assays that detect both native C3
and activation fragments,

Samples of matemal and cond semum were tested singly for C4 using
an sutomated Hiwchi Cobas &000 Turbklimeter and commerdally
avallable assay kit (Roche diagnostics, Wiest Sussex, UK). Inirs-as a5y CY
was 7= 11 % and inter-amaay CV 1.4-1.6 %

2 4 [reminohatoc hemilary

Immyunohbochemd cal analysts of placental tissue was performed for
C3el, Cael, 09, and ©1a. 4 pm placental tissue sections were stained using
the Dako ftostainer Link 48 (Agilent, CA, USA). Placental sections
were deparafiinized to enable antigen retrieval, endogenous peroxid ase
was blocked, and antibodies applied to C3d (DB Biotech; 122000, Cdd
(Blomedica; 1:400, C9 (Abcam; 1:2000% and Clq (Dako Agillent:
L:60,000). Sections were also stalned for hemstoxylin and easin, to
provide s histologkeal reference podnt. Prior toC1q staining, slides were
profease-digested to enhance antigen retrieval; in line with esiablished
Joeal protacal

Immimaostained slides were scanned to an anline repasitory (Aperio
eflide Manager; Leica Biosysbems, Nussloch, Germany). Flacental sec-
tons were soored semd-quant tatively by & single examiner blinded to
dinical data, using & modified placental immunoresct vity scone [30,31]
based upan staining intengity aned ditdbition al the synotiotrophe
izt (STE) membrane. Intensily was scored as § = negative, 1 = weak
(visible at 40x magnification], 2 = interme diate {10-2x magnification),
ar 3 = strong (4x magnification), Distribution was scored acocording to
the proportion of celk staining pasitive, with = negative, 1 = 1-10%
wells staining positive, 2 = 11-50 %, 3 = 51-80 %, and 4 = §1-100 %.
Scores werne multiplied to caleulate a compasite placental immunone-
activily score {range 0-120. A scone af 2ero wik clasgified as “absent™
immm unoreactivity, 1-8 a5 “focal” and 9-12 & “diffuse” [30]. Each slide
was evaluated in ten mndom fields and scored on three separaie ooca-
sions. The median score wes determined 25 representative for that slide.
A random sample of slides was verified independently by experienced
histopathologbts, to ensure conslstency and accuracy of scoring.

2 5 Validation cohart

A separate cohont of pathents was mecruited from St Thomas' Hoepl
i, Londaon, berween 2015 and 18 {“London Cohaort™). Ethical approval
was granted via the Integrated Research Application System (IRAS:
shuchy 10 83429, Octaber 20014 ) Matemal blood samples were collacted
al the time of PE diagnogis (cases), aned ai routine antenatal hospital
visis (healthy pregnant controk). The same inclusion and eeclusion
ariteria were applied as for the Binmingham Cohont, with the additional
exclision of multifetal pregnancies. Maternal plasma samples were
tested for properdin and Ba only, using the same methodol ogy &8 above.

26 Smesdcal analysis

For comparans between PE and contral groups, nominal variables
were msessed using Fisher's exact tests. Ordinal and continuous vark
ables were reponted &8 means 4 standard deviation, with pvalues
derived from independent samples -tesis, when normally distributed.
Medians, interquartile ranges and Mann-Whitney 1 tesis wene used
atherwise. Blood markers found to differ significantly between groups
were asessed using receiver operating characteristic (ROC) ourves.
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Maternal blood resulld were also asesed using linear regression o
adjust for the efisct of gestational age at blood draw. This initially
included the group (FEvs control, gestational ageat blood draw, and an
interaction term a5 covariates. Where this interaction term was non-
algnificant, it was removed from the maodel, and the analysb mepested.
Goodness-of-fit of the resulting maodels was then sssessed graphically.
Whene poar il was detected, vahies were 1ogo-transformed, and the
analysis repeated. The resulling cosfficients were then anti-logged and
camverted into percentage differences.

Come lations  hetween variables were quantified wsing Speanman’s
comelation mefficients (tho. All analyses were performed wsing TEM
PSS 28 (IBM Corp Armeank, KY), with p < 0,05 deemed indicative of
stathtical significance.

