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Introduction

SLE: A SINGLE DISEASE WITH MANY MANIFESTATIONS. WHAT
G’E N E RA L I N T RO D U C T I O N IS THE COMMON DENOMINATOR? The case presented in the

prologue illustrates the potential severity and heterogeneity of

symptoms, the difficult treatment choices clinicians are faced with

CO mp lemEHt n auto- and a”O lmmunlg’ and above all, the unpredictability of the course of the disease of
. . patients with SLE. This puzzling patient history served as a basis
and the mtro ductlon Ofc4d for several research questions that have been addressed in this thesis.

SLE is a systemic autoimmune disease occurring mainly in young
women of childbearing age.! With a prevalence of up to 1-2 cases per
1000 in high risk groups such as Asian, Hispanic and Afro-American
women, it is not an uncommon disease.2 Virtually all organ systems
can get involved, but the skin, the kidney and the brain are amongst
the most vulnerable.s However, not two patients with SLE present
alike and the description of the case above thus has limited value

asone of a ‘typical sLE patient. This case merely points out that
investigating common mechanistic pathways which explain the vast
majority of manifestations is valuable, both for diagnostic purposes
and the development of guided therapy. The complement system is
one of the major contributors to the development of tissue damage

in SLE. This thesis will therefore focus on the role of the complement
system and on its potential as a diagnostic tool and future therapeutic
target.

ANTIBODIES AND COMPLEMENT SLE is caused by an aberrant
immune response, and the hallmark of the disease is the presence

of autoantibodies. An impressive variety of autoantibodies have been
described in sLE and interestingly, the antibodies already present
years before actual onset of the disease.s Antibodies against nuclear
components such as anti-dsDNAa antibodies, antinuclear antibodies,
anti-ssa, and ssB antibodies are most commonly detected.
Antiphospholipid antibodies form a separate group of antibodies
that can be detected in about 40% of SLE patients.s These antibodies
are closely correlated to thrombotic and obstetric complications.
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SLE related autoantibodies typically form immune-complexes, which
depositin tissues such as the skin, the kidneys, the brain, and the
lungs. Antiphospholipid antibodies on the other hand, can directly
bind to endothelial cells and trophoblast cells.”# In both situations
complement activation subsequently initiates a damaging sequence
of inflammatory events in the tissue where the immune complexes
or antibodies are deposited.>1*

Herein lies the clue to why this thesis is focused towards comple-
ment. When an antibody binds or an immune complex deposits,
this will virtually always lead to activation of the complement
system. Studying the complement system as a general pathway
of injury allows overlooking the variety of different antibodies in
order to see the actual effect of this on tissue level. Complement
deposition provides an excellent read-out, or tissue-biomarker
of previous presence of immune complexes or antibodies, despite
their origin or the kinetics of the binding or deposition process.

Furthermore, it seems that the occurrence of immune-complexes
or antibodies per se is not by itself sufficient to induce injury.?

The blockade of antibodies in SLE, for instance with intravenous
immunoglobulins or with plasmapheresis, has proven unsuccess-
ful to control disease. The results of the first randomized placebo
controlled trials with the anti-B-Cell agent Rituximab, a drug that
aims to stop B-cells from producing antibodies, have also failed to
show a significant beneficial effect.1z13 Although some uncontrolled
observational studies showed promising results, these were only
achieved when Rituximab was used in combination with other
immunosuppressants such as prednisone or cyclophosphamide.

A FOCUS ON CLASSICAL COMPLEMENT ACTIVATION This thesis
focuses on the complement system as the common denominator, or
common mechanism of injury in several manifestations of SLE and
antiphospholipid syndrome. In the first part of this introductory
chapter, the background and biology of the complement system

will be further explained (Part 1: The human complement system).

It will become clear that complement activation is an extremely
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potent mechanism that has the ability to crudely injure microbes
and pathogens just as much as self-tissues. Furthermore, the biology
and clinical significance of the biomarker c4d will be outlined.

As abiomarker c4d was originally described in solid organ
transplantation. Transplantation and the semi-allogeneic fetus
in pregnancy provide useful analogous situations for studying the
effects of antibody mediated complement activation. In the second
part of the introduction, the potential contribution of complement
activation to different clinical situations studied in this thesis will
be outlined. It will be shown that the kidney, the placenta, and the
brain are target organs for classical pathway activation, both in SLE
and antiphospholipid syndrome (Part 2: Clinical settings). The third
section of this chapter will focus on the research-questions that form
the basis of the experiments and the studies performed in this thesis
(Part 3: This thesis). Finally, an outline of the chapters will be given.

Part 1 - The human complement system

15

POWERFUL IMMUNE SURVEILLANCE The complement sys-
tem is an ancient element of the human immune system. 1415
Complement components emerge in the blood during fetal develop-
ment, long before circulating antibodies appear.16 This probably
reflects complement’s evolutionary history: Phagocytic cells and
complement were major defense mechanisms in vertebrates before
they developed the capacity for an adaptive immune response and
antibody production.?

