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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 I report: 

• In a 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.  

• 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.  

• 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 
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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(H2O)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 I 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. 

 

 

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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Figure 1.3: Schematic of fetal trophoblast cell differentiation 

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. 
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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 C1q in this step of healthy placental formation (4). 

Studies of human placental tissue in early pregnancy have demonstrated that decidual endothelial 

cells express C1q, and C1q 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 C1q, 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 

C1q 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, C1q-deficient mice had smaller 
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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. 
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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). C1q, 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, C1r, 

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 
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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 95th 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 95th 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 
pathway 

Complement 
component 

Trimester 1 Trimester 2 Trimester 3 

Classical  C1q No difference: 
(36): in pregnant women (n=362) in 1st trimester, vs. 
non-pregnant controls (n=65) 
(37): in pregnant women (n=100) in 1st trimester, vs. 
normal lab reference ranges. C1q highest in 1st 
trimester then levels off. 

No difference: 
(36): in pregnant women (n=362) in 2nd trimester vs. 
non-pregnant controls (n=65) 
(37): in pregnant women (n=100) in 2nd trimester, 
vs. normal lab reference ranges. 

No difference: 
(36): in pregnant women (n=362) in 3rd trimester, vs. non-
pregnant controls (n=65). Static levels through pregnancy 
(37): in pregnant women (n=100) in 3rd trimester, vs. 
normal lab reference ranges. 

Classical / lectin 
 

C4 Elevated levels: 
(36): in pregnant women (n=362) in 1st trimester, vs. 
non-pregnant controls (n=65) 
No difference: 
(37): in pregnant women (n=100) in 1st trimester, vs. 
normal lab reference ranges. 

Elevated levels: 
(36): in pregnant women (n=362), vs. non-pregnant 
controls (n=65). C4 levels rise during pregnancy 
No difference: 
(37): in pregnant women (n=100) in 2nd trimester, 
vs. normal lab reference ranges. 

Elevated levels: 
(36): in pregnant women (n=362), vs. non-pregnant 
controls (n=65). C4 levels rise during pregnancy 
No difference: 
(34): in pregnant women (n=60) median gestation 36 
weeks, vs. non-pregnant controls (n=59) 
(37): in pregnant women (n=100) in 1st trimester, vs. 
normal lab reference ranges. C4 levels rise during 
pregnancy 
 

 C4d   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: 
(36): in pregnant women (n=362) in 1st trimester, vs. 
non-pregnant controls (n=65) 

Elevated levels: 
(36): in pregnant women (n=362) in 2nd trimester, 
vs. non-pregnant controls (n=65) 

Elevated levels: 
(36): in pregnant women (n=362) in 3rd trimester, vs. non-
pregnant controls (n=65). Static levels through pregnancy 

Alternative 
 

C3 
 

Reduced levels: 
(35): C3 levels fall in 1st trimester normal pregnancy 
(longitudinal study; n=478 pregnant women) 
No difference: 
(36): in pregnant women (n=362) at 6-13 weeks 
gestation, vs. non-pregnant controls (n=65) 
(37): in pregnant women (n=100) in 1st trimester, vs. 
normal lab reference ranges. 

Elevated levels: 
(35): C3 gradually rises from 2nd trimester onwards 
(longitudinal study: n=478 pregnant women) 
(36): in pregnant women (n=362), vs. non-pregnant 
controls (n=65). C3 rises from 2nd trimester onwards 
No difference: 
(37): in pregnant women (n=100) in 2nd trimester, 
vs. normal lab reference ranges. 

Elevated levels: 
(34): in pregnant women (n=60) median gestation 36 
weeks, vs. non-pregnant controls (n=59) 
(36): in pregnant women (n=362), vs. non-pregnant 
controls (n=65). Levels rise throughout pregnancy 
No difference: 
(37): in pregnant women (n=100) in 1st trimester, vs. 
normal lab reference ranges. C3 levels rise during 
pregnancy 
 

 FH 
 

Elevated levels: 
(36): in pregnant women (n=362) in 1st trimester, vs. 
non-pregnant controls (n=65) 

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

Elevated levels: 
(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 
2nd and 3rd trimester 
 

 FB Elevated levels: 
(36): in pregnant women (n=362) in 1st trimester, vs. 
non-pregnant controls (n=65) 

Elevated levels: 
(36): FB levels rise during 2nd trimester in pregnant 
women (n=362) 

Elevated levels: 
(36): FB levels remain high in pregnant women (n=362), 
vs. non-pregnant controls (n=65), but level off between 
2nd and 3rd trimester 
 

 Bb   No difference: 
(34): in pregnant women (n=60) median gestation 36 
weeks, vs. non-pregnant controls (n=59) 

Anaphylatoxins 
 

C3a 
 

No difference: 
(36): in pregnant women (n=362), in 1st trimester vs. 
non-pregnant controls (n=65). 

  Elevated levels:  
(33): in pregnant women (n=134) median gestation 35.5 
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: 
(36): in pregnant women (n=362), in 1st trimester vs. 
non-pregnant controls (n=65). 

No difference: 
(36): in pregnant women (n=362), in 2nd trimester 
vs. non-pregnant controls (n=65). 

Elevated levels:  
(33): in pregnant women (n=134) vs. non-pregnant 
controls (n=40), median gestation 35.5 weeks 
No difference: 
(36): in pregnant women (n=362), in 3rd trimester vs. non-
pregnant controls (n=65). Static levels during pregnancy 

Terminal 
 

C5b-9 
 

No difference: 
(36): in pregnant women (n=362), in 1st trimester vs. 
non-pregnant controls (n=65). 

No difference: 
(36): in pregnant women (n=362), in 2nd trimester 
vs. non-pregnant controls (n=65). 

Elevated levels: 
(34): in pregnant women (n=60) median gestation 36 
weeks, vs. non-pregnant controls (n=59) 
No difference: 
(36): in pregnant women (n=362), in 3rd 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 

C1q, 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 I, 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 I or factor H (n=7) (18). This study identified variants of CD46 and factor I 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% CI 
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1.06-1.89, p=0.019 for each standard deviation increase in Bb, and OR 1.37, 95% CI 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). GPI 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 I (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) ≥30 

mg/mmol, or albumin to creatinine ratio (ACR) ≥8 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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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) ≥ 30 mg/mmol, or albumin to creatinine ratio (ACR) ≥ 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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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% 

CI 1.43-2.21), and cardiovascular disease (OR 2.28, 95% CI 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. 

 

 

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; PlGF: placental growth factor; VEGF: vascular endothelial growth factor; AT1: 
angiotensin II 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 
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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).  
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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 

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

I 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 

(PlGF). The same study reported significantly lower PlGF 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 sFlt-1:PlGF 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 PlGF 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% CI 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.  



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

 

40 
 

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. 

 

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; PlGF: placental growth factor; RGC: response 

gene to complement; sFlt-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 I or II 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 sFlt-1 secretion 



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

 

45 
 

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 90th decile (RR 3.3, 95% CI 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 

C1q in PE, in a gestationally-matched study comparing PE with healthy pregnancy (140). There were 

however no significant associations found between C1q 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 C1q 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 PlGF 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 I 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 I (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 sFlt-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. 

 

 

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:PlGF 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% CI 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% CI 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% CI 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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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 II 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 PlGF and sFlt-1:PlGF 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 PlGF levels fall, but this 

pattern occurs earlier and with more a pronounced change in pregnancies affected by PE (108). 

Testing of PlGF or sFlt-1:PlGF 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). PlGF testing can help inform clinicians of the likely need for 

delivery due to suspected PE in the short term. Very low PlGF levels are suggestive of severe 

placental dysfunction and high risk of preterm delivery. Conversely, normal PlGF levels indicate 

normal placental function, and a low likelihood of requiring delivery within the next 14 days (202). 