3 Results
2.1 Cohant charaateriatics

&7 wonen were recridted in the Birmingham Cohont (34 PE cases
and 33 healthy pregnant controli)l The London cohor comprised a
further 70 subjects {35 PE cases and 35 healthy pregnant controls)
Baseline demagraphics and clinical ouwtcome data ame presented in
Table |, There were no significant differences in age, body mess index,
ethnicity, parity, of delivery mode between PE and control groups for
elther cohort. In both cohonts, PE was characterized by significandy
earlier delivery, lower birth weight, and incresed rates of adverse
PrEgnancy gulcame.

3.2 Maternal blood complement

Matemal blood complement concentrations in the FE and control
groups ane reparted in Tabile 2, In the Birmingham Cohort, women with

Fregaangy Hypertenaion; An Sternadonal Joorma of Women s Cordioe o oelar Healthy 53 (3020 4549

PE hadl significantly lower concentrations of properdin (mean 4828 v4
G477 ng/ml, p < 0001, C4 (mear 0200w 31 gL p < 0001, 3
(mean: 489 vs &6 ng/ml, p = 0LKAY, and C3 (mean: 1.9 vs 24 34,
< (Y, and sigmificantly higher Ba (median: 150 v 113 ng/ml,
P = 0.012), compared to the control group. However, no slgnificant
differences in JC3baCI ratlo (p = 0.734) or C5b-9 {p = (L.753) were
deteded betwesn groups. Analysi of the London Cohort returmed
eonsigtent resulis, with significantly reduced properdin concentrations
in PE comparad to mntrok (mean: 5282 w 7021 ng/ml, p < 0.001).
However, the difference in matemal Ba levels did not reach s tatis tical
significance {median: 165 in PE vs 151 ng/m1 in controks, p o= 0310,

The analysis was repeated using a regression approach, ©0 scoount
for the observed differences in geswtional age at blood sampling be-
tween grodips (Supplementary Table ST For the pooled cohons, the
difference in maternal properdin rensained significant, with concenira
tions being an average of 1945 ngd ml lower in the FE vs control groups
(95 % Cl: 14872402, p < @D, Fig. 1al The differences in C3 and C4
in the Birmingham Cohort also persited after adjustment for sample
gestation, with concenirations being an sverage of 0.5 g/ (95 % Cl:
2-08, p < L001) and 007 /1095 % CLO02-0.13, p = QO014) lower,
respectively, in PE v oontrols. However, after adjustment for gestation,
the differences in iC30 (p = L252) and Ba {p = 0.194) were nol sta
tistically significant.

Further amesment wing a ROC curve approach found matemal
praperdin to be the strongest predictor of PE diagnosis, with an anea
under the curve (AUROC) of 087 (SE: 0L,03) when applied o the com-
bined cohans - this effedt is visualized in Fig. 1b. This was followed by
munternal C4 (AURDC 082 5E 0U05) and C3 (AURDC (.80 SE 0L06)L

2.3 Unibilical cond blood complenent

Dt for UCE complement concentrations were available for 36

Tahle 1
Demeggraphic and chinical oneome data by cohort.
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Table 2
Materral and umbbilical cord blood complement concemration resuls.
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Masarmal Ry
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59 e md ) [0 (19830 LT (185-334] [Ehrs ] A
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Dt e e cored] s mean & stand and devi ation, with pval ves from independent samp lesi-est, or as median (in encquanil e range ), with p-valoes for Mann -Whitney U
tesi=. Bald pvalues are significantat p « QU05. Por ihe Binmingham cohort, matennal bl ood e oncemtratio s weres avadlable for N = 33N = 33 preechmpsia, ‘ooninal
ez, whils umbilical blood conoen rations wese meadlable for N = 120 = 24, with the excepiion of O (N = 108 = 21 L MA = data were nof available in the
ot for the staned variable.
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Gestation at Blood Draw [(Weeks) Maternal Properdin (ngimi)
Fig. 1. Associations between pre-eclampsia and matemal propendin iom Both fig inchucke pati from bath #he Birmingham and London oo-

hars, with the exception of thase with no propendin concemtration recorded (N = 1 Pigure A additionall yexchudes one patieni forwhom the gestation at blood draw
was not recorded. In Figure A, poims represan tthe datafor individoal patiems, and broken lines ax from a lnear regression mode, with gestation and pre-eclampsia
stans as covariaes. In Figure B, podnts represan t the observed pre-eclampsia rates within quintiles of the distritnnion, which are plotted atthe mean of the interval,
and whiskers feprésmi 95 % confidence inervals The broken |ine is fom o hinary logistie regression model on e patient-devel dam, with the maternal properdin
concmiration as & comtinumes covarie.

patients from the Blrmdngham Cohost (12 with PE, and 24 controk, placentas (17719, 89 %), ompared to only 17 % (55300 of contrals;
Table 20 Ba was the only UCE measurement io differ significanty be- sl lam imamunoresctivity score 3 vs O, respectively (p < U000, Fig. 3L
twien PE and contrals {median: 337 va 233 ng/ml, p = 0.004; ALROC: When present, C4d was observed in a Inear staining pattern on the STE

(A0, SE: U049 surface and depaited circumerentially around placental villi (Fig 2
Comparison of matemal and UCE complensnt kaind anly C4 {tho: inmnage B and FL
039, p = 00330 and Ba {rho: (44, p o= (L8] concentrations cornelated C3d staining was present at the STE membrane in all subjects.

sigmificantly hetwesn matemal and fetal circulation (Supplementany However, the FE group had significantly incressed C3d depasition
Table 52). Ahsolute concentrations of all complement markers except compared 1o control  (median  immunoresctivity scone & w4,
activation fragments Ba and 130 were lower In UCE samiples. P = (M), There was no apparent relationship between C3d and Cad
staining, with co-localiation observed infrequently. €9 was also
detected more intensely al the STE membrane in PE comparéd 1o om-
trok {rvedian immuinoreadivity soore 4 4 L p < 00010 OF slaining wes
olserved mast frequently in aress of villous injury, and did not show
comsitent co-lacalization with sites of Cdd staining. Clg was not

J4 Placental brimunahi sochemis iy

Examples of placental immunahistochemistry are shown in Fig 2.
Cdd staining was present on the STB membrane in almost all FE

16
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Fig. 2 Placental staining of Cdd, Cid, ©9 and Cly in presclampsia ansd
healthy pregnancy . Case 1 (Subjectwith PE) Diffiss (34 stadning of the 5TH
membrane [A]. Diffuse C4d staining localized to the STH membrane {strong,
limear saining with syncytial optoplasm e prowsions and membrane shads)
[B]. ©9 swining shows weak membrane imommnokoealization in 5T [0). No
immuncstaining was detected for Clg [D]. Case 2 (Subject with PHEx Cit
weak saining of TH membrane (codocalizes with Cid stadning patienn b [ EL
Strong Cad staining localized to the 5TH membrane in a cronmierential, linear
patienn aronned the villi [FL C9 and 3k non specific badkgronnd staining of
anommal-mesenchymal cells and vilkas capillay plama [G ad EL Clg ma
immuncstaining detected [H]. Case 3 (Healhy control pregnancyk Cict
weak, nonspecific background stadning [1]. Gid, ©9 and O absent immuo:
masadning [J, K LL

sirangly detected in the placental tiksue of PE patients or of contrals,
with the majority of subjects exhibiting absenl or weak staining, and
with mo significant differences hetween groups (p = (L6980

3.5 Relagonship bebween circul ating and placminl! comp kement

Aasaciations hetween placental immunoreactivity soores amd oom-
plement concen trations from maemal and UCE were sasessed (1 able 20
This Kentified a significant negative comelation between meternal
properdin concentration and Cad depaition (tha: —0.524, p < 0.001L
Specifically, mean maternal properdin concentrations declined from
6839 + 1553 ng/mlin those withabsent C4d deposition, to 5393 + 10495
and 4367 + 820 ngsml in those with focal and diffuse Cad deposition,

Investigating the role of complement in the pathogenesis of pre-eclampsia
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respectively. Matemal C4 conceniration was ako significanly nega-
tively comelaed with plaental Cdd  deposition {rha 0337,
po= LS In addition, there weas significant positive comelation e
tween maternal Ba and placental Cdd (vho: 0,337, p = 00190

There were no significnt corelaton between UCE complemsent
comoentrstion and placental complement depasition.