As a part of the first line of defense, complement can be inter-
preted as a complex immune surveillance system. Like the coagu-
lation cascade, the complement system needs to be ready for action
atall times. More than 30 soluble- and membrane-bound proteins
circulate in a ‘controlled active state’. Specific triggers, such as for
instance an invading pathogen, can set of a cascade of enzymatic
reactions and positive feedback loops (known as complement
activation pathways, see figure 1), that can lead to the destruction
of the potentially dangerous target within seconds.
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FIG 1

SCHEMATIC OVERVIEW OF THE COMPLEMENT SYSTEM AND THE
DIFFERENT ACTIVATION PATHWAYS

[- CLASSICAL PATHWAY -] f LECTIN PATHWAY -] (ALTERNATIVE PATHWAYT

L Activating surfaces J

Clq, Clr, Cs ///(331;
\ Properdin
C4d

L Antigen- anubody complex J l Sugar residues (Mannose)

C3 CONVERTASES
c3a(Anaphylactoxin)
3
c3b ™aC3b
I
[ C5 CONVERTASES ]
cs __» C52 (Anaphylactoxin)
csb T csh
C6, C6, C8, C9
[ cs5b-9 (MAC) ]
Cell lysis

Apart from directly protecting the host from invading pathogens,
the proteins of the complement system participate in a variety of
other physiological activities, such as the augmentation of adaptive
immune responses (by activating upon the binding of antibodies
and immune complexes), involvement in tissue regeneration, and
participation in apoptotic cell clearance.10:17

HOW DOES THE COMPLEMENT CASCADE CAUSE INJURY TO
ITS TARGET? The complement system operates in a way that can
be summarized as ‘Call for help while starting to attack’.2417 Firstly,
activation of the cascade automatically leads to the generation of the
potent anaphylatoxins c3a and cs5a, which attract neutrophils and
monocytes to the site of inflammation. Furthermore, c3aand csa
cause vasodilatation, smooth muscle contraction, histamine release
from mast cells, and oxidative burst from neutrophils. Secondly,
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the activated complement cascade will generate specific membrane
bound fractions and split products that coat the surface of target
cells or pathogens, thereby further guiding phagocytosis. Thirdly,
the final stage of the complement cascade leads to the formation

of the membrane attack complex (MAc). The MAC is an ingeniously
formed complex of enzymes that work together to create a pore-like
structure.’s:19 This pore inserts itself into cell membranes, thereby
causing cell lysis and, subsequently, cell death.

WHAT SPECIFIC TRIGGERS SET OF THE CASCADE? The three
pathways by which the complement system can become activated
are the classical, lectin, and alternative pathway (figure 1). All of them
converge at the level of 3, and they all have the same final common
pathway that leads to the formation of the membrane attack complex
(MAC) on complement activating surfaces.+

The classical pathway of complement is initiated via binding of
its recognition molecule c1q to immune complex deposits, antibody-
antigen binding, charged molecules, and apoptotic and necrotic cell
debris. This pathway connects innate immunity to adaptive B-cell
mediated immunity when an antibody response has developed.
However, in the setting of autoimmune disease or transplantation,
classical complement is activated due to the deposition of autoanti-
bodies or allo-antibodies and may lead to severe organ damage or
graft rejection.?

The lectin pathway is activated when mannose-binding-lectin or
ficolins of various carbohydrate ligands are recognized. These can be
found on the surface of many different pathogens. The lectin path-
way does not function via €1, as MBL functions as the recognition
molecule instead.’o Further downstream, this pathway follows the
same steps as classical activation: C2, 4, and the final common path-
way. Therefore, it can be difficult to distinguish between classical
from and MBL pathway activation.

The third and last pathway is known as the alternative pathway.
The alternative pathway’s main function is to amplify the inflam-
matory reaction initiated by classical or MBL induced complement
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activation.20 The alternative pathway is, therefore, constantly being
activated by the hydrolysis of c3, but at the same time it is tightly
regulated to prevent uncontrolled activation. This situation can

be compared to a snowball balanced on the top of a hill, on the verge
of rolling down. Whenever c3 is activated by the classical or MBL
pathway, this immediately leads to instant binding of factor B and
D. This complex is subsequently stabilized by properdin forming

an enzyme that leads to more c3 activation. The alternative pathway
thereby creates a positive feedback loop and amplifies the inflam-
matory reaction initiated by classical or lectin pathway activation.

MAINTAINING THE BALANCE OF THE CASCADE: COMPLEMENT
REGULATION A mechanism with such potent pro-inflammatory
and cell-destructing capabilities without any sophisticated strate-
gies to distinguish self- from non-self-tissue needs tight regulation.
Nearly half of all complement components have a regulatory func-
tion.2! Their goal is to prevent damage to host tissue by inhibiting
the cascade on three vital points: Activation, amplification, and the
formation of the membrane attack complex. Complement-regulating
proteins can either be membrane-bound or soluble. Membrane-
bound proteins [Decay Accelerating Factor (DAF) and Membrane
Cofactor Protein (MCP) and cD59)] are abundantly present on host-
tissues, and they prevent complement from inducing auto-injury.
For instance, CD59 binds to components of the membrane-attack
complex, preventing it from inserting itself into the cell membrane.
DAF works by preventing the formation of an enzyme derived from
of ¢4, which normally leads to 3 activation and the formation of
anaphylactoxins csa and c3a. To prevent ‘harmless bystander injury’,
most self-tissues that are in direct contact with blood, such as for
instance endothelium and placental tissues express many difterent
complement regulators.

Powerful soluble regulators are factor 1, factor H, and the c4-
binding protein. These soluble regulators mainly affect enzymes
involved in the alternative route, thereby controlling amplification
of the cascade and blocking positive feedback loops.
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COMPLEMENT INDUCED TISSUE INJURY: EXCESSIVE ACTI-
VATION OR INADEQUATE REGULATION? When complement
activation is able to injure host tissue, there must either have
been so much activation that regulatory mechanisms were over-
whelmed, or regulation must have been inadequate. Too much
activation is probably the case for most manifestations of SLE and
antiphospholipid syndrome. Constant exposure of host tissue to
autoantibodies overwhelms the membrane-bound regulatory
mechanisms, allowing direct complement mediated injury.