Similarly, sFlt-1:PlGF testing can aid in the short term prediction and diagnosis of PE. A low sFlt-

1:PlGF ratio rules out a PE diagnosis within 7 days, whereas an elevated sFlt-1:PlGF 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 PlGF or sFlt-1:PlGF 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 PlGF concentrations from 21 to 37 weeks’ gestation in 

women who developed SPE versus those that did not (192). Reduced PlGF concentration had high 

predictive accuracy of the need for delivery within 14 days due to SPE (AUROC 0.80; 95% CI 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:PlGF 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 PlGF 

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 C1q 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% CI 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% CI 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% CI 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% CI 

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:PlGF 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% CI 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 µg/ml in PE vs. 0.96 

µg/ml in 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% CI 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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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: 

• 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. 

• 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. 

• 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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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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ii) 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 



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

 

78 
 

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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Figure 2.2: Birmingham Cohort recruitment flow chart

Pregnant women 
approached for 

enrolment (n=80)

Pre-eclampsia (n=39)

Declined (n=4); withdrew 
consent (n=1)

Consented (n=34)

Maternal blood (n=34)

1 sample excluded 
(patient in active labour); 

final maternal blood 
samples n=33

Umbilical cord blood 
(n=20)

8 samples discarded (>4 
hours post-delivery); final 

cord samples n=12

Placenta (n=26)

7 samples discarded (>4 
hours post-delivery); final 
placental samples n=19

Controls (n=41)

Declined (n=8) Consented (n=33)

Maternal blood (n=33)
Umbilical cord blood 

(n=30)

6 samples discarded (>4 
hours post-delivery); final 

cord samples n=24

Placenta (n=31)

1 sample discarded (>4 
hours post-delivery); final 
placental samples n=30
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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 cm3 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 -800C 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 670C, 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: 

• properdin and Ba (specific to the alternative complement pathway), 

• C4 (indicative of classical and lectin pathway activity), 

• C3 and iC3b (indicative of both alternative and classical pathway activity), and  

• C5b-9 (MAC; 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 



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

 

84 
 

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 l 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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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: 

• Creatinine 

• Cystatin C 

• Urea 

• Uric acid 

• Beta-2 microglobulin (B2M) 

• Serum free light chains (sFLCs) - kappa and lambda 

• Immunoglobulins (Ig) G, A and M 

• Lactate dehydrogenase (LDH) 

• 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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2.3.8 Placental immunohistochemistry 

FFPE placental tissue blocks were placed on wet ice to cool for 20 minutes before being cut to 4 µm 

thickness (except 1 section cut at 2 µm thickness for C1q staining) using a microtome at HBRC, UoB. 

Sections were then placed on VWR SuperFrost® slides and heat-treated at 650C for 30 minutes.  

Placental tissue sections were stained for the following complement components: 

• C3d (a degradation product of C3 in all three complement pathways) 

• C4d (a marker of classical and lectin pathway activity) 

• C9 (a component of MAC; also termed TCC) 

• C1q (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 C1q staining, slides were protease-digested (using Dako Proteinase K S3020) so as to 

enhance antigen retrieval; in line with established local laboratory protocol in use for C1q staining of 
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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/m2) 

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 <10th 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)) 
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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 α=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 log10-

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 



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

 

95 
 

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 -800C 

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:  

• one drawn during early pregnancy (0 to 16 weeks gestation),  

• one from mid-pregnancy (16+1 to 27+6 weeks gestation), and  

• 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 
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Figure 2.3: CKD Cohort recruitment flow chart 

Original CKD cohort (in thesis by Dr 
N. Sarween): 164 pregnancies in 
139 women with CKD (SPE n=37; 
non-SPE n=127); recruited from 

renal antenatal clinic

Women with remaining blood 
samples available for this study: 75 
pregnancies in 69 women with CKD 

(SPE n=29; non-SPE n=46)

Trimester 1 blood samples (n=42)

(0-16 weeks gestation)

SPE (n=14)

Controls (n=28)

Trimester 2 blood samples (n=52)

(16+1 to 27+6 weeks gestation)

SPE (n=24)

Controls (n=28)

Trimester 3 blood samples (n=62)

(28+ weeks gestation)

SPE (n=15)

Controls (n=47)
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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 -800C 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:  

• Properdin 

• Ba 

• 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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Standard 1 with concentration 20 ng/ml. Serial dilutions of the reconstituted standard were 

then made by adding 225 µl of the previous solution to 225 µl 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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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). 
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Plasma samples were then diluted by hand pipetting, mixing 10 µl of sample with 490 µl of dilution 

buffer. A second dilution was later made by the Dynex DSX ® machine, mixing 10 µl of diluted 

sample with 990 µl 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 µl 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 µl wash buffer. 

- 100 µl 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 µl of diluted streptavidin-peroxidase was added to each well, followed by another 1 

hour incubation at room temperature and wash procedure as above. 

- 100 µl 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 µl 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 Ba and C5b-9 ELISA assays 

Quidel MicroVueTM 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 µl of sample and mixing 

with 180 µl of diluent. A further dilution was later made by the Dynex DSX ® machine, of 5 µl diluted 

sample with 495 µl diluent, to make a final dilution of 1:1000. For C5b-9 assays, the Dynex DSX ® 

machine was programmed to mix 50 µl sample with 450 µl diluent, to achieve a final dilution of 1:10. 

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

- 300 µl 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 µL 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 µl for Ba and 50 µl for C5b-9) and incubated at 

room temperature (1 hour for Ba and 30 minutes for C5b-9).  

- 100 µl substrate solution was added to wells, and the plate incubated at room temperature 

for 15 minutes. 

- 100 µl 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 ≥ 160 mmHg systolic or ≥ 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 uPCR > 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 109/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,  

• PTB (delivery prior to 37 weeks’ gestation),  

• admission to NNU,  

• low birth weight (<2500 g), or  

• SGA (birth weight <10th 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 log10-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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



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

 

111 
 

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 



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

 

112 
 

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: 

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

• proteinuria: > 1+ protein on urine dip (resource-limited setting, so laboratory urine protein 

quantification with ACR/PCR not routinely available); OR 

• 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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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 -800C 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 -800C 

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 
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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 < 10th 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 α=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 R2 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. 
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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 

10th 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 ± 4.5 0.617 

BMI (kg/m2) 67 28.5 ± 5.1 28.9 ± 5.1 0.741 70 28.8 ± 7.4 26.3 ± 4.5 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 (<10th 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. 
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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/l, 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% CI: 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/l (95% CI: 0.2-

0.8, p<0.001) and 0.07 g/l (95% CI: 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/l 

(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 3.3: 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% CI) p-Value Coefficient (95% CI) p-Value p-Value** 

iC3b (ng/ml) 65 -63 (-171, 45) 0.252 14 (-4, 33) 0.133 0.167 

C3 (g/l)  65 -0.50 (-0.77, -0.22) <0.001 0.00 (-0.05, 0.04) 0.887 0.067 

iC3b:C3 (x106) 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 log10-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 

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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                       Properdin: AUROC 0.87 (0.03) 
                         Reference 

                           C4: AUROC 0.82 (0.05) 
           Reference 

                             C3: AUROC 0.80 (0.06) 
             Reference 

 

Biomarker N Sensitivity Specificity 

Maternal Properdin < 5764 ng/ml 136 81% 81% 

Maternal C4 < 0.25 g/l 66 76% 73% 

Maternal C3 < 2.07 g/l 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.



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

 

132 
 

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 
C4 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.  
 

 

 



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

 

133 
 

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 C1q. Figure 3.7 shows examples of absent staining for C4d, C9, and 

C1q (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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C1q 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, K and 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 C1q 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).
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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 C1q 

staining. 
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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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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 C4 Properdin Ba C5b-9 iC3b:C3 C4 

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 

C4d – 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 

C1q – 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 

Blood Marker 
Birmingham Cohort 

N Pre-eclampsia Control p-Value 

Creatinine (µmol/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 4.7 ± 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 8.4 ± 1.9 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% CI 0.98-1.43, p=0.087).
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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 

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 

  
  

Maternal blood complement marker 

Properdin Ba iC3b:C3 C4 C5b-9 
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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 

Cystatin C 
r: -0.609 r: 0.332 r: 0.188 r: -0.390 r: 0.139 
p<0.001* p=0.007 p=0.131 p=0.001* p=0.267 

Uric acid 
r: -0.633 r: 0.264 r: 0.132 r: -0.375 r: 0.057 

p<0.001* p=0.032 p=0.290 p=0.002* p=0.652 

HS-CRP 
r: 0.367 r: -0.026 r: 0.152 r: 0.294 r: 0.309 

p=0.002* p=0.837 p=0.224 p=0.017 p=0.012 

LDH 
r: -0.170 r: 0.344 r: 0.257 r: -0.222 r: 0.208 
p=0.173 p=0.005 p=0.037 p=0.073 p=0.094 

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 
p<0.001* p<0.001* p=0.097 p=0.019 p=0.270 

Lambda 
r: -0.305 r: 0.316 r: 0.308 r: -0.268 r: 0.070 
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 

IgG 
r: 0.307 r: -0.046 r: -0.036 r: 0.104 r: 0.176 
p=0.012 p=0.712 p=0.776 p=0.405 p=0.158 

IgA 
r: -0.360 r: 0.172 r: 0.136 r: -0.219 r: 0.087 
p=0.003* p=0.167 p=0.277 p=0.077 p=0.485 

IgM 
r: -0.211 r: 0.187 r: -0.031 r: -0.260 r: 0.123 
p=0.089 p=0.133 p=0.802 p=0.035 p=0.326 
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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% CI 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% CI 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% CI 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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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 

(n=24) 
Vaginal delivery 

(n=10) 
p-value Caesarean 

(n=28) 
Vaginal delivery 

(n=5) 
p-value 

Maternal age at delivery (years) 67 31.4 ± 6.5 28.6 ± 6.6 0.261 30.1 ± 5.5 27.2 ± 6.2 0.301 

BMI (kg/m2) 67 28.3 ± 4.8 28.9 ± 6.0 0.766 28.7 ± 5.2 30.4 ± 4.1 0.485 
Ethnicity 
White 
Asian 
Black 
Mixed/Other 

67 
 
 
 
 

 
10 (42%) 
10 (42%) 
3 (13%) 
1 (4%) 

 
5 (50%) 
2 (20%) 
3 (30%) 
0 (0%) 

0.442  
15 (54%) 
8 (29%) 
3 (11%) 
2 (7%) 

 
4 (80%) 
1 (20%) 
0 (0%) 
0 (0%) 

0.677 
 
 
 
 

Parity 
0 
1 
2+ 

67 
 
 
 

 
18 (75%) 
3 (13%) 
3 (13%) 

 
7 (70%) 
1 (1%) 
2 (2%) 

0.448  
12 (43%) 
12 (43%) 
4 (14%) 

 
4 (80%) 
0 (0%) 

1 (20%) 

0.214 
 
 
 

Peak SBP (mmHg) 65 165 ± 14 158 ± 13 0.236 128 ± 10 129 ± 8 0.877 

Peak DBP (mmHg) 65 106 ± 9 102 ± 9 0.227 79 ± 8 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 
Blood Draw 
PE diagnosis 

 
66 
65 
34 

 
36.8 (34.3-37.7) 
36.4 (33.6-37.2) 
35.1 (32.8-36.5) 

 
37.3 (36.9-37.4) 
36.8 (36.3-37.4) 
36.2 (35.6-36.8) 

 
0.205 
0.182 
0.135 

 
39.2 (39.0-39.9) 
39.0 (38.7-39.4) 

NA 

 
41.9 (40.6-42.0) 
41.7 (40.3-41.9) 

NA 

 
0.063 
0.031 

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 (<10th 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. 
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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 C1q 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 
iC3b (ng/ml) 
C3 (g/l) 
iC3b:C3 (x106) 
C4 (g/l) 
Properdin (ng/ml) 
Ba (ng/ml) 
C5b-9 (ng/ml) 

66  
472 ± 126 

1.90 ± 0.43 
245 (194-284) 

0.20 ± 0.08 
4834 ± 817 

161 (130-228) 
237 (200-372) 

 
527 ± 207 

1.89 ± 0.31 
252 (183-356) 

0.20 ± 0.09 
4816 ± 823 

126 (96-204) 
240 (202-259) 

 
0.353 
0.938 
0.802 
0.933 
0.956 
0.207 
0.893 

 
605 ± 167 

2.38 ± 0.41 
239 (213-289) 

0.31 ± 0.09 
6954 ± 1490 
119 (88-166) 

236 (184-335) 

 
611 ± 97 

2.21 ± 0.23 
284 (251-301) 

0.32 ± 0.04 
6447 ± 943 

109 (82-111) 
290 (216-334) 

 
0.939 
0.358 
0.338 
0.776 
0.471 
0.514 
0.639 

Umbilical cord blood 
iC3b (ng/ml) 
C3 (g/l) 
iC3b:C3 (x106) 
C4 (g/l) 
Properdin (ng/ml) 
Ba (ng/ml) 
C5b-9 (ng/ml) 

36  
898 (537-1179) 

0.74 ± 0.26 
1283 (650-1901) 

0.12 ± 0.04 
2619 ± 698 

354 (315-393) 
60 (52-82) 

 
663 (496-817) 

0.91 ± 0.34 
622 (537-846) 

0.14 ± 0.03 
3396 ± 1013 

298 (253-338) 
102 (90-121) 

 
0.465 
0.344 
0.465 
0.477 
0.145 
0.062 
0.223 

 
769 (627-922) 

0.75 ± 0.20 
1114 (715-1461) 

0.14 ± 0.05 
3339 ± 1248 

224 (136-246) 
53 (41-72) 

 
1154 (951-2532) 

0.88 ± 0.16 
1215 (984-3428) 

0.13 ± 0.03 
3197 ± 377 

356 (306-391) 
138 (120-151) 

 
0.145 
0.318 
0.505 
0.873 
0.849 
0.016 
0.016 

Placental STB immunoreactivity score 
C3d 
C4d 
C9 
C1q 

49  
6 (6-9) 
4 (2-8) 
4 (2-6) 
0 (0-1) 

 
5 (4-7) 
2 (2-2) 
4 (3-5) 
2 (1-2) 

 
0.299 
0.089 
0.960 
0.092 

 
4 (4-6) 
0 (0-0) 
1 (0-3) 
0 (0-1) 

 
4 (3-5) 
0 (0-0) 
1 (0-3) 
0 (0-0) 

 
0.433 
0.346 
0.898 
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 
iC3b (ng/ml) 
C3 (g/l) 
iC3b:C3 (x106) 
C4 (g/l) 
Properdin (ng/ml) 
Ba (ng/ml) 
C5b-9 (ng/ml) 

66  
472 ± 126 

1.90 ± 0.43 
245 (194-284) 

0.20 ± 0.08 
4834 ± 817 

161 (130-228) 
237 (200-372) 

 
605 ± 167 

2.38 ± 0.41 
239 (213-289) 

0.31 ± 0.09 
6954 ± 1490 
119 (88-166) 

236 (184-335) 

 
0.03 

<0.001 
0.910 

<0.001 
<0.001 
0.012 
0.545 

 
527 (207) 

1.89 (0.31) 
252 (183-356) 

0.20 (0.09) 
4816 (823) 

126 (96-204) 
240 (202-259) 

 
611 (97) 

2.21 (0.23) 
284 (251-301) 

0.32 (0.04) 
6447 (943) 

109 (82-111) 
290 (216-334) 

 
0.412 
0.063 
0.768 
0.017 
0.004 
0.327 
0.462 

Umbilical cord blood 
iC3b (ng/ml) 
C3 (g/l) 
iC3b:C3 (x106) 
C4 (g/l) 
Properdin (ng/ml) 
Ba (ng/ml) 
C5b-9 (ng/ml) 

36  
898 (537-1179) 

0.74 ± 0.26 
1283 (650-1901) 

0.12 ± 0.04 
2619 ± 698 

354 (315-393) 
60 (52-82) 

 
769 (627-922) 

0.75 ± 0.20 
1114 (715-1461) 

0.14 ± 0.05 
3339 ± 1248 

224 (136-246) 
53 (41-72) 

 
0.730 
0.895 
0.691 
0.429 
0.162 
0.002 
0.577 

 
663 (496-817) 

0.91 ± 0.34 
622 (537-846) 

0.14 ± 0.03 
3396 ± 1013 

298 (253-338) 
102 (90-121) 

 
1154 (951-2532) 

0.88 ± 0.16 
1215 (984-3428) 

0.13 ± 0.03 
3197 ± 377 

356 (306-391) 
138 (120-151) 

 
0.180 
0.886 
0.180 
0.827 
0.761 
0.297 
0.297 

Placental STB immunoreactivity score 
C3d 
C4d 
C9 
C1q 

49  
6 (6-9) 
4 (2-8) 
4 (2-6) 
0 (0-1) 

 
4 (4-6) 
0 (0-0) 
1 (0-3) 
0 (0-1) 

 
0.006 

<0.001 
0.002 
0.520 

 
5 (4-7) 
2 (2-2) 
4 (3-5) 
2 (1-2) 

 
4 (3-5) 
0 (0-0) 
1 (0-3) 
0 (0-0) 

 
0.180 
0.046 
0.137 
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 

(n=10) 
Late-onset PE 

 (n=24) 
p-value 

Maternal age at delivery (years) 34 29.4 ± 6.7 31.1 ± 6.6 0.504 

BMI (kg/m2) 34 27.9 ± 3.9 28.8 ± 5.6 0.650 

Ethnicity: 
   White 
   Asian 
   Black 
   Mixed/Other 

34 
 
 
 
 

 
5 (50%) 
3 (30%) 
2 (20%) 
0 (0%) 

 
10 (42%) 
9 (38%) 
4 (17%) 
1 (4%) 

0.923 

Parity: 
   0 
   1 
   2+ 

34 
 
 
 

 
6 (60%) 
2 (20%) 
2 (20%) 

 
19 (79%) 

2 (8%) 
3 (13%) 

0.544 

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: 
   Caesarean 
   Vaginal 

34 
 
 

 
10 (100%) 

0 (0%) 

 
14 (58%) 
10 (42%) 

0.017 

Gestation at (weeks): 
   Delivery 
   Blood Draw 
   PE diagnosis 

 
34 
34 
34 

 
31.5 (30.1-35.7) 
31.4 (29.8-35.5) 
30.9 (29.4-33.1) 

 
37.4 (36.9-37.7) 
37.0 (36.4-37.4) 
36.4 (35.8-36.9) 

 
<0.001 
<0.001 
<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 (<10th 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 

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. 

 

 

 

  Pre-eclampsia group 

N Early-onset PE Late-onset PE p-value 

Maternal blood 
iC3b (ng/ml) 
C3 (g/l) 
iC3b:C3 (x106) 
C4 (g/l) 
Properdin (ng/ml) 
Ba (ng/ml) 
C5b-9 (ng/ml) 

33  
414 ± 99 

1.82 ± 0.32 
214 (189-243) 

0.16 ± 0.08 
4678 ± 591 

148 (109-181) 
223 (204-299) 

 
521 ± 163 

1.93 ± 0.42 
259 (202-308) 

0.22 ± 0.08 
4894 ± 887 

161 (124-236) 
237 (198-349) 

 
0.063 
0.475 
0.117 
0.048 
0.243 
0.638 
0.829 

Umbilical cord blood 
iC3b (ng/ml) 
C3 (g/l) 
iC3b:C3 (x106) 
C4 (g/l) 
Properdin (ng/ml) 
Ba (ng/ml) 
C5b-9 (ng/ml) 

12  
918 (664-1171) 

0.79 ± 0.19 
1316 (880-1753) 

0.07 ± 0.00 
2504 ± 477 

323 (308-338) 
44 (37-50) 

 
740 (517-923) 

0.82 ± 0.32 
840 (559-1531) 

0.13 ± 0.03 
3030 ± 949 

337 (264-377) 
89 (78-117) 

 
0.830 
0.911 
0.830 
0.141 
0.473 
0.830 
0.053 

Placental STB immunoreactivity score 
C3d 
C4d 
C9 
C1q 

19  
6 (4-6) 

2 (2-11) 
2 (2-3) 
0 (0-1) 

 
9 (6-9) 
4 (2-5) 
6 (4-8) 
0 (0-1) 

 
0.054 
0.794 
0.023 
0.769 
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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 

(n=18) 
non-Black 

 (n=51) 
p-value 

Black 
(n=7) 

Non-Black 
(n=61) 

p-value 

Maternal age at delivery (years) 137 31.6 ± 4.5 32.3 ± 7.3 0.660 33.2 ± 5.8 31.2 ± 5.3 0.348 

BMI (kg/m2) 137 29.6 ± 5.8 28.3 ± 6.5 0.470 31.2 ± 5.3 27.8 ± 7.3 0.232 
Mode of delivery: 
Vaginal 
Caesarean section 

137 
 

 

 
6 (33%) 

12 (66%) 

 
16 (31%) 
35 (69%) 

1.000  
2 (29%) 
5 (71%) 

 
21 (34%) 
40 (66%) 

1.000 
 

 

Parity 
0 
1 
2+ 

137 
 
 
 

 
10 (56%) 
4 (22%) 
4 (22%) 

 
37 (73%) 
5 (10%) 
9 (18%) 

0.367  
3 (43%) 
3 (43%) 
1 (14%) 

 
35 (57%) 
18 (30%) 
8 (13%) 

0.422 
 
 
 

Peak SBP (mmHg) 135 173 ± 15 166 ± 13 0.074 132 ± 7 132 ± 12 0.986 

Peak DBP (mmHg) 135 107 ± 11 105 ± 7 0.323 81 ± 7 82 ± 10 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 
Blood Draw 
PE diagnosis 

 
136 
135 
69 

 
36.1 (34.5-36.8) 
34.5 (31.6-36.1) 
33.7 (31.8-35.8) 

 
36.9 (35.4-37.4) 
35.8 (33.9-36.8) 
34.7 (33.2-36.1) 

 
0.063 
0.075 
0.229 

 
39.7 (39.1-40.5) 
34.6 (32.9-38.9) 

NA 

 
39.4 (39.0-40.9) 
36.7 (33.9-39.0) 

NA 

 
0.885 
0.460 

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 (<10th 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 

 
Complement marker 

 Pre-eclampsia Controls 

N Black non-Black p-value Black  non-Black p-value 

Maternal blood 
iC3b (ng/ml) 
C3 (g/l) 
iC3b:C3 (x106) 
C4 (g/l) 
Properdin (ng/ml) 
Ba (ng/ml) 
C5b-9 (ng/ml) 

 
66 
66 
66 
66 

136 
136 
66 

 
521 ± 276 

1.74 ± 0.37 
273 (200-303) 

0.23 ± 0.09 
5151 ± 1491 

147 (109-206) 
390 (261-590) 

 
482 ± 119 

1.93 ± 0.40 
244 (194-299) 

0.19 ± 0.08 
5030 ± 1102 

163 (122-238) 
232 (198-277) 

 
0.582 
0.298 
0.674 
0.322 
0.717 
0.532 
0.059 

 
544 ± 231 

2.44 ± 0.54 
206 (193-235) 

0.38 ± 0.00 
7462 ± 1744 

144 (127-179) 
254 (172-307) 

 
612 ± 152 

2.35 ± 0.38 
252 (221-294) 

0.30 ± 0.08 
6892 ± 1314 
129 (97-176) 

236 (221-294) 

 
0.486 
0.703 
0.133 
0.111 
0.298 
0.552 
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). 

 

 

 

 

 

 

 

 

 



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

 

161 
 

Table 3.18: Demographic and clinical outcome data for repeat blood samples tested in 
Birmingham 

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 

 
 

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: 
      White 
      Asian 
      Black 
      Mixed/Other 

32  
9 (56%) 
4 (25%) 
3 (19%) 
0 (0%) 

 
9 (56%) 
4 (25%) 
2 (13%) 
1 (6%) 

0.753 

Parity 
      0 
      1 
      2+ 

32  
13 (81%) 
2 (13%) 
1 (6%) 

 
6 (38%) 
6 (38%) 
4 (25%) 

0.025 

Peak blood pressure (mmHg) 
      SBP 
      DBP 

 
32 
32 

 
150 (157-163) 
104 (101-108) 

 
128 (123-136) 

80 (71-86) 

 
<0.001 
<0.001 

Peak uPCR (mg/mmol) 16 379.0 (244.3-491.8) NA NA 

Mode of delivery 
      Caesarean 
      Vaginal 

32  
12 (75%) 
4 (25%) 

 
13 (81%) 
3 (19%) 

1.000 

Gestation at (weeks): 
      Delivery 
      Blood draw 
      PE diagnosis 

 
31 
31 
16 

 
36.9 (36.0-37.5) 
36.7 (35.5-37.1) 
35.7 (33.5-36.6) 

 
39.3 (39.0-40.6) 
39.0 (38.7-40.4) 

NA 

 
<0.001 
<0.001 

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 (<10th centile) 31 9 (56%) 0 (0%) <0.001 

Neonatal unit care 32 6 (38%) 2 (13%) 0.110 
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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; R2 

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; R2 0.670, p<0.001. The higher R2 

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.
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Table 3.19: Complement component results by location tested / assay used 

Blood Marker 
(ng/ml) N 

Newcastle Results (MSD assays) Birmingham Results (Hycult / Quidel assays) 

Pre-eclampsia Control p-Value Pre-eclampsia Control p-Value 

Maternal 
Properdin 

32 4275 ± 568 7481 ± 1393 <0.001 12605 ± 3052 18669 ± 3915 <0.001 

Maternal 
Ba 

20 
188 

(146-245) 
89 

(79-108) 
<0.001 

1286 
(977-1544) 

853 
(626-1001) 

0.019 

Maternal  
C5b-9 

20 
234 

(183-391) 
200 

(176-257) 
0.149 

262 
(196-378) 

204 
(175-356) 

0.481 

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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Figure 3.10: Bland-Altman plots comparing complement assays conducted in Newcastle and 
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% CI 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), 



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

 

167 
 

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 C1q, leading to false negative results. The current evidence base, albeit small, has variably 

reported reduced C1q deposition at the STB surface in women with PE (25); and no difference in C1q 
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deposition between PE cases and healthy controls (31). It has been postulated that C1q 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 µmol/L, which is considered to be within the normal range in 

pregnancy (250). Although there were more patients with abnormal renal function (creatinine > 77 

µmol/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 
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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). It is 

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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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,  

▪ low birth weight (< 2500 g), or 

▪  SGA baby (birth weight < 10th 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 µmol/L, and GFR 

58.5 ml/min/1.73m2, compared to 80.5 µmol/L and 73.0 ml/min/1.73m2 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% 
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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 

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. 

 

 

 
 

N SPE Non-SPE p-value 

Maternal age at delivery (years) 75 29.2 ± 5.7 30.2 ± 5.8 0.496 

BMI (kg/m2) 72* 28.5 ± 5.6 26.3 ± 5.7 0.120 

Ethnicity:** 
      White 
      Asian 
      Black 
      Mixed/Other 

69  
19 (73%) 
6 (23%) 
1 (4%) 
0 (0%) 

 
16 (60%) 
10 (23%) 

4 (9%) 
3 (7%) 

0.411 

First pregnancy 75 12 (41%) 16 (35%) 0.628 

Mode of delivery 
      Caesarean 
      Vaginal 

75  
23 (79%) 
6 (21%) 

 
21 (46%) 
25 (54%) 

0.004 

Gestation at (weeks): 
      Delivery 
      Blood draw 1 
      Blood draw 2 
      Blood draw 3 

 
75 
42 
52 
62 

 
36.0 (33.4-37.4) 
13.7 (11.8-14.2) 
24.6 (22.7-27.1) 
32.4 (29.8-35.6) 

 
37.9 (37.0-38.9) 
13.1 (10.3-14.2) 
24.9 (22.9-26.5) 
34.0 (31.6-35.1) 

 
<0.001 
0.612 
0.927 
0.330 

Fetal outcomes: 
      Birth weight (g) 
      SGA (<10th centile) 
      Neonatal unit care 

 
72* 
72* 
62* 

 
2369 ± 707 

8 (29%) 
8 (36%) 

 
2824 ± 471 

12 (27%) 
5 (13%) 

 
0.002 
1.000 
0.048 

Pre-pregnancy renal status: 
      Creatinine (µmol/L) 
      GFR (ml/min/1.73m2) 
      uACR (mg/mmol) 
      Chronic hypertension 
      Kidney transplant 

 
68* 
69* 
65* 
75 
75 

 
99.0 (66.3-132.8) 
58.5 (44.0-90.0) 
35.3 (9.4-89.4) 

19 (66%) 
3 (10%) 

 
80.5 (65.3-96.8) 
73.0 (61.5-90.0) 

2.7 (0.8-30.7) 
12 (26%) 

3 (7%) 

 
0.075 
0.114 

<0.001 
<0.001 
0.671 

Pre-pregnancy CKD stage: 
      1 
      2 
      3 
      4 

69*  
8 (31%) 
5 (19%) 

12 (46%) 
1 (4%) 

 
12 (28%) 
21 (49%) 
9 (21%) 
1 (2%) 

0.062 

Cause of CKD:** 
      Glomerular disease 
      Tubulo-interstitial disease 
      Lupus nephritis 
      ADPKD 
      Structural disease / VUR 
      Other 
      Unknown 

69  
8 (31%) 
5 (19%) 
6 (23%) 
2 (8%) 
1 (4%) 
1 (4%) 

3 (12%) 

 
9 (21%) 
6 (14%) 
5 (12%) 
7 (16%) 
5 (12%) 
7 (16%) 
4 (9%) 

0.366 
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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 
19370 ± 4283 

(n=14) 
20032 ± 6595 

(n=28) 
0.735 

Trimester 2 Properdin 43 
21438 ± 7504 

(n=23) 
14668 ± 6242 

(n=20) 
0.003 

Trimester 3 Properdin 53 
19065 ± 8341 

(n=14) 
17805 ± 5495 

(n=39) 
0.526 

Trimester 1 Ba 41 
1066 (800-2280) 

(n=14) 
917 (663-1162) 

(n=27) 
0.169 

Trimester 2 Ba 51 
1899 (1215-3179) 

(n=24) 
1340 (985-2266) 

(n=27) 
0.213 

Trimester 3 Ba 42 
1608 (1260-2581) 

(n=15) 
1251 (891-2186) 

(n=27) 
0.312 

Trimester 1 C5b-9 40 
265 (230-307) 

(n=14) 
226 (151-283) 

(n=26) 
0.100 

Trimester 2 C5b-9 51 
259 (222-309) 

(n=24) 
278 (236-344) 

(n=27) 
0.509 

Trimester 3 C5b-9 42 
295 (258-415) 

(n=15) 
281 (254-400) 

(n=27) 
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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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 µmol/L for SPE, vs. 

79.0 µmol/L for non-SPE, p<0.001, and median eGFR 39.0 ml/min/1.73m2 for SPE, vs. 73.5 

ml/min/m2 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 

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) 
 
 
 

 

 

 
 

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/m2) 40* 28.2 ± 5.7 25.7 ± 4.8 0.172 

Ethnicity: 
      White 
      Asian 
      Black 
      Mixed/Other 

42  
10 (83%) 
2 (17%) 
0 (0%) 
0 (0%) 

 
20 (67%) 
6 (20%) 
1 (3%) 

3 (10%) 

0.802 

First pregnancy 42 6 (50%) 10 (33%) 0.483 

Mode of delivery 
      Caesarean 
      Vaginal 

42  
9 (75%) 
3 (25%) 

 
16 (53%) 
14 (47%) 

0.300 

Gestation at (weeks): 
      Delivery 
      Blood draw 1 
      Blood draw 2 
      Blood draw 3 

 
42 
23 
29 
37 

 
35.8 (34.4-37.3) 
13.9 (13.1-14.0) 
23.3 (21.8-26.8) 
35.1 (29.6-35.6) 

 
38.0 (36.9-39.0) 
13.9 (10.4-14.7) 
25.0 (22.4-26.6) 
33.9 (31.3-34.8) 

 
0.003 
0.973 
0.647 
0.985 

Fetal outcomes: 
      Birth weight (g) 
      SGA (<10th centile) 
      Neonatal unit care 

 
40* 
40* 
33* 

 
2337 ± 809 

4 (33%) 
3 (43%) 

 
2872 ± 492 

4 (14%) 
3 (12%) 

 
0.014 
0.211 
0.093 

Pre-pregnancy renal status: 
      Creatinine (µmol/L) 
      GFR (ml/min/1.73m2) 
      uACR (mg/mmol) 
      Chronic hypertension 
      Kidney transplant 

 
36* 
37* 
36* 
42 
42 

 
139.0 (99.0-172.0) 

39.0 (30.0-60.0) 
51.0 (3.7-195.5) 

7 (58%) 
2 (17%) 

 
79.0 (63.0-91.0) 
73.5 (62.8-90.0) 

1.6 (0.3-6.9) 
7 (23%) 
2 (7%) 

 
<0.001 
<0.001 
0.005 
0.067 
0.565 

Pre-pregnancy CKD stage: 
      1 
      2 
      3 
      4 

37*  
0 (0%) 

3 (33%) 
5 (56%) 
1 (11%) 

 
8 (29%) 

14 (50%) 
5 (18%) 
1 (4%) 

0.053 

Cause of CKD: 
      Tubulo-interstitial disease 
      ADPKD 
      Structural disease / VUR 
      Other 
      Unknown 

42  
5 (42%) 
2 (17%) 
1 (8%) 
1 (8%) 

3 (25%) 

 
6 (20%) 
8 (27%) 
5 (17%) 
7 (23%) 
4 (13%) 

0.460 
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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 

Trimester 1 Properdin 23 
21843 ± 3000 

(n=6) 
20615 ± 6750 

(n=17) 
0.675 

Trimester 2 Properdin 23 
20850 ± 6174 

(n=11) 
13018 ± 7212 

(n=12) 
0.011 

Trimester 3 Properdin 30 
22760 ± 7917 

(n=5) 
18310 ± 4593 

(n=25) 
0.092 

Trimester 1 Ba 22 
1917 (1174-3614) 

(n=6) 
707 (622-1212) 

(n=16) 
0.083 

Trimester 2 Ba 28 
1972 (1446-3456) 

(n=12) 
1320 (1002-1735) 

(n=16) 
0.133 

Trimester 3 Ba 22 
2581 (1816-3182) 

(n=6) 
1217 (951-2052) 

(n=16) 
0.027 

Trimester 1 C5b-9 22 
211 (157-235) 

(n=6) 
158 (136-266) 

(n=16) 
0.747 

Trimester 2 C5b-9 28 
259 (240-307) 

(n=12) 
244 (223-323) 

(n=16) 
0.599 

Trimester 3 C5b-9 22 
328 (288-432) 

(n=6) 
280 (259-427) 

(n=16) 
0.494 

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 

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. 

 

 

 
 

N SPE Non-SPE p-value 

Maternal age at delivery (years) 34 30.3 ± 5.2 30.0 ± 5.6 0.886 

BMI (kg/m2) 32* 28.9 ± 4.9 26.5 ± 5.6 0.321 

Ethnicity:** 
      White 
      Asian 
      Black 
      Mixed/Other 

33  
5 (71%) 
2 (29%) 
0 (0%) 
0 (0%) 

 
15 (58%) 
7 (27%) 
2 (8%) 
2 (8%) 

0.740 

First pregnancy 34 4 (57%) 10 (37%) 0.410 

Mode of delivery 
      Caesarean 
      Vaginal 

34  
5 (71%) 
2 (29%) 

 
14 (52%) 
13 (48%) 

 
0.426 

Gestation at (weeks): 
      Delivery 
      Blood draw 1 
      Blood draw 2 
      Blood draw 3 

 
34 
34 
34 
34 

 
36.4 (35.5-37.4) 
13.9 (13.2-14.3) 
23.7 (23.2-25.9) 
35.6 (29.6-35.9) 

 
37.6 (36.9-38.9) 
13.0 (10.1-14.1) 
24.7 (22.8-26.2) 
34.7 (31.1-36.4) 

 
0.105 
0.259 
0.670 
0.482 

Fetal outcomes: 
      Birth weight (g) 
      SGA (<10th centile) 
      Neonatal unit care 

 
32* 
32* 
31* 

 
2680 ± 461 

1 (14%) 
0 (0%) 

 
2817 ± 525 

7 (28%) 
4 (16%) 

 
0.536 
0.646 
0.561 

Pre-pregnancy renal status: 
      Creatinine (µmol/L) 
      GFR (ml/min/1.73m2) 
      uACR (mg/mmol) 
      Chronic hypertension 
      Kidney transplant 

 
31* 
32* 
30* 
34 
34 

 
93.5 (71.5-112.5) 
65.0 (48.0-84.5) 
30.3 (9.0-159.4) 

5 (71%) 
1 (14%) 

 
88.0 (66.0-103.0) 
66.0 (57.3-89.3) 

5.9 (0.8-34.8) 
8 (30%) 
3 (11%) 

 
0.671 
0.769 
0.161 
0.079 
1.000 

Pre-pregnancy CKD stage: 
      1 
      2 
      3 
      4 

32*  
2 (33%) 
2 (33%) 
1 (14%) 
1 (14%) 

 
7 (27%) 

12 (46%) 
6 (23%) 
1 (4%) 

0.653 

Cause of CKD:** 
      Glomerular disease 
      Tubulo-interstitial disease 
      Lupus nephritis 
      ADPKD 
      Structural disease / VUR 
      Other 
      Unknown 

33  
1 (14%) 
4 (57%) 
1 (14%) 
0 (0%) 

1 (14%) 
0 (0%) 
0 (0%) 

 
7 (27%) 
3 (12%) 
3 (12%) 
5 (19%) 
3 (12%) 
3 (12%) 
2 (8%) 

0.202 
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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 
1143 

(809-1917) 
917 

(663-1162) 
0.297 

Trimester 2 Ba 34 
2315 

(1347-3830) 
1340 

(985-2266) 
0.154 

Trimester 3 Ba 34 
2524 

(2040-3001) 
1251 

(891-2186) 
0.025 

Trimester 1 C5b-9 34 
234 

(208-254) 
226 

(151-283) 
0.481 

Trimester 2 C5b-9 34 
270 

(232-296) 
278 

(236-344) 
0.594 

Trimester 3 C5b-9 34 
361 

(307-415) 
281 

(254-400) 
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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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 µmol/L vs. 76.0 µmol/L, p=0.013), and lower median pre-pregnancy GFR (61.5 

ml/min/1.73m2 vs. 83.0 ml/min/1.73m2, 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). 



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

 

197 
 

Table 4.7: Demographic and clinical outcome data by composite adverse pregnancy outcome 
status 

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.  

 

 

 

 

 
 

N 
Adverse outcome 

(n=42) 
Non-adverse 

outcome (n=32) 
p-value 

Maternal age at delivery (years) 74 29.5 ± 6.6 30.0 ± 4.5 0.711 

BMI (kg/m2) 72* 27.1 ± 6.2 27.3 ± 5.2 0.884 

Ethnicity:** 
      White 
      Asian 
      Black 
      Mixed/Other 

68  
26 (67%) 
9 (23%) 
3 (8%) 
1 (3%) 

 
18 (62%) 
7 (24%) 
2 (7%) 
2 (7%) 

0.853 

First pregnancy 74 17 (40%) 11 (34%) 0.635 

Mode of delivery 
      Caesarean 
      Vaginal 

74  
27 (64%) 
15 (36%) 

 
17 (53%) 
15 (47%) 

0.351 

Gestation at (weeks): 
      Delivery 
      Blood draw 1 
      Blood draw 2 
      Blood draw 3 

 
74 
41 
51 
61 

 
35.9 (34.1-37.1) 
12.0 (9.6-13.9) 

25.4 (22.8-26.6) 
31.7 (30.3-34.9) 

 
38.1 (37.7-39.0) 
13.9 (12.8-14.7) 
24.3 (22.6-26.9) 
34.1 (33.0-35.9) 

 
<0.001 
0.024 
0.770 
0.021 

Birth weight (g) 72* 2259 ± 511 3132 ± 304 <0.001 

Pre-pregnancy renal status: 
      Creatinine (µmol/L) 
      GFR (ml/min/1.73m2) 
      uACR (mg/mmol) 
      Chronic hypertension 
      Kidney transplant 

 
68* 
68* 
64* 
74 
75 

 
95.5 (75.5-119.8) 
61.5 (44.5-84.8) 
32.6 (3.2-71.2) 

23 (55%) 
5 (12%) 

 
76.0 (59.3-91.0) 
83.0 (62.3-90.0) 

4.8 (0.3-18.7) 
8 (25%) 
1 (3%) 

 
0.013 
0.012 
0.006 
0.017 
0.226 

Pre-pregnancy CKD stage: 
      1 
      2 
      3 
      4 

68*  
7 (18%) 

14 (37%) 
16 (42%) 

1 (3%) 

 
13 (43%) 
11 (37%) 
5 (17%) 
1 (3%) 

0.069 

Cause of CKD:** 
      Glomerular disease 
      Tubulo-interstitial disease 
      Lupus nephritis 
      ADPKD 
      Structural disease / VUR 
      Other 
      Unknown 

68  
11 (28%) 
6 (15%) 
9 (23%) 
2 (5%) 

5 (13%) 
3 (8%) 
3 (8%) 

 
6 (21%) 
5 (17%) 
2 (7%) 

7 (24%) 
1 (3%) 

5 (17%) 
3 (10%) 

0.097 
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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 
(n=23) 

19673 ± 5841 
(n=18) 

0.810 
 

0.527 (0.09) 

Trimester 2 Properdin 
 

42 20040 ± 7560 
(n=27) 

15940 ± 6932 
(n=15) 

0.091 0.662 (0.09) 

Trimester 3 Properdin 52 17085 ± 6034 
(n=25) 

19121 ± 6623 
(n=27) 

0.253 0.625 (0.08) 

Trimester 1 Ba 40 1133 (880-2145) 
(n=23) 

737 (624-930) 
(n=17) 

0.008 
 

0.747 (0.08) 

Trimester 2 Ba 50 2203 (1332-3555) 
(n=32) 

1188 (796-1599) 
(n=18) 

0.001 0.781 (0.07) 

Trimester 3 Ba 41 2186 (1317-3184) 
(n=22) 

1048 (824-1642) 
(n=19) 

0.001 0.797 (0.07) 

Trimester 1 C5b-9 39 235 (200-327) 
(n=23) 

208 (152-276) 
(n=16) 

0.278 
 

0.603 (0.09) 

Trimester 2 C5b-9 50 279 (237-328) 
(n=32) 

248 (223-329) 
(n=18) 

0.701 0.533 (0.09) 

Trimester 3 C5b-9 41 284 (254-372) 
(n=22) 

308 (258-494) 
(n=19) 

0.229 0.390 (0.09) 

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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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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                       Ba trimester 1: AUROC 0.747 (0.08) 
                         Reference 

                           Ba trimester 2: AUROC 0.781 (0.07) 
           Reference 

                             Ba trimester 3: AUROC 0.797 (0.07) 
             Reference 

 

Biomarker N Sensitivity Specificity 

Trimester 1 Ba > 949 ng/ml 40 74% 77% 

Trimester 2 Ba > 1731 ng/ml 50 63% 83% 

Trimester 3 Ba > 2027 ng/ml 41 59% 90% 

 

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 

question 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% CI 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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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 PlGF), 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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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 
Gravidity 
Previous HTN in pregnancy 

 
107* 
95* 
108 

 
1 (0-2) 
3 (2-4) 
5 (11%) 

 
2 (0-2) 
3 (2-4) 
6 (23%) 

 
1 (0-2) 
2 (1-3) 
0 (0%) 

 
0.756 
0.094 
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: 
Vaginal 
Emergency CS 
Elective CS 
Unknown 

108  
16 (34%) 
28 (60%) 

2 (4%) 
1 (2%) 

 
14 (54%) 
9 (35%) 
3 (12%) 
0 (0%) 

 
16 (46%) 
8 (23%) 
7 (20%) 
4 (11%) 

0.005 

Peak recorded BP (mmHg): 
Systolic 
Diastolic 

107* 
 

168 ± 15 
108 ± 11 

 
156 ± 19 
102 ± 11 

 
123 ± 9 
77 ± 10 

 
<0.001 
<0.001 

Eclampsia 47 6 (13%) NA NA NA 

Fetal outcomes: 
Twins 
Birth weight (g)*** 
Low birth weight (<2500 g)** 
SGA (birth weight <10th centile)** 
Neonatal death 

 
108 

106* 
106* 
105* 
108 

 
1 (2%) 

2419 ± 879 
22 (49%) 
23 (51%) 

3 (6%) 

 
2 (8%) 

3232 ± 528 
1 (4%) 

4 (16%) 
0 (0%) 

 
1 (3%) 

3221 ± 608 
4 (11%) 
6 (17%) 
0 (0%) 

 
0.455 

<0.001 
<0.001 
0.001 
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. 
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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 

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).

Blood test N Pre-eclampsia (n=47) Gestational HTN (n=26) Control (n=35) p-value 

Post hoc test p-values 

PE vs 
control 

PE vs gest 
HTN 

Gest HTN 
vs control 

Properdin (ng/ml) 88* 18802 ± 7208 17886 ± 4924 18229 ± 5320 0.855 0.919 0.857 0.979 

Ba (ng/ml) 108 
1222  

(927-1708) 
993 

(770-1179) 
1074 

(851-1304) 
0.067 0.543 0.069 0.960 

C3 (g/L) 107* 1.6 ± 0.4 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 

C5b-9 (ng/ml) 108 
720 

(550-922) 
544 

(407-724) 
710 

(563-890) 
0.025 1.000 0.040 0.052 
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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. 
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Table 5.3: Demographic and clinical outcome data: hypertensive disorders of pregnancy versus 
controls 

 
 N 

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 
Gravidity 
Previous HTN in pregnancy 

 
107* 
95* 
108 

 
1 (0-2) 
3 (2-4) 

11 (15%) 

 
1 (0-2) 
2 (1-3) 
0 (0%) 

 
0.455 
0.030 
0.010 

Regular antenatal clinic 
attendance 

108 61 (84%) 32 (91%) 0.377 

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: 
Vaginal 
Emergency CS 
Elective CS 
Unknown 

108  
30 (41%) 
 37 (51%) 

 5 (7%) 
 1 (1%) 

 
16 (46%) 
8 (23%) 
7 (20%) 
4 (11%) 

0.003 

Peak recorded BP (mmHg): 
Systolic 
Diastolic 

107* 
 

164 ± 18 
106 ± 11 

 
123 ± 9 
77 ± 10 

 
<0.001 
<0.001 

Eclampsia 47** 6 (13%) NA NA 

Fetal outcomes: 
Twins 
Birth weight (g)*** 
Low birth weight (<2500 g)** 
SGA (birth weight <10th centile)** 
Neonatal death 

 
108 

106* 
106* 
105* 
108 

 
3 (4%) 

2717 ± 861 
23 (32%) 
27 (39%) 

3 (4%) 

 
1 (3%) 

3221 ± 608 
4 (11%) 
6 (17%) 
0 (0%) 

 
1.000 
0.002 
0.031 
0.028 
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 

pregnancy 
Control p-value 

Properdin (ng/ml) 88 
18480 ± 6462 

(n=54) 
18229 ± 5320 

(n=34) 
0.850 

Ba (ng/ml) 108 
1086 (864-1489) 

(n=73) 
1074 (851-1304) 

(n=35) 
0.625 

C3 (g/L) 107 
1.7 ± 0,4 
(n=72) 

1.6 ± 0.3 
(n=35) 

0.333 

C4 (g/L) 107 
0.3 ± 0.1 
(n=72) 

0.3 ± 0.1 
(n=35) 

0.875 

C5b-9 (ng/ml) 108 
675 (456-846) 

(n=73) 
710 (563-890)  

(n=35) 
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 µmol/L in PE, vs. 51 µmol/L in 

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 µmol/L vs. 42 µmol/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 

Blood test Pre-eclampsia (n=46) Gestational HTN (n=26) Control (n=35) p-value 

Post hoc test p-values 

PE vs 
control 

PE vs gest 
HTN 

Gest 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 (µmol/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) 4.8 ± 1.4 4.1 ± 1.2 4.2 ± 1.2 0.065 0.144 0.105 0.952 

Cystatin C (mg/L) 1.4 ± 0.5 1.3 ± 0.4 1.0 ± 0.4 0.002 0.001 0.385 0.157 

IgG (g/L) 11.1 ± 3.4 12.1 ± 2.3 11.4 ± 2.7 0.373 0.826 0.339 0.688 

IgA (g/L) 2.1 ± 0.9 1.9 ± 0.6 1.8 ± 0.7 0.118 0.119 0.370 0.901 

IgM (g/L) 1.0 ± 0.6 1.2 ± 0.5 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 C4 

B2M 
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 

IgG 
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 

IgA 
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 

IgM 
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% CI 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% CI 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 µg/ml vs. 0.96 µg/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% CI 1.11, 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 µmol/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, IgG 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 IgG 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 

PlGF), 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 IgG 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, 
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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 

question 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 

(n=16) 
CKD 

(n=15) 
Ghana 
(n=47) 

p-value 

Maternal age at delivery (years) 74* 28.5 ± 7.4 28.9 ± 4.7 28.6 ± 6.7 0.985 

Nulliparous 78 13 (81%) 7 (47%) 14 (30%) 0.001 

Ethnicity 
   White 
   Asian 
   Black 
   Mixed/Other 

78 
 
 
 
 

 
9 (56%) 
4 (25%) 
3 (19%) 
0 (0%) 

 
8 (53%) 
5 (33%) 
1 (7%) 
1 (7%) 

 
0 (0%) 
0 (0%) 

47 (100%) 
0 (0%) 

<0.001 
 
 
 
 

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: 
   Vaginal 
   Caesarean 
   Unknown 

78  
4 (25%) 

12 (75%) 
0 (0%) 

 
4 (27%) 

11 (73%) 
0 (12%) 

 
16 (34%) 
30 (64%) 

1 (2%) 

0.872 

Fetal outcomes: 
   Birth weight (g) 
   Low birth weight (<2500 g) 
   SGA (birth weight <10th centile) 

 
75* 
75* 
75* 

 
2311.3 ± 725.0 

10 (63%) 
9 (56%) 

 
2659.9 ± 595.0 

6 (43%) 
3 (21%) 

 
2418.7 ± 879.0 

22 (49%) 
23 (51%) 

 
0.478 
0.587 
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 

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.

Blood test N Birmingham CKD Ghana p-value 

Post hoc test p-values 

Bham vs 
CKD 

Bham vs 
Ghana 

CKD vs 
Ghana 

Properdin (ng/ml) 65 12605 ± 3052 19065 ± 8341 18802 ± 7208 0.008 0.029 0.009 0.992 

Ba (ng/ml) 72 
1286 

(977-1544) 
1608  

(1260-2581) 
1222 

(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 - 0.3 ± 0.1 0.002 - - - 

C5b-9 (ng/ml) 72 
262 

(196-378) 
295  

(258-415) 
720 

(550-922) 
<0.001 1.000 <0.001 <0.001 
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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 

(n=16) 
CKD 

(n=46) 
Ghana 
(n=35) 

p-value 

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 
   White 
   Asian 
   Black 
   Mixed/Other 

97 
 
 
 
 

 
9 (56%) 
4 (25%) 
2 (13%) 
1 (6%) 

 
27 (59%) 
11(24%) 
4 (9%) 
4 (9%) 

 
0 (0%) 
0 (0%) 

35 (100%) 
0 (0%) 

<0.001 
 
 
 
 

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: 
Vaginal 
Caesarean 
Unknown 

97  
3 (19%) 

13 (81%) 
0 (0%) 

 
25 (54%) 
21 (46%) 

0 (0%) 

 
16 (46%) 
15 (43%) 
4 (11%) 

0.009 

Fetal outcomes: 
Birth weight (g) 
Low birth weight (<2500 g) 
SGA (birth weight <10th centile) 

 
95* 
95* 
95* 

 
3456.6 ± 344.0 

0 (0%) 
0 (0%) 

 
2824.3 ± 471.2 

13 (30%) 
12 (27%) 

 
3221.1 ± 608.3 

4 (11%) 
7 (20%) 

 
<0.001 
0.011 
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 

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. 

Blood test N Birmingham CKD Ghana p-value 

Post hoc test p-values 

Bham vs 
CKD 

Bham vs 
Ghana 

CKD vs 
Ghana 

Properdin (ng/ml) 89 18669 ± 3915 17805 ± 5495 18229 ± 5320 0.844 0.841 0.958 0.935 

Ba (ng/ml) 72 
853 

(626-1001) 
1251 (891-2186) 

1074 
(851-1304) 

0.008 0.006 0.148 0.271 

C3 (g/L) 51 1.6 ± 0.2 - 1.6 ± 0.3 0.594 - - - 

C4 (g/L) 51 0.3 ± 0.1 - 0.3 ± 0.1 0.859 - - - 

C5b-9 (ng/ml) 72 
204 

(175-356) 
281  

(254-400) 
710 

(563-890) 
<0.001 1.000 <0.001 <0.001 
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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 



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

 

254 
 

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 PlGF). 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 

quantification, 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 
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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.  



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

 

262 
 

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). 
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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 4: Patient Information Sheet 
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Appendix 5: Patient Consent Form 
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Appendix 7: Ghana Cohort study consent form 
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Appendix 8: Publication (Chapter 3 study) 
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