A, Dise ussion

There & accumulating evidence supparting the role of complement
dyaregulation in the pathogenesis of PE, but the precise mechanisms are
debated [12.93), and the relationship between clreulating complensent
and plaoental complement deposition & undear. This study repaoris
novel evidence of simulanems placental complement deposition,
smociated with significant changes in compl biomarkers in the
maternal and fetal ciroulation, in women with PE

In this study, women with FE had significantly lower plasma pro-
perdin concentrations than healthy pregnant controls. This & the first
timee & reduction in properdin in the semting of PE has beenreported. The
fincings were replicable in a separate validation cohon, and gignificant
differences in properdin persisted after contralling for gestational age.
Furthermawe, maternal plasma properdin concentration appesrs to
provide excellent diagnastic acouracy in distinguishing cases of PE from
healthy pregnancy. Properdin acts as a positive regulaior of the alter-
nathve complement pathway by stabilizing &3 convertase and prolong-
ing its halfdife. Beduced properdin levels are indicative of excess
alternative pathway activity, through consumption from depasiton in
[ECITS

Elevated concentrations of Ba in maternal and U CB provided further
evidene of excesive alternative pathway activity in PE. However, the
differenoe betwesn groups was not stattst cally significant in the London
Cohort, or after adjusting for gestational age at blood draw. Neverthe-
e, Factor B concentration has beenshownio kevel off afier 28 weels in
normal pregnancy [34]; thus gestational diferences in the Bimingham
Cohont may nodt be asignificant confounding Gctar.

Although earlier ressarch & conflicting [21,22], matemal and UCE
Ba concemtrations were significantly correlated in this study, This might
indicate diffusion of this relatively small molecule scross the maternal
fetal interface [15], rather than fetal elreulstory complement scthvation
per s particularly given thal no other UCE complement oompanents
significantly differed between PE and controls, together with the lack of

A 5TH iImmuncreactivily Score B
O Absenr O Foos s
cad Seairn [ Contral  p-Walus
[=7] & [4-0) A[3-5) 0.004
e e 00 Atent aie | 0 idrs)
Gt Focal 11(z8%| 27 (am|
Cad Diffuse B (42%] 2 (T%}
[T 3 |2:6) 0 [0+ <0.001
Frasciavped IS s B Abseat BlI1%] 25 RN
Confrol % Focm! 13 (53| 5 {17}
ca DifTuee AF1%] Lot
] 4 |2-6) 1(0-3) <0.001
Fre.soamonn Absent 105%I 15 (k%]
Control TS 001 Foray 15 [(79%) 17 (57|
Diffusy 3 (1EM] 00|
ciq Clg 001 001 0.63E
) Absent 12(83%) 20 (67|
L — — - =it 698 Focal TETH 10 (W)
Fane . . - Diffuss o (o) 0|
% 0% A% o 0% 100%

Fig. 3. Macental immuno resctivity soones by complement stain ans pre-eclamps ia status Resads are based on N o= 19 PE and N = 30 cotrals, with the exc epifon
i Cd, wisich cvaly irec buckedd N = 29 comarols, dhue o moissing ot e ovee case, “Abserat” i dlejfine ] cos a me diare mrors acifvity scove @t #he STH mermbrane of 8 with *focal”
avad ebiffiene  dhefimed @ sooves of 1-8 amd 9-12 repecsvaly. Figure A shows sthe relathe proportion of malgects with e, joonl and diffs i elning for eoch
complerme i maarker, by PE simins Jn Figare B chasat are pepartad g ook median immrmamorad iy score | interqraaraile ramgel, avad dihe W (VD wilske [ mmerrals of the soore for
ey ot -Vl £ are o M- Wiy U tents, avd Bodd p-vinloe s are digmficam aep < 05 STH = Sy ysowophanie
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Correlation between maternal and cord plasma complement concentration, and plaoemal i mmunonse i vity score.

Il 2 e ] [Pl s Wewb flbcal Cowrd Flasma
Propardiy By =hn (LK ] L b Propardin Ha 5D [ T L b
2 = 5TH" £ -0 [Nk [ W2 1] r= 6291 n -7 r -0.E [ Ao - OuE n =015 -0
p- D335 P D29 P 0104 p o= 04T P =043 p =026 p o= 0ITL p = OLAET p = 0546 p =033
4 - 5TH B — 0534 [-E=13 eIl (AR L] ] [ -k e -01gl e 020E [k ] " -0Xs i QOET
p = 0LOAE p o= 0019 p= 0141 p = 0631 P=00l8 pe0339 peO0Rl pr0lE  pe0lE  pe0Esd
o9 -5TH E-QI & D148 & 05 - L0 n —BEsT -0 = OUE - 0T = B O
p= 020 p= QR p= Q0T0 p= 0550 P = D066 p=05TE p o O p =0 p=0FF p=0THE
Clg =-5TH ¢ -0.008 £ 0.0 [N Er ] rmoE -0 0 [ A k] r -5 =015 [ ) [leler. )
P 0T P 0595 P QB30 p o= 0388 po=04TS o= 0T P o= 0I5 P o= 0400 P o= 0L0GT P o= 0LEST

Analyses are baged on N = 48 for matemal plasma and N = 31 for umbilical cond plasma, unless stated otherwise. Asodations between vaniabiles ane reporied as

Speanman s correlation coefficlens, with assodaed p valies. Bold values are significant at p < 005 "Comrelation s hen

3d and

1 umihili call cord plasma

are based on W~ 47/N = 30, due to mising data for one case **Comrdations with maternal ;umbilical coxd plasma are based on N = #4N - 27, r: Spearman’s

cornelation ecedlicent; STR syne yik ropho bilast.

comelation  hetween UCE complement and placenta]l complement
depas ition.

Subjects with PE had reduced maternal blood concentratonsof C4.
This 15 in keeping with previous research [19,94], and is indicative of
consumption through classical or lectn pathway sctivation Matemal
plasmsa ©F coneentration were also reduced in PE, which could indicate
congumplion. However, 1030, a split product of 3 and biomarker af C3
activation, was not increased. This could be a gestational effect, as dif-
ferences in iC3h between groups did not pemsist afier adjiusting for
gestational age. Mote that earlier research has not veported sl gnificant
differences in C3 in PE, although ssasys messuned bath natve and
activated forms of the protein [36,37].

Although we did not find any s ignificant differences between groups
in plasma C5h-% concentrations, previous studies have repornted oorme-
lations between C5h-9 and PE outcom es, suggesting terminal pathway
activity is a feature of severe disease [16-19]. There were no cases of
HELLF syndromse in the Bimingham Cohornt, and a relatdvely small
proparton with early-onset PE, which may contribute to the lack of
difference in C5h-9.

Immunahistochen cal analysis demonstrated excesive depasition of
Cad, C3d, and €% in PE placentss, implying that placental complement
activation exiends as far as the terminal pathway. Prior studies hawve
reported sesoclatons between placental C4d deposition and PE with
adverse pregnancy outoomes [78) 1t B postulated that poor placents-
tlon with sssodated axidative siress and ischemiareperfusion insulis
lesds 10 excessive complement activation, primarily via the clamical
pathwiay [7 8] lmpartantly, our data show that placental Cdd depesi-
tion was negatively comelated with maemal properdin and C4, indi-
cating that those with the greate st complement consumption within the
maternal circulation abo had concurrent high complement de position
within placental thsue.

Wie hypothesize that in PE, properdinbinds 1o activated complensent
in placental tisue, resulting in depleted plama concentrations. Clas-
sical pathway activation & thought to predominantly drive Cdd depo-
sition within the placenta and may be triggered by oeidative siress and
repeated Bchemia—reperfusion injury camsed by defective placentation
inPE [7 41 The amplificaton loop exacerbates the cycle of activation
via the alernathve pathway. Interestingly, previow studies report
alternative pathway dysegulation from early in pregnancy, suggeting
that inappropriste complement activation beging eardy in PE & the
placenta is developing, before clinical symptoms are detectabile [14].

This study's major strength is the simulaneous analysis of comple-
meent scross multiple thsue types, with findings being replicable in a
separate valklaton cohort, and after controlling for gestatkonal age. The
primsary limitation was the difference in gestation st blood draw be-
tween PE and contral groupa. If complement concentrations varied over
the course af pregnancy, this difference woiikl confound comparisons
between groups. For matemal bood resulis, a regression analysis was
used to account for any effect of gestation. However, the lack of

48

crassaver in gestational ages between the PE and contral groups for the
Birmingham cohort meant that these models extrapolated the trends for
later gestations in PE, and earller gestations in contrals. The refore, the
aocuracy of the adjustment cannot be confi rmsed, and over-ad justment or
residual confounding may have been present in the final mode k.

5. Dodnel i ons

This study, for the first time, demonsirates evidence of excessive
placenta] complement depoasition assocts ted with slgnificant coneu rent
changes in matemal and fetal dneulating eom plement biomakers in PE.
PFlacental complement depasition is sirongly comrelaed with comple-
ment adivation within the maemal circulation, suggesting that thae
patients with the most excessive changes in ciroulating markers of
complement activation also have the greatest extent of placental
complementmediated damage. Inhibition of complement activation
might be & viable tesiment opton for women with PE, allowing
improved pregnancy outcomes through blocking placental thsue dam-
age and the endothalial dyhinction that resulis
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