The consequences of inadequate regulation can be observed
in patients with genetic mutations and deficiencies in regulatory
molecules, such as McP, factor 1, and factor H. These mutations have
recently been identified in atypical Hemolytic Uremic Syndrome
(aHUS).2223 This severe form of thrombotic microangiopathy is a
consequence of uncontrolled complement activation, which causes
widespread endothelial injury and thrombosis. Recently, the same
mutations as those found in aHUS have been detected in patients
with severe preeclampsia and HELLP syndrome, providing striking
and novel insights into these diseases.2# It is not unthinkable that
many more diseases in which excessive complement deposition
is observed have a defect in complement regulation as a basis.

HOW CAN THE ACTIVITY OF THE COMPLEMENT SYSTEM
BE MONITORED? There are several different ways to monitor
complement activation.?s In the case report, one method was
mentioned, namely, measurement of complement components in
serum. Low levels of c3 and c4 indicate that complement is being
consumed and deposited in tissues. Although very useful in clinical
practice, this method gives little mechanistic insight, because it
cannot be determined where the activation takes place and what
cells and structures are injured by complement activation.

To gain this insight, another option is to look at the tissue
itself. Renal biopsies are diagnostically stained for complement
components in daily clinical practice. This is done by investigating
presence of complement components on frozen tissue with immuno-
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fluorescence techniques. Both immunoglobulins and complement
components can easily be made visible and deposition patterns can
be interpreted and used for diagnostic purposes. The kidney of an
SLE patient is known for the deposition pattern of IgG, IgM, IgA,
c3,and c1q, which is also known as a ‘full-house’ pattern.z¢

A disadvantage of the use of immunofluorescence techniques
on snap-frozen tissue is that the morphology of the tissue cannot
be made visible. The interaction of the fluorescent components
with specific cells and structures in the tissue is therefore difficult
to interpret. In formalin fixed paraffin embedded tissue this problem
is solved. Furthermore, using paraftin embedded tissue allows retro-
spective investigation of stored tissue samples, which is a huge
advantage for research into relatively rare diseases such as SLE.

A SPECIAL MARKER: C4D As this thesis mainly addresses antibody-
mediated diseases, a special focus is placed on classical complement
activation. To visualize classical complement activation, a frequently
used marker is c4d.>” After antigen-antibody complex fixes comple-
ment, C4d is generated upon activation of 4. C4d itself has no known
biological function. A unique feature of c4d is that it binds covalently
to cell-surfaces or collagen basement membranes, thereby avoiding
removal and raising the possibility to serve as an immunological
footprint of antibody-mediated complement activation. The nick-
name ‘footprint’ emphasizes c4d’s ability to remain bound at sites
of complement activation much better than antibodies, which
bind to the tissue by hydrostatic, van der Waals type of interactions.
These interactions allow antibodies to dissociate over time, while
c4d remains anchored tightly to the tissue.2s

Presence of c4d first of all tells something about the pathophysio-
logical process going on in tissue where it is detected. However, as
adiagnostic tool in daily clinical practice c4d has is mainly used in
renal transplantation, where its presence in peritubular capillaries of
renal allografts is felt to represent humoral - or antibody-mediated-
allograft rejection. Humoral rejection is not diagnosed solely upon
c4d positivity in a graft: Only in combination with positivity of allo-
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antibody formation in the recipient’s serum and histological evidence
for tissue injury a diagnosis can be made. This makes it complicated
to give reliable sensitivity and specificity data for c4d alone. Ina
study by Bohmig et al, c4d was shown to have a high specificity (93%)
but low sensitivity (31%) for the presence of anti-donor antibodies
(determined by Flow Cytometric crossmatch testing of anti-HLA
panel reactivity), but not for humoral rejection per se. In 58 transplant
recipients, 5 immunological graft losses occurred, of which 4 out of
5 had c4d positivity in peritubular capillaries and detectable anti-
donor antibodies, and 1 only had detectable antidonor antibodies
without c4d. Furthermore c4d positivity was observed to have an
independent predictive value for inferior graft function one year
after transplantation (P=0,02).2°

Throughout this thesis, c4d plays a central role as a tissue-
biomarker of complement activation. We have studied the clinical
significance of c4d in new settings such as auto-immunity and
adverse pregnancy outcome. In these studies c4d helps to elucidate
so far unknown pathogenic mechanisms. In neuropsychiatric
SLE and in lupus nephritis c4d seems to form the link between
complement mediated inflammation and the formation of thrombo-
ischemic and microthrombotic injury.>° During pregnancy, placental
c4d reveals that complement mediated inflammation at the fetal-
maternal interface may contribute to intrauterine fetal death,
recurrent miscarriage, and even preeclampsia.3t The last part of
the thesis is dedicated to this marker alone, discussing the pros
and cons for c4d as a biomarker in different clinical settings.

Part 2 - Clinical settings

21

ARE ALL ORGANS EQUALLY VULNERABLE TO COMPLEMENT
ACTIVATION? The complement system may actin all organs and
tissues. However, it is well known that some organs are more prone
to suffer from complement activation than others. The kidney,

the brain, and the placenta are predominant localizations for
manifestations of SLE and microthrombotic disease.!* While, at first
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sight, it may seem there are few common functional features in these
organs that explain this, there may be clues that can be found at the
microscopic level. The glomerular filtration barrier, the blood brain
barrier, and the fetal-maternal interface all serve as a ‘barrier’ or have
an ‘exchange’ function that s vital for the health of the organ - and
in case of the placenta - foetus. The research in this thesis is directed
mainly towards complement activation in these tissues.

COMPLEMENT AND THE KIDNEY

VULNERABILITY OF THE GLOMERULAR FILTRATION BARRIER
The kidney is extremely vulnerable to complement-mediated injury,
which is shown by the many renal diseases in which complement
deposits can be found.32 The vulnerability of the kidney to antibody-
mediated injury and complement becomes clear in diseases with a
systemic nature, where the kidney is more often affected than other
organs. In SLE, more than 40% of patients develop renal involvement
in which excessive complement deposits can be identified in the
glomerulus.z26 Furthermore, acquired or inherited deficiencies
of complement regulation could theoretically cause systemic
symptoms, as the complement system is systemically overactive.
Clinically, however, this typically leads to kidney-disease in the
form of atypical HUs.22 Finally, in solid organ transplantation, the
transplanted kidney is most susceptible to antibody-mediated forms
of rejection, where complement is found in peritubular capillaries
and is associated with high rates of graft loss.27:3335 Liver, pancreas,
and cardiac grafts are less often harmed by this form of rejection.353
Theories about the particular vulnerability of the kidney to
complement activation have focused on the anatomic composition
of the renal endothelium. The glomerular basement membrane
is a unique structure composed of collagen and heparan sulphate
molecules in between a layer of fenestrated endothelial cells on the
luminal side and an epithelial layer of podocytes on the other side.
This fenestrated structure which serves as a filter allows immun-
ecomplexes to deposit more easily than in the normal lining of
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avessel.4 On top of this, the glomerular basement membrane
lacks endogenous membrane-bound complement regulators;
if complement activation occurs there are a limited number of
options for preventing damage. Finally, when compared to other
organs, the kidney is exposed to extraordinary high levels of shear
stress when glomerular endothelium is injured, promoting acti-
vation of the alternative pathway on exposed and damaged tissue.#:
This also contributes to the activation of the coagulation cascade,
which explains the kidney’s vulnerability to microthrombotic
injury.23#2

The case report in the prologue shows that high levels of glo-
merular complement, in this particular situation caused by SLE,
give rise to severe forms of glomerulonephritis, and subsequent
thombotic microangiopathy. In conclusion, the kidney’s anatomy
provides an exceptional setting for inappropriate complement activa-
tion, leading to endothelial injury and, under certain conditions,
activation of the coagulation cascade.

COMPLEMENT AND PREGNANCY

23

IMMUNOLOGICAL TOLERANCE In 1953 Peter Medawar intro-
duced the concept of “the fetal allograft’.+s His work served as a basis
for many theories on immunologic maladaption as a cause of preg-
nancy complications such as recurrent fetal loss, preeclampsia, and
HELLP syndrome.

For a successful pregnancy, a fetus should be tolerated by
the maternal immune system, even though it is half-allogeneic.
The placenta forms the physical barrier between mother and fetus,
and it plays a vital role in creating an immune privileged site at the
fetal-maternal interface. Trophoblast cells form the outer layer of
the placenta, and they are in direct contact with maternal blood
and maternal endometrial cells.+ Specific transport mechanisms
on trophoblasts regulate the uptake of nutrients from the maternal
blood into the fetal circulation, and they also play a role in the
immunological protection of the fetus. Trophoblast cells do not
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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
transplantation. However, they do express HLA-C, HLA-E, and
HLA-G molecules by which they can avoid cell-mediated cytotoxi-
city. For instance, HLA-G-expressing cells have been shown to induce
regulatory T-cell activity and avoid NK-mediated cytotoxicity.+5:46
Although cellular immune mechanisms have been thoroughly
studied, much less is known about humoral immunity and the
interplay with the complement system in pregnancy. It is evident
that trafficking of maternal immunoglobulins through the pla-
centa is a physiological phenomenon, which is necessary for the
protection of the neonate against pathogens. However, as lined
out above, trophoblast itself expresses certain fetal antigens to
which maternal lymphocytes are exposed, and to which targeted
antibodies can be formed by maternal B-cells. The formation of
anti-HLA or anti-paternal antibodies does indeed occur in about
30% of pregnant women, but is normally not associated with overt
pregnancy morbidity.+74s One possible explanation for this puzzling
phenomenon is that placental trophoblast is extremely well prepared
for maternal anti-fetal antibody mediated attacks. All trophoblast
cells that are in contact with maternal blood produce high levels
of membrane bound complement regulatory proteins such as
Membrane Cofactor Protein, Decay Accelerating Factor, and cD59.49
By doing this, the placenta can prevent inappropriate activation
of the classical complement cascade at the fetal-maternal interface.

WHAT HAPPENS IN ABNORMAL PREGNANCIES AND WHAT
ROLE DOES COMPLEMENT PLAY? Experimental models
produced evidence that excessive complement activation at the
fetal-maternal interface plays a crucial role in inducing pregnancy
morbidity. Studies in murine models of immunologically-media-
ted pregnancy loss and preeclampsia indicate that complement
activation targeting the placenta drives placental inflammation
and leads to recurrent miscarriage, hypertension, proteinuria, and
glomerular endotheliosis.sos2
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The most elegant work in this field comes from experiments with
complement deficient animal models. In mouse models of anti-
body-mediated pregnancy loss in which pregnant mice are injec-
ted with antiphospholipid antibodies, this leads to extensive fetal
loss. Complement can be detected at the fetal maternal interface.
When the same procedure is carried out in mice with a deficiency of
complement components 3 or 5, fetal loss can be prevented.>3-55
These studies underline the vital importance of adequate comple-
ment regulation in murine pregnancy.

When focusing on complement activation as a cause for adverse
outcome in human pregnancy, SLE and antiphospholipid syndrome
are rational diseases to start with given the high prevalence of preg-
nancy morbidity in these women and the role of complement in
other manifestations of those diseases. As was shown in the case-
report, pregnancy and SLE can be a problematic combination.5s
When accompanied by antiphospholipid antibodies, pregnancies are
complicated by preeclampsia, fetal death, or recurrent miscarriage
20 times more often than in the normal population.s It has been
shown in vitro that antiphospholipid antibodies can bind to
and affect trophoblast cells, leading to an impaired production
of progesterone and placental growth factor.5” Furthermore, an
association between antiphospholipid antibodies and placental
complement deposits was reported, showing that these antibodies
can indeed activate the complement system at the fetal maternal
interface.58 Whether this leads to an adverse maternal and fetal
outcome will be studied further in this thesis.

Another question that arises is whether the complement system
could also play a role in recurrent miscarriage in women without
underlying autoimmune diseases. In recurrent miscarriage, anti-
bodies against HLA have recently been associated with a worse
outcome in subsequent pregnancies.>® Furthermore, low comple-
ment levels in mothers with recurrent miscarriages also predict
aworse outcome. In preeclampsia, placental complement com-
ponents have been identified and were reported to be present in
abundance when compared to placentas of uneventful pregnancies.
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Interestingly, a recent cohort study revealed that many patients with
severe preeclampsia have mutations in genes coding for complement

regulatory mechanisms, similar to those found in atypical HUs.2+
Allin all, excessive complement deposition at the fetal maternal

interface seems to be a pathological finding, which is associated with

adverse pregnancy outcome.2450525360 The placenta is normally very

well prepared for complement mediated injury. Whenever comple-

ment deposits manage to injure the placenta, there is either a lack

of regulation (such as in some patients with severe preeclampsia) or

too much activation (such as in antiphospholipid syndrome and sLE,

where there is constant exposure of antibodies that may overwhelm
regulatory mechanisms). The presence of complement in placental
tissue of a fetal loss might provide clues for an antibody mediated
pathogenesis. This idea will be further explored in this thesis.

COMPLEMENT AND THE BRAIN

CEREBRAL IMMUNOLOGY AND THE CONSEQUENCES OF
CEREBRAL COMPLEMENT ACTIVATION Through which
mechanisms could complement cause injury in the brain? To find
answers to this question it is necessary to focus on the immuno-
logy of the brain, which is essentially different from other organs.
The cerebral microenvironment needs to be precisely regulated
and strongly protected from invasion of microorganisms for
optimal functioning. Since the brain has limited capacity for repair
and regeneration of neurons, the immunological barriers in the
brain help to minimize damage.s! This is done mainly through
mechanisms at the interface where the blood meets the nervous
tissue, better known as the blood-brain barrier. The blood-brain
barrier is composed of polarized brain endothelial cells connected
by tight intercellular junctions. The endothelial layer is further
supported by the footprocesses of astrocytic glial cells. This con-
struction limits the cellular permeability of plasma constituents
(including immunoglobulins), whilst carefully regulating the
uptake of nutrients and efflux of toxins and metabolites into,
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and out of the brain. Moreover, the blood-brain barrier allows

for a reduced immune surveillance from cellular immune mecha-
nisms. Consequently, under normal circumstances, there is little
T-cell trafficking to the central nervous system and a negligible
production of antibodies by B-cells within the brain.s* The current
understanding is that this attenuated cellular immune response
limits ‘harmless bystander injury’ of neurological tissue that would
occur during regular immune responses.

Complement deposition may occur in cerebral tissue. As comple-
ment components circulate in the blood, activation of the cascade
in the brain is equal to activation elsewhere in the body. This is
reflected by the relatively large amount of complement regulatory
mechanisms expressed on cerebral endothelial cells.s3 Theoretically,
the direct binding of autoantibodies or deposition of c1g-binding
immunecomplexes may trigger classical complement activation at
the blood brain barrier. There are many potential pathways through
which complement may induce damage. For instance, C5a can
induce heparan-sulphate release from endothelial cell membranes,
promoting endothelial proliferation and the upregulation of
e-selectin and vcam.¢# Also, the membrane attack complex might
cause lysis and it can mediate von Willebrand secretion and Tissue
Factor expression in response to endothelial injury, contributing

to a procoagulant state.#5565 In experimental lupus models, Alexander

etal showed that the inhibition of complement attenuates disease
symptoms in the brain. This group further demonstrated that
csa production can alter the integrity of the blood-brain barrier.ss
Furthermore, the complement system seems to be able to amplify
thrombo-ischemic damage. In an elegant study performed in
neonatal mice, it was shown that the infarcted area that developed
after clipping of a cerebral artery was more than 3 times smaller in
c1q deficient animals compared to wild type mice.s”

Taken together, experimental models show that complement
activation at the blood-brain barrier can cause endothelial damage

and mediate thrombo-ischemic injury, and that it also has the ability

to induce a breach in the blood-brain barrier.
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NEUROPSYCHIATRIC SLE Between 20-70% of patients with SLE
develop nervous system involvement, and even in those without
overt neurological symptoms, cognitive deficits can often be detected
by careful testing.¢® The culprit (or culprits) causing neuropsychiatric
symptoms in SLE remains an enigma with few therapeutic options.
Both clinically and histologically, neuroinvolvement of SLE seems

to be caused by a vascular, thrombo-ischaemic pathomechanism.
Microvascular occlusions with hyaline or platelet microthrombi,
microinfarctions and small vessel vasculopathy are the most common
findings in all neuropathological studies that have been performed so
far.so72 Aftected vessels are virtually always arterioles and capillaries,
with endothelial proliferation, hyalinization, and thickening of the
vessel wall also known as ‘vasculopathy’.”3 Interestingly, evidence of
immunecomplex deposition in the small cerebral vessels has never
been demonstrated.”? In contrast to the renal endothelium, the
blood-brain barrier is better able to prevent trapping of immune-
complexes, which can probably be attributed to the tight junctions
between adjacent endothelial cells.

As complement s a key event in many of the other organs thatare
involved in SLE, this mechanism could play a similar role in cerebral
lupus. Although immunecomplexes are not detected in cerebral
vessels, any explanation for the mechanism of NP-SLE must take
into account the role of antibodies and in particular that of anti-
phospholipid antibodies.¢7# The latter can directly bind to endothe-
lial cells, and they can activate the classical complement cascade.¢5575
The small vessel injury observed in NP-SLE could be caused by
complement activation at the blood-brain barrier. If complement
activation is mutilating enough to damage the blood-brain barrier,
it may even lead to entering of neurotoxic autoantibodies into the
parenchyma, causing direct neuroinflammation. These mechanisms
will be investigated further in this thesis.
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Part 3 - This thesis

In sLE and antiphospholipid syndrome, but also in pregnancy-
associated morbidity, vital organs can be injured by means of anti-
body-mediated complement activation. The vast majority of these
patients are young women of childbearing age. This impels efforts to
turther unravel these disease mechanisms and search for diagnostic
tools and therapeutic targets. The complement system is a double-
edged sword. When excessively activated, its beneficial effects can
become detrimental and cause serious organ damage. In this thesis
we focus on the role of classical complement activation, and especially
on the clinical significance of c4d in the following clinical settings:
« Complement induced endothelial injury in SLE and antiphospho-
lipid syndrome
« Complement induced injury at the fetal-maternal interface

AIMS OF THIS THESIS

« To investigate the relation between c4d and microthrombotic
injury in lupus nephritis

« To explore the presence of classical complement deposition in
cerebral tissue of patients with SLE, and investigate the associa-
tion of c4d with thrombo-ischemic brain damage

« Todetermine the role of placental c4d in sLE and Antiphospho-
lipid syndrome related adverse pregnancy outcome

« To explore the possibility of antibody mediated fetal loss in
patients with recurrent miscarriage of unknown etiology

« To set out the historical role of c4d as a biomarker in solid organ
transplantation against novel insights, and explore whether c4d
has potential as a biomarker for other clinical settings (such as
autoimmunity and pregnancy)

THESIS OUTLINE This thesis is divided into two parts. The first
part will uncover the role of classical complement activation in the
development of endothelial injury and microthrombotic complica-
tions of SLE and antiphospholipid syndrome. The second part will
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focus on classical complement activation in adverse pregnancy out-
come related to SLE and antiphospholipid syndrome, and in patients
with recurrent miscarriage of unknown etiology.

The role of complement in thrombosis and complicated preg-
nancy cannot be investigated without attention being given to
the antiphospholipid syndrome. Therefore, after this introductory
chapter, the diagnosis and management of this relatively new disease
is reviewed in chapter 3. The antiphospholipid syndrome overlaps
with SLE, and is a good example of an autoimmune disease in which
complement activation is the consequence of antibody binding,
leading to thrombosis and complications in pregnancy. This chapter
highlights the difficulty of treating APs patients with a wide variety
of distressing clinical symptoms and sets the clinical scene for the rest
of the thesis.

Interest in the subject was originally triggered when an unex-
pected association was observed between signs of earlier complement
activation (complement factor c4d) and the presence of glomerular
microthrombi in patients with lupus nephritis. This confirmed our
suspicion that complement activation can induce endothelial injury
to such an extent that thrombotic microangiopathy can develop.
Chapter 4 describes these first experiments.3

Neuropsychiatric involvement is a severe but poorly understood
manifestation of SLE in which microthrombotic injury is often
observed. So far, studies in humans have failed to provide clues
for interactions between autoantibody-mediated inflammation
and thrombo-ischemic lesions observed in brains of SLE patients.

In line with our previous study in the kidney, we hypothesized
that cerebral complement activation could play a role in inducing
microthrombotic injury in NP-SLE. A nationwide search for brain
tissue of SLE patients provided a unique cohort to study deposition
patterns of c4d and several other complement components.
Furthermore, in this study we aimed to correlate post-mortem
histopathology to ex-vivoyTesla MRI imaging in three brains of
SLE patients. The results of this study can be found in chapter 5.

CLINICAL SIGNIFICANCE OF C4D IN SLE AND ANTIPHOSPHOLIPID SYNDROME

The second part of the thesis is devoted to adverse pregnancy out-
come in auto- and alloimmune settings. In chapters 6 and 7
the role of placental complement is investigated in two clinical
settings. First, chapter 6 evaluates pregnancies of patients with
SLE and antiphospholipid syndrome. This study describes the role
of classical complement in inducing antiphospholipid antibody-
mediated fetal loss, showing that c4d has potential as a diagnostic
marker to detect antibody-mediated morbidity in pregnancy.
This prompted us to perform the studies described in chapter 7,
in order to investigate whether the same mechanism could play a
role in recurrent miscarriage of unknown etiology. Here, anti-HLA
or anti-paternal antibodies are likely candidates to cause placental
insufficiency via a humoral immune-attack at the fetomaternal
interface.

Throughout the whole thesis c4d plays an important role as
a disease marker and as an indicator of classical complement acti-
vation. For decades, c4d has been used as a marker for antibody
mediated rejection in solid organ transplantation. Will c4d remain
as diagnostic tool in solid organ transplantation, or will newer mole-
cular techniques replace it? Are findings in this thesis and in other
work in this field interesting enough to start using c4d as a marker
in pregnancy or in native renal disease? And finally: Is complement
a target for treatment and could c4d be used as a marker to identify
patients who would benefit from these treatments? These questions
will be addressed in chapter 8, the general discussion, where the
findings of this thesis will be summarized and placed in a more
general perspective. This chapter is accompanied by several audio-
interviews with experts in the field who comment on controversies
surrounding the use of c4d as a biomarker. The general discussion
will be followed by a summary in Dutch.

II - GENERAL INTRODUCTION



REFERENCES

1 D’Cruz DP,Khamashta MA, Hughes GR.
Systemic lupus erythematosus. Lancet 2007;
369(9561):587-596.

2 Pons-Estel GJ, Alarcon GS, Scofield L, Reinlib
L, Cooper GS. Understanding the epidemiology
and progression of systemic lupus erythemato-
sus. Semin Arthritis Rheum 2010; 39(4):257-268.

3 TanEM, Cohen AS, Fries JF, Masi AT,
McShane DJ, Rothfield NF et al. The 1982 revised
criteria for the classification of systemic lupus
erythematosus. Arthritis Rheum 1982; 25(11):
1271-1277.

4  ElkonK. Autoantibodies in systemic lupus
erythematosus. Curr Opin Rheumatol 199s;
7(5):384-388.

5 Arbuckle MR, McClain MT, Rubertone MV,
Scofield RH, Dennis GJ, James JA et al. Develop-
ment of autoantibodies before the clinical onset
of systemic lupus erythematosus. N Engl] Med
2003; 349(16):1526-1533.

6  CohenD, Berger SP, Steup-Beckman GM,
Bloemenkamp KW, Bajema IM. Diagnosis and
management of the antiphospholipid syndrome.
BM]J 2010; 340:C2541.

7  PierangeliSS, Vega-Ostertag M, Liu X,
Girardi G. Complement activation: a novel
pathogenic mechanism in the antiphospholipid
syndrome. Ann N 'Y Acad Sci 2005; 1051:413-420.

8  PierangeliSS, Chen PP, Raschi E, Scurati

S, Grossi C, Borghi Mo etal. Antiphospholipid
antibodies and the antiphospholipid syndrome:
pathogenic mechanisms. Semin Thromb Hemost
2008; 34(3):236-250.

9  AllamR, Anders HJ. The role of innate im-
munity in autoimmune tissue injury. Curr Opin
Rheumatol 2008; 20(5):538-544.

10 Sarma]V, Ward PA. The complement
system. Cell Tissue Res 2011; 343(1):227-235.

11 ChenM, Daha MR, Kallenberg CG.

The complement system in systemic autoim-
mune disease. ] Autoimmun 2010; 34(3):J276-]286.
12 MerrillJT, Neuwelt CM, Wallace DJ,

Shanahan JC, Latinis KM, Oates JC et al. Efficacy
and safety of rituximab in moderately-to-se-
verely active systemic lupus erythematosus: the
randomized, double-blind, phase II/III systemic
lupus erythematosus evaluation of rituximab
trial. Arthritis Rheum 2010; 62(1):222-233.

13 Bertsias G, loannidis JP, Boletis ], Bombar-
dieriS, Cervera R, Dostal C et al. EULAR recom-
mendations for the management of systemic
lupus erythematosus. Report of a Task Force of
the EULAR Standing Committee for Interna-
tional Clinical Studies Including Therapeutics.
AnnRheum Dis 2008; 67(2):195-205.

14 Walport MJ. Complement. First of two
parts. N Engl] Med 2001; 344(14):1058-1066.

15 Walport MJ. Complement. Second of two
parts. N Engl] Med 2001; 344(15):1140-1144.

16 Miyano A, Nakayama M, Fujita T, Kitajima
H, Imai S, Shimizu A. Complement activation in
fetuses: assessment by the levels of complement
components and split products in cord blood.
Diagn Clin Immunol 1987; 5(2):86-9o.

17 Ricklin D, Hajishengallis G, Yang K, Lam-
bris JD. Complement: a key system for immune
surveillance and homeostasis. Nat Immunol 2010;
11(9):785-797.

18 Kondos SC, Hatfaludi T, Voskoboinik I,
Trapani JA, Law RH, Whisstock JC et al. The
structure and function of mammalian mem-
brane-attack complex/perforin-like proteins.
Tissue Antigens 2010; 76(5):341-351.

19 Pipkin ME, Lieberman J. Delivering the kiss
of death: progress on understanding how perfo-
rin works. Curr Opin Immunol 2007; 19(3):301-308.
20 Lachmann PJ. The amplification loop of
the complement pathways. Adv Immunol 2009;
104:115-149.

21 Zipfel PF, Skerka C. Complement regulators
and inhibitory proteins. Nat Rev Immunol 2009;
9(10):729-740.

22 Noris M, Remuzzi G. Atypical hemo-
lytic-uremic syndrome. N Engl] Med 2009;
361(17):1676-168;.

23 Kavanagh D, Richards A, Atkinson J. Com-

32 CLINICAL SIGNIFICANCE OF C4D IN SLE AND ANTIPHOSPHOLIPID SYNDROME

plement regulatory genes and hemolytic uremic
syndromes. Annu Rev Med 2008; 59:293-309.

24 Salmon JE, Heuser C, Triebwasser M,
Liszewski MK, Kavanagh D, Roumenina L etal.
Mutations in complement regulatory proteins
predispose to preeclampsia: a genetic analy-

sis of the PROMISSE cohort. PLoS Med 2011;
8(3):e1001013.

25 Ahmed AE, Peter JB. Clinical utility

of complement assessment. Clin Diagn Lab
Immunol 1995; 2(5):509-517.

26 Cameron JS. Lupus nephritis. ] Am Soc
Nephrol 1999; 10(2):413-424.

27 Nickeleit V, Mihatsch MJ. Kidney trans-
plants, antibodies and rejection: is c4d a magic
marker? Nephrol Dial Transplant 2003; 18(11):
2232-2239.

28 Murata K, Baldwin WM, III. Mechanisms

of complement activation, c4d deposition,

and their contribution to the pathogenesis of
antibody-mediated rejection. Transplant Rev
(Orlando ) 2009; 23(3):139-150.

29 Bohmig GA, Exner M, Habicht A, Schillinger
M, Lang U, Kletzmayr ] etal. Capillary c4d
deposition in kidney allografts: a specific marker
of alloantibody-dependent graft injury. ] Am Soc
Nephrol 2002; 13(4):1091-1099.

30 CohenD, Koopmans M, Kremer H, I, Berger
SP, Roos van GM, Steup-Beekman GM et al.
Potential for glomerular c4d as an indicator of
thrombotic microangiopathy in lupus nephritis.
Arthritis Rheum 2008; 58(8):2460-2469.

31 Cohen D, Buurma A, Goemaere NN, Girardi
G, le CS, Scherjon S et al. Classical complement
activation as a footprint for murine and human
antiphospholipid antibody-induced fetal loss.
JPathol 2011; 225(4):502-511.

32 Berger SP, Roos A, Daha MR. Complement
and the kidney: what the nephrologist needs

to know in 20062 Nephrol Dial Transplant 2005;
20(12):2613-2619.

33 Collins AB, Schneeberger EE, Pascual MA,
Saidman SL, Williams WW, Tolkoff-Rubin N
etal. Complement activation in acute humoral

33 II - GENERAL INTRODUCTION

renal allograft rejection: diagnostic significance
of c4d deposits in peritubular capillaries. ] Am
Soc Nephrol 1999; 10(10):2208-2214.

34 Feucht HE. Complement c4d in graft
capillaries -- the missing link in the recognition
of humoral alloreactivity. Am ] Transplant 2003;
3(6):646-652.

35 Platt]L. c4d and the fate of organ allografts.
J Am SocNephrol 2002; 13(9):2417-2419.

36 Colvin RB. c4d in liver allografts: a sign of
antibody-mediated rejection? Am ] Transplant
2006;, 6(3):447-448.

37 Crespo-Leiro MG, Veiga-Barreiro A,
Domenech N, Paniagua MJ, Pinon P, Gonzalez-
Cuesta M et al. Humoral heart rejection (severe
allograft dysfunction with no signs of cellular
rejection or ischemia): incidence, management,
and the value of c4d for diagnosis. Am ] Trans-
plant 2005; 5(10):2560-2564.

38 Fedrigo M, Gambino A, Tona F, Torregrossa
G, PoliF, Benazzi E et al. Can c4d immunostain-
ing on endomyocardial biopsies be considered
aprognostic biomarker in heart transplant
recipients? Transplantation 2010; 90(7):791-798.
39 Magro CM, Pope HA, Klinger D, Orosz
C,AdamsP, Waldman ] etal. Use of c4d asa
diagnostic adjunct in lung allograft biopsies.
Am] Transplant 2003; 3(9):1143-1154.

40 Abrahamson DR. Structure and develop-
ment of the glomerular capillary wall and
basement membrane. Am ] Physiol 1987; 253

(5 Pt2):F783-F794.

41 Savage CO. The biology of the glomerulus:
endothelial cells. Kidney Int 1994; 45(2):314-319.
42 Hepburn NJ, Ruseva MM, HarriscL,
Morgan BP. Complement, roles in renal disease
and modulation for therapy. Clin Nephrol 2008;
70(5):357-376.

43 Medawar PB. Some immunological and en-
docrinological problems raised by the evolution
of viviparity in vertebrates. Symp.Soc.Exp.Biol.
[7], 320-338. 1953. Ref Type: Journal (Full)

44 Hunt]JS. Stranger in a strange land. Immunol
Rev 2006; 213:36-47.



45 LeBP,Mallet V. HLA-G and pregnancy.
Rev Reprod 1997; 2(1):7-13.
46 Guerin LR, Prins JR, Robertson SA. Regula-

tory T-cells and immune tolerance in pregnancy:

anew target for infertility treatment? Hum
Reprod Update 2009; 15(5):517-535.

47 AhronsS. HL-A antibodies: influence on the
human foetus. Tissue Antigens 1971; 1(3):129-136.
48 Balasch], Ercilla G, Vanrell JA, Vives],
Gonzalez-Merlo J. