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CHAPTER I

GENERAL INTRODUCTION



Introduction
PREECLAMPSIA – A HETEROGENEOUS DISEASE WITH SERIOUS 
CONSEQUENCES  Preeclampsia is a pregnancy-specific syndrome 
that is characterized by endothelial dysfunction, presenting clinically 
as  hypertension and proteinuria after 20 weeks of gestation. The 
syndrome can be accompanied by a variety of complications including 
headache, visual disturbances, epigastric pain, generalized seizures 
(eclampsia) and HELLP (hemolysis, elevated liver enzymes, low 
platelets) syndrome.1;2 Because the etiology of preeclampsia is largely 
unknown and probably as heterogeneous as its presentation, accurate 
prediction, prevention, and rational therapy of pre-eclampsia are 
still not possible. The only cure for preeclampsia is delivery—often 
preterm—which rescues the mother but frequently compromises 
fetal outcome. Preeclampsia is not uncommon, complicating 2-8% of 
pregnancies, and therefore contributes significantly to maternal and 
fetal morbidity and mortality worldwide.3 In addition, the burden 
of preeclampsia is not limited to the period around pregnancy; the 
condition is associated with an increased prevalence of cardiovascular 
risk factors later in life, in both mothers and children.4-6

PREECLAMPSIA AND THE PLACENTA   Although the exact causes 
of preeclampsia are still unidentified, the condition is believed 
to originate in the placenta, as evidenced by the fact that the 
placenta alone, not the fetus, is required for the development of 
preeclampsia.7-9 The placenta is a newly formed organ, composed 
of both fetal and maternal tissues. The placenta supports life 
throughout the gestational period of a developing fetus by supplying 
oxygen, protective antibodies, and nutrients while eliminating waste 
products. Preeclampsia is frequently characterized by disturbed 
placental development, which is already observable during the 
early stages of pregnancy. In a subset of preeclamptic women, 
however, aberrant placental development is a less prominent 
feature. Strikingly, the extent of placental dysfunction is related to 
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an earlier onset of preeclampsia and therefore, preeclampsia is often 
subdivided into early-onset and late-onset preeclampsia.10 Early-
onset preeclampsia is considered a disorder in which abnormal 
placental morphology, reduced placental volume, intra-uterine 
growth restriction, and adverse maternal and neonatal outcomes are 
prominent features.10-13 Late-onset preeclampsia, on the contrary, is 
considered a maternal disorder. It is often associated with a normal 
placental morphology, larger placental volume, normal fetal growth, 
and more favorable maternal and neonatal outcomes.10;11;13 

IMMUNOLOGIC, GENETIC AND ANGIOGENIC ASPECTS OF 
PREECLAMPSIA   A variety of risk factors have been identified 
that predispose women to preeclampsia. The most significant risk 
factors for developing preeclampsia are a history of preeclampsia 
and the presence of antiphospholipid antibodies.14 Other important 
risk factors for preeclampsia include nulliparity, a family history 
of preeclampsia, maternal age ≥ 40, obesity and several underlying 
medical conditions, including pre-existent hypertension, pre-existent 
diabetes and autoimmune disease.1;14 In these epidemiological data 
lays the clue why this thesis is focused towards the immunologic 
and genetic aspects of preeclampsia; the strong relation between 
preeclampsia and autoimmune disorders supports a role for the 
immune system in preeclampsia. Likewise, the clear familial 
component that characterizes preeclampsia suggests that genetic 
factors contribute to the development of preeclampsia. 

In the first part of this introductory chapter (Part 1 - Placental 
development), the development and function of the placenta during 
normal pregnancy will be explained. The second part (Part 2 - 
Preeclampsia) focuses on the pathophysiology of preeclampsia. This 
section will go into depth by focusing on two putative causes of 
preeclampsia: the presence of genetic variants and dysregulation of 
the complement system. In addition, the consequences of placental 
dysfunction in the setting of preeclampsia will be described, 
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including angiogenic dysregulation and the subsequent generalized 
endothelial dysfunction. 

The third part of this chapter will focus on the research questions 
that form the basis for the experiments and the studies described in 
this thesis (Part 3 - This thesis). Finally, an outline of the chapters will 
be given.

Part 1 - Placental development
IMPLANTATION   Shortly after conception, the placenta starts to 
develop in the uterus. However, before the fertilized ovum reaches 
the uterus, the lining of the uterus has already undergone a variety of 
important changes. The thickness and the vascularity of the uterine 
lining have increased, and the uterine glands have become elongated. 
Furthermore, the tissue between the uterine glands now contains a 
great number of large round, oval or polygonal cells, termed decidual 
cells. At the time all these changes have taken place, the lining of the 
uterus is termed the decidua.

On reaching the cavity of the uterus, the fertilized ovum—now 
termed the blastocyst—adheres to the decidua. This is the site where 
the placenta will subsequently develop. The attached blastocyst 
excavates a cavity in the decidua, in which it becomes embedded. 
The structure of the blastocyst that is responsible for this process of 
excavation is termed the trophoblast. The trophoblast proliferates 
rapidly and forms a network of branching projections —the 
chorionic villi—which infiltrate the uterine decidua and absorb from 
it the nutrients for the growth of the embryo (Figure 1).15  
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trophoblast

              

Figure 1: Implantation and trophoblast development

THE PLACENTA FORMS THE FETAL-MATERNAL INTERFACE   

While infiltrating the maternal tissues, the trophoblast grows into 
the maternal blood vessels that are present within the uterine wall. 
The invasive phenotype of trophoblast cells enables them not only 
to invade but also to remodel the uterine spiral arteries. As a result, 
these uterine vessels change from narrow, muscular arterioles into 
flaccid, high-capacity vessels of low resistance, which fill the spaces 
in the trophoblastic network with maternal blood.16;17 All the spaces 
in the trophoblastic network—which communicate freely with one 
another—together form the intervillous space. The decidua and the 
intervillous space together form the maternal portion of the placenta 
(Figure 2). 
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Figure 2: The fetal and maternal portions of the placenta. The fetus and the 
mother are in direct contact with each other but their blood currents are 
separated from one another by the delicate walls of the villi. 

The chorionic villi are of fetal origin and therefore they make up the 
fetal portion of the placenta. These villi branch repeatedly and as a 
result, the fetal part of the placenta has an enormous surface area. 
During the course of pregnancy, the chorionic villi increase in size 
and become vascularized. The great majority of the villi float freely in 
the intervillous space, being surrounded by maternal blood. All villi 
are entirely covered by syncytiotrophoblast, which therefore forms 
the continuous physical barrier between mother and fetus, also called 
the fetal-maternal interface. So throughout pregnancy, the placenta is 
composed of a fetal portion and a maternal portion that are in direct 
contact with each other (Figure 2). 
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EXTENSIVE CONTACT FACILITATES THE MAIN FUNCTIONS OF THE 
PLACENTA   Although both the fetal and the maternal blood currents 
traverse the placenta, their blood does not intermingle. However, 
oxygen, nutrients and protective antibodies from the maternal blood 
can be transported to the fetal circulation. At the same time, the 
placenta receives the waste products from the fetus and discharges 
them into the maternal circulation for disposal. The large surface 
area of all villi together facilitates this exchange of nutrients, waste 
products and protective antibodies between mother and fetus. 

EXTENSIVE CONTACT ALSO IMPOSES AN IMMUNOLOGICAL 
CHALLENGE   Although the large surface area of the placenta 
facilitates the main functions of the placenta, the extensive contact 
between mother and fetus also imposes an immunological challenge.  
As early as 1953, Peter Medawar put forward the idea of the fetus 
as a semi-allograft; the trophoblast is derived from the fetus and so 
it expresses paternal antigens which the mother’s immune system 
may recognize as foreign.18 These paternal antigens can consequently 
elicit an immune response, possibly leading to fetal rejection if the 
maternal immune response is not adequately regulated. Therefore, in 
order to prevent maternal anti-fetal rejection, an immune privileged 
site must be created at the fetal-maternal interface. Trophoblasts 
have several characteristics that contribute to the prevention of both 
cellular and humoral maternal immune responses, together creating 
this immune privileged site. 

INHIBITING IMMUNE MECHANISMS WITHIN THE PLACENTA   
Cellular immune mechanisms are prevented in several ways. 
Importantly, trophoblast cells do not express the classical HLA-A, 
HLA-B, HLA-DR, HLA-DQ, and HLA-DP molecules that are 
the main targets for alloreactive T-cells in the setting of organ 
transplantation. However, they do express HLA-C, HLA-E, 
and HLA-G molecules by which they can avoid cell-mediated 
cytotoxicity.19;20 This is illustrated by the observation that HLA-
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G-expressing cells induce regulatory T-cell activity and avoid NK-
mediated cytotoxicity.21;22 T cell activity is furthermore suppressed 
by the expression of indoleamine-2,3-dioxygenase (IDO) on the 
trophoblast membrane.23 

Although cellular immune mechanisms have been subject of 
extensive investigation, less is known about the role of humoral 
immunity and the interplay with the complement system during 
pregnancy. Trophoblast expresses fetal antigens to which maternal 
lymphocytes are exposed and to which maternal B-cells can 
form targeted antibodies. The presence of anti-HLA or anti-
paternal antibodies is indeed observed in approximately 30% of 
pregnant women, but it is normally not associated with pregnancy 
complications.24 A possible explanation for this phenomenon is 
that trophoblast is well prepared for maternal anti-fetal antibody-
mediated attack. A mechanism by which trophoblasts can repress 
humoral immune mechanisms is the expression of complement 
regulatory proteins on their cell membrane. Indeed, all three 
membrane-bound complement regulatory proteins (DAF, MCP 
and CD59) are highly expressed on trophoblast cells, strategically 
positioned at the fetal-maternal interface to protect the fetus from 
maternal immune responses.25;26 Because a large part of this thesis 
deals with complement activation at the fetal-maternal interface, an 
introduction of the complement system will be given below.  

THE COMPLEMENT SYSTEM: BALANCE BETWEEN ACTIVATION AND 
REGULATION   The complement system is an essential component 
of the human immune system.27;28 It is composed of over 30 soluble- 
and membrane-bound proteins that are constantly in a ‘controlled 
active state’, which means that the system is ready for action at all 
times. Specific triggers, such as invading pathogens, can activate the 
complement system by setting off a cascade of enzymatic reactions 
and positive feedback loops. The complement cascade is capable 
of achieving enormous amplification, as an initially small number 
of activated complement molecules produced early in the cascade 
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eventually leads to the generation of a large number of effector 
molecules. The result is destruction of potentially dangerous targets 
within seconds. The complement system also provides a link between 
innate and adaptive immune systems, thereby further facilitating the 
removal of potentially dangerous pathogens. Although the main role 
of the complement system is to protect the host against invading 
pathogens, the system is also involved in tissue regeneration and 
clearance of necrotic and apoptotic cells.29 

WHAT CAUSES ACTIVATION OF THE COMPLEMENT SYSTEM?   The 
complement system (Figure 3) can become activated by three distinct 
pathways: the classical, the lectin and the alternative pathway.27 
Each pathway has specific triggers and recognition molecules by 
which it can become activated. Although the three pathways differ 
in how they are activated, they do share a final common pathway. 
All pathways converge at the level of C3. From this point, a final 
common pathway leads to the effector functions of complement, 
namely chemotaxis, opsonization and cell lysis. The classical pathway 
of complement is activated when its recognition molecule C1q binds 
to immune complex deposits, antibody-antigen binding, charged 
molecules, and apoptotic and necrotic cell debris. This pathway 
links innate immunity to adaptive B-cell mediated immunity after 
an antibody response has developed.28 However, this pathway also 
forms an important threat in the setting of autoimmune diseases 
and transplantation, as deposition of auto- or allo-antibodies can 
activate the classical pathway leading to complement-mediated organ 
damage or graft rejection. The lectin pathway is activated when 
mannose-binding lectin (MBL) or ficolins recognize carbohydrates 
that are present on the surface of a wide range of pathogens. The 
recognition molecule of the lectin pathway is MBL. However, 
further downstream the pathway follows the same steps as classical 
complement activation, via C2, C4 and the final common pathway. 
Consequently, the lectin pathway is functionally similar to the 
classical pathway and it can be challenging to distinguish between 
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classical and lectin pathway activation. Finally, the alternative pathway 
is initiated spontaneously. The pathway is characterized by continuous 
hydrolysis of C3, and, at the same time, tight regulation to prevent 
uncontrolled activation. Activation of the alternative pathway can be 
considered as a positive feedback loop, as it amplifies complement 
activation initiated by the classical- or lectin pathway. Whenever C3 is 
formed by the classical- or lectin pathway activation, factor B and D 
immediately bind to it. This newly formed complex is subsequently 
stabilized by properdin, forming an enzyme that leads to more C3 
activation. Thereby, a positive feedback loop is created, leading 
to instant amplification of the inflammatory reaction initiated by 
classical or lectin pathway activation.30 

C1q, C1r, C1s

antigen-antibody complex sugar residues activating surfaces

C4 C4

MBL C3B

fB
fD

properdin
C2

C3 C3b

C5b

C3a & C3b

C5a & C5b

C6, C7, C8, C9

C5

Cell lysis

CD59

DAF, MCP

C2

CLASSICAL PATHWAY LECTIN PATHWAY ALTERNATIVE PATHWAY

C3 CONVERTASES

C5 CONVERTASES

C5b-9 (MAC)

Figure 3: A schematic overview of the complement system
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WHAT ARE THE EFFECTS OF COMPLEMENT ACTIVATION?   
Activation of the complement cascade has various effects, which all 
have the purpose to start eliminating pathogens in the time before 
the adaptive immune system is ready for action. Firstly, complement 
activation results in the generation of the potent anaphylatoxins 
C3a and C5a, which attract neutrophils and monocytes to the site 
of inflammation. Aside from chemotaxis, these anaphylatoxins also 
cause vasodilatation, smooth muscle contraction, histamine release 
from mast cells, and oxidative burst from neutrophils.31;32 Secondly, 
the cleavage of certain complement proteins results in the generation 
of split products that coat the surface of target cells and pathogens, 
thereby facilitating the process of phagocytosis. Finally, complement 
activation can lead to the formation of the membrane attack complex 
(MAC). The MAC is a complex of proteins that work together to 
create a pore-like structure on cell membranes. Insertion of this 
MAC into cell membranes leads to cell lysis and, as a result, cell 
death. Importantly, even sublytic quantities or partial membrane 
attack complexes—which do not lead to cell death—are important 
for signaling effects.33;34 

HOW IS THE COMPLEMENT SYSTEM REGULATED?   
Complement components are not capable of distinguishing foreign 
agents from self-tissues, and therefore the system operates rather 
non-specifically. This characteristic makes complement a potentially 
dangerous system for the host, as complement components have 
the capacity to bind and damage the host’s own tissues. To prevent 
complement-mediated damage to host cells, tight regulation is 
necessary. Indeed, a complex array of protective mechanisms 
exists, illustrated by the fact that nearly half of all complement 
components have a regulatory function. Soluble and membrane-
bound complement regulators act in concert to protect cells and 
tissues from unintended complement-mediated injury.35 Their goal 
is to prevent damage to host tissues by inhibiting the cascade on 
three vital points: activation, amplification and the formation of 
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the membrane attack complex. The membrane bound regulatory 
proteins include CD59, Decay Accelerating Factor (DAF) and 
Membrane Cofactor Protein (MCP).36 These factors are widely 
expressed by host tissues to prevent complement from inducing 
auto-injury. CD59 binds to components of the MAC, preventing 
its assembly and, therefore, its insertion into the cell membrane. 
DAF prevents the formation and accelerates the destruction of C3-
convertases, which are enzymes derived from C4 that normally lead 
to C3 activation and the formation of the anaphylatoxins C5a and 
C3a. MCP binds the complement components C3b and C4b and 
facilitates their degradation by the soluble complement regulator 
factor I, thereby preventing further activation and amplification of the 
complement cascade. Tissues that are in direct contact with blood—
such as endothelium and placental tissues—are constantly exposed 
to complement components. As a consequence, these tissues need to 
express many different complement regulatory proteins to prevent 
the potentially deleterious effects of complement activation. Soluble 
regulatory proteins are factor I, factor H, and the C4-binding protein. 
These soluble regulators mainly affect enzymes involved in the 
alternative pathway, thereby preventing amplification of the cascade 
and blocking positive feedback loops. 

When the complement system manages to damage host tissues, 
the extent of activation has either exceeded the host’s regulatory 
capacity, or the host’s regulatory mechanisms worked inadequately. 
Excessive activation could result from an overload of immune 
complexes, for instance in the setting of autoimmune diseases, in 
which auto-antibodies result in the generation of immune complexes 
by binding antigens on host tissues. Constant exposure of host 
tissues to auto-antibodies may overwhelm complement regulatory 
mechanisms, thereby allowing direct complement-mediated injury. 
The consequences of inadequate regulation can be observed in 
patients with mutations in their genes coding for complement 
regulatory proteins, for instance patients with hemolytic uremic 
syndrome37 but also in women with the HELLP syndrome as well as 
preeclampsia.38;39

CHAPTER I • GENERAL INTRODUCTION

17



WHAT IS THE ROLE OF COMPLEMENT IN PHYSIOLOGICAL 
PREGNANCY?   Although the presence of complement deposits 
is generally a pathologic finding, complement split products 
are frequently observed in placentas from healthy women with 
uncomplicated pregnancies. Limited amounts of both early (C1q 
and C4) and late (C5, C6, C9, MAC) complement components have 
been demonstrated in normal placentas.40-44 In addition, serum levels 
of C3, C4 and total hemolytic complement (CH50) gradually rise 
with 10-50% during physiological pregnancy, likely due to increased 
synthesis.45 Furthermore, plasma concentrations of anaphylatoxins 
and other complement activation products are significantly higher in 
normal pregnant women as compared to non-pregnant women.46;47 
In conclusion, low grade complement activation is compatible with 
successful pregnancy. 

Importantly, placental complement deposits are not accompanied 
by widespread tissue damage. This absence of tissue injury can be 
explained by the extensive expression of complement regulatory 
proteins at the fetal-maternal interface.25;26 Murine studies have 
underscored the importance of complement regulation during 
pregnancy. Embryos deficient in Crry—a murine complement 
regulator—are characterized by compromised survival, and their 
placentas show marked C3 depositions and inflammation. Mice 
deficient in both Crry (Crry-/-) and C3 (C3-/-) are rescued from 
lethality48, which elegantly demonstrates that complement activation 
at the fetal-maternal interface causes fetal loss. These observations 
also underline the critical role of complement regulation in successful 
pregnancy. 

Importantly, it has been suggested that the classical pathway 
component C1q contributes to trophoblast invasion of the decidua. 
Invading trophoblasts actively synthesize C1q, which promotes 
trophoblast adhesion and migration.49;50 Defective local production of 
C1q may be involved in pregnancy disorders that are characterized by 
impaired trophoblast invasion, such as preeclampsia.51 
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Part 2 - Preeclampsia
WHAT IS THE ROLE OF THE PLACENTA IN PREECLAMPSIA?   
The pathophysiology of preeclampsia is generally subdivided 
into two stages.52 The early, preclinical stage is associated with 
abnormal placental development, whereas the late, clinical 
stage is characterized by widespread endothelial dysfunction 
and dysregulation of angiogenic factors. During the early stage, 
the mother has not yet developed the typical manifestations of 
preeclampsia. However, profound changes can already be observed 
in the placenta. During normal pregnancy, the trophoblast acquires 
an invasive phenotype and remodels the uterine spiral arteries to 
assure sufficient placental perfusion.16;17 In preeclampsia, on the 
contrary, remodeling of the uterine spiral arteries into flaccid, high 
capacity vessels fails (Figure 4).53-55 The result is increased uterine 
vascular resistance and diminished placental perfusion. In a subset 
of women destined to develop preeclampsia, these changes can 
be detected long before the onset of the clinical syndrome.56-58 
However, poor placental development should not be regarded as 
the cause of preeclampsia but rather as a powerful predisposing 
factor. Importantly, not all pregnancies characterized by poor 
placentation have adverse outcomes.59 Moreover, not all women with 
preeclampsia have profound placental dysfunction.
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Figure 4: During normal pregnancy, the trophoblast acquires an invasive 
phenotype and remodels the uterine spiral arteries to assure sufficient 
placental perfusion. In preeclampsia, on the contrary, remodeling of the 
uterine spiral arteries into flaccid, high capacity vessels fails. 

LATE-ONSET PREECLAMPSIA; A RESULT OF MATERNAL 
SUSCEPTIBILITY?   In case of late-onset of preeclampsia—in which 
placental dysfunction is less prominent—maternal constitutive 
factors likely contribute to the pathogenesis of preeclampsia. 
Important risk factors for developing preeclampsia include a patient 
history of preeclampsia as well as a family history of preeclampsia, 
suggesting that preeclampsia may have a genetic background. 
Similarly, conditions characterized by endothelial dysfunction 
increase the risk for developing preeclampsia, suggesting that 
maternal cardiovascular and metabolic syndrome-like disorders 
contribute to the pathogenesis of preeclampsia.1

Spiral artery

Preeclampsia Normal pregnancy

Decidua

Trophoblast
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Evidence for a genetic component of preeclampsia comes from 
family studies, which have shown that primigravid women with a 
family history of preeclampsia have a two- to five-fold increased risk 
of developing preeclampsia as compared to primigravid women with 
no such history.60-64 Additionally, the risk of preeclampsia is increased 
more than seven-fold in women who have suffered from preeclampsia 
in any previous pregnancy.14 Interestingly, paternal genetic 
components also predispose to preeclampsia, which is illustrated by 
the fact that fathers who were born from a preeclamptic pregnancy, 
have a greater chance of fathering a child who is also born from a 
preeclamptic pregnancy.65;66 Because the paternal genes are passed 
on to the fetus, this finding indicates that the genotype of the fetus 
contributes to the overall risk of preeclampsia. Additionally, there 
are marked differences in the incidence of preeclampsia among 
various ethnic groups, which further supports a role for a genetic 
component in the pathogenesis of preeclampsia.1 In conclusion, 
epidemiologic data suggest that both maternal and paternal genes 
contribute to the development of preeclampsia. However, the 
underlying genetics are complex, and it is currently unclear which 
genes are involved and how individual genetic variants contribute to 
preeclampsia. Therefore, numerous genetic association studies have 
been performed to elucidate the genetic background of preeclampsia. 
These genetic association studies have mainly focused on so-called 
“candidate genes” which are genes that are likely to be involved in the 
pathogenesis of preeclampsia. Despite a sharp increase in the number 
of published studies regarding genetic associations in preeclampsia, 
attempts to replicate findings from these studies have frequently 
yielded inconsistent results. This lack of reproducibility can be due 
to population diversity, but it is often the result of small sample sizes 
or false-positive results.67 Because the prior probabilities of genetic 
associations are low, the number of false-positive associations that 
are generated by chance alone is high. Therefore, replicating an 
association in independent studies is essential for identifying true 
genetic associations among the large number of false-positives. 

CHAPTER I • GENERAL INTRODUCTION

21



As previously mentioned, women suffering from pre-existent 
hypertension, diabetes, renal disease and obesity have a significantly 
higher risk for developing preeclampsia. Importantly, the genes that 
predispose to the aforementioned conditions could indirectly also 
predispose to preeclampsia. For instance, certain genetic variants 
may increase the risk for developing hypertension, which in turn 
causes an increased susceptibility for developing preeclampsia. 
Such predisposing disorders could set off a cascade of placental and 
systemic inflammation as well as oxidative stress, resulting in late 
onset pre-eclampsia.1;52 

PLACENTAL DYSFUNCTION IN PREECLAMPSIA: AN 
IMMUNOLOGICAL PROBLEM?   As opposed to late-onset 
preeclampsia, early-onset preeclampsia is frequently characterized 
by reduced placental perfusion and marked histopathological changes 
in the placenta, including compromised villous volume and surface 
area.11;13;58 It has been proposed that an excessive or atypical maternal 
immune response to trophoblast underlies this aberrant placental 
development in the setting of preeclampsia.59;68 Evidence for immune 
dysregulation in the pathophysiology of preeclampsia comes from 
epidemiological data, which have pointed out that preeclampsia is 
relatively common among women with the autoimmune diseases 
antiphospholipid syndrome (APS) and systemic lupus erythematodes 
(SLE). The presence of anti-phospholipid antibodies increases the 
risk for developing preeclampsia nine-fold.14 Conversely, among 
women who have had preeclampsia, anti-phospholipid antibodies 
are more frequently found.69 In women with APS/SLE, pregnancies 
are frequently complicated by recurrent miscarriage, intra-uterine 
fetal loss and preeclampsia, and the complement system often plays 
an essential role in mediating these pregnancy complications.70 The 
relation between preeclampsia and the aforementioned autoimmune 
diseases, combined with the important role of the complement 
system in mediating pregnancy complications in women with APS/
SLE, suggests that the complement system may also be involved 
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in the pathogenesis of preeclampsia in women without underlying 
autoimmune disease. 

WHAT IS THE EVIDENCE FOR COMPLEMENT DYSREGULATION 
IN HUMAN PREECLAMPSIA?   Indeed, several lines of evidence 
support the idea that complement is involved in the pathogenesis of 
preeclampsia. In preeclampsia, serum levels of C3a, C4d, and soluble 
MAC are markedly increased as compared to healthy pregnant 
women.47 In addition, women with increased serum levels of the 
alternative pathway fragment Bb during early pregnancy are more 
likely to develop preeclampsia later in pregnancy71, suggesting that 
early activation of the alternative pathway may play a role in the 
pathogenesis of preeclampsia. Although the distribution of placental 
complement components is similar to physiological pregnancy, 
the quantity of these depositions is generally increased in cases of 
preeclampsia.40;44 

A putative mechanism by which the complement system can be 
activated in the setting of preeclampsia is the presence of circulating 
(auto)-antibodies. A subgroup of women with preeclampsia have 
circulating auto-antibodies directed against the angiotensin-I type II 
receptor (AT1-AA).72 These antibodies could result in hypertension 
through stimulating the angiotensin-I receptor. However, these 
antibodies may also cause complement activation, as demonstrated 
in a murine model. Importantly, injecting mice with these auto-
antibodies results in complement activation as well as angiogenic 
dysregulation, an important hallmark in the pathophysiology of 
preeclampsia.73 It is important to note that not only excessive 
activation but also inadequate regulation of the complement system 
could be responsible for complement deposits in women with 
preeclampsia. Importantly, mutations in complement regulatory 
proteins predispose to preeclampsia.39 These mutations have also 
been found in women with the HELLP syndrome, which is closely 
linked to preeclampsia.38

In summary, increasing evidence suggests that the complement 
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system is involved in the pathogenesis of preeclampsia. However, 
relatively little is known about which pathway is activated and how 
(changes in) complement regulation contribute to the pathogenesis of 
preeclampsia.  

LATE MANIFESTATIONS OF PLACENTAL DYSFUNCTION: 
ANGIOGENIC DYSREGULATION   During the second stage of 
preeclampsia, the clinical manifestations of the syndrome develop. 
During this stage, reduced uteroplacental flow and episodes 
of irregular placental perfusion likely lead to the generation of 
reactive oxygen species74, resulting in placental oxidative stress and 
placental dysfunction.75 Subsequently, the preeclamptic placenta 
releases excessive amounts of the anti-angiogenic factors soluble 
fms-like tyrosine kinase (sFlt-1) and soluble endoglin (sEng).76-78 
The anti-angiogenic factor sFlt-1 is a splice variant of the vascular 
endothelial growth factor (VEGF) receptor. By sequestering VEGF 
and placental growth factor (PlGF), sFlt-1 prevents their interaction 
with their membrane-bound receptors. Endoglin is a co-receptor for 
transforming growth factor B (TGF-B). Its soluble form, sEng, binds 
and thereby neutralizes TGF-B. As VEGF, PlGF and TGF-B are all 
growth factors essential for endothelial integrity, relative shortage of 
these angiogenic factors results in endothelial dysfunction. Therefore, 
these anti-angiogenic factors likely cause the generalized endothelial 
dysfunction that characterizes preeclampsia (Figure 5).79;80 Indeed, 
animal models have demonstrated that administration of sFlt-1 and 
sEng recapitulates the features of preeclampsia.77;78 Importantly, it is 
the syncytiotrophoblast—the outer layer of the placental villi—that 
produces these anti-angiogenic factors. 81  

TROPHOBLAST SHEDDING LIKELY CONTRIBUTES TO THIS 
ANGIOGENIC IMBALANCE   In addition to anti-angiogenic 
factors, the preeclamptic placenta also releases excessive amounts 
of syncytiotrophoblast fragments. During normal pregnancy, 
syncytiotrophoblast fragments are constantly shed into the maternal 
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circulation but this shedding is markedly increased in preeclampsia.82 
This increase in shedding may be due to oxidative stress and 
subsequent apoptosis and necrosis of the syncytiotrophoblast.83 
These syncytiotrophoblast fragments release sFlt-1 and remain 
transcriptionally active up to 48 hours after their release from 
the placenta.84 This implies that syncytial fragments may form an 
important source of sFlt-1 in the maternal circulation and that 
they could play an important role in causing systemic endothelial 
dysfunction (Figure 5). The fragments may contribute to endothelial 
dysfunction, as they inhibit endothelial proliferation in vitro.85  

THE END-RESULT: GENERALIZED ENDOTHELIAL 
DYSFUNCTION   Regardless whether placental dysfunction or 
maternal susceptibility underlies the development of preeclampsia, 
the end-result is endothelial dysfunction. Various studies have 
revealed that preeclampsia is associated with generalized endothelial 
dysfunction. Firstly, women with preeclampsia are characterized 
by impaired flow-mediated vasodilation86;87, as well as by impaired 
acetylcholine-mediated vasorelaxation.88 In addition, preeclampsia 
is associated with an enhanced vascular reactivity to angiotensin 
II89 and serum from preeclamptic women induces endothelial 
activation in vitro.90 Importantly, endothelial dysfunction can explain 
the clinical manifestations of preeclampsia.91 Hypertension in the 
setting of preeclampsia may result from impaired endothelial control 
of vascular tone, whereas proteinuria could be a manifestation 
of increased vascular permeability. Headache, seizures, visual 
disturbances, epigastric pain and fetal growth restriction could result 
from endothelial dysfunction in the vasculature of target organs, 
including the brain, liver, and placenta. When expectant management 
of preeclampsia is no longer possible due to the severity of the 
aforementioned symptoms, delivery is the only option left. As a 
result, preeclampsia continues to contribute to maternal and fetal 
morbidity and mortality worldwide.
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Figure 5: The pathophysiology of preeclampsia. The dysfunctional placenta 
releases excessive amounts of anti-angiogenic factors and syncytiotrophoblast 
fragments. These factors lead to endothelial dysfunction, which, in turn, can 
explain the clinical manifestations of preeclampsia. 
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Part 3 - This thesis 
Despite decades of research, it remains largely unknown what 
drives placental dysfunction in preeclamptic women. Likewise, it 
is uncertain what exactly underlies maternal susceptibility in the 
setting of preeclampsia. Further research into the pathophysiological 
mechanisms underlying preeclampsia may provide targets for 
prevention, diagnosis and therapy. This thesis touches upon 
genetic, immunologic and angiogenic aspects of preeclampsia, and 
particularly on:
•	 The contribution of genetic variants in the development of 

preeclampsia
•	 Placental complement dysregulation in the setting of preeclampsia 

and the autoimmune disorders APS and SLE
•	 The source of sFlt-1 and the spread of transcriptionally active 

syncytiotrophoblast fragments throughout the maternal body

AIMS OF THIS THESIS
•	 To determine which genetic variants are reproducibly and 

significantly associated with preeclampsia
•	 To determine the role of placental C4d in SLE and 

antiphospholipid syndrome related adverse pregnancy outcome
•	 To investigate the relation between placental complement 

dysregulation and preeclampsia
•	 To explore the relationship between placental C4d and the extent 

of placental dysfunction in the setting preeclampsia
•	 To investigate whether placenta-derived fragments are retained 

in the maternal lung, and whether they remain transcriptionally 
active in situ
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THESIS OUTLINE   The role of genetic variants in preeclampsia is 
explored in Chapter 2, in which the results are described of a meta-
analysis of genetic association studies that have been performed in the 
setting of preeclampsia. 
     Complement activation plays an important role in the 
pathogenesis of pregnancy complications in the setting of 
autoimmune disease. In Chapter 3 the potential of the classical 
pathway component C4d as a biomarker for pregnancy complications 
in women with the autoimmune disorders antiphospholipid 
syndrome and systemic lupus erythematosus is explored. 

Preeclampsia is strongly related to the autoimmune disorders 
APS and SLE. As complement activation plays an important role in 
mediating pregnancy complications in women with APS/SLE, this 
strong correlation suggests that the complement system may also be 
involved in the pathogenesis of preeclampsia. Therefore, Chapters 
4 and 5 focus on the role of placental complement activation in 
women with preeclampsia. Chapter 4 describes the study in which 
we have investigated which complement pathway is activated within 
the placenta during preeclampsia. Chapter 5 focuses on the relation 
between placental complement activation and the extent of placental 
dysfunction in the setting of preeclampsia. 

Chapter 6 is devoted to angiogenic dysbalance in women with 
preeclampsia. In this chapter, the placental expression of sFlt-1 and 
the systemic spread of syncytiotrophoblast fragments is evaluated. 

Overall, the work described in this thesis focuses on pathogenic 
mechanisms in the setting of preeclampsia. How do the genetic, 
immunologic and angiogenic aspects of preeclampsia together 
contribute to the endothelial dysfunction that is characteristic 
of preeclampsia? What is cause and what is consequence?  These 
questions are addressed in Chapter 7, the general discussion, where 
the findings of this thesis will be summarized and placed in a more 
general perspective. The general discussion will be followed by a 
summary in Dutch.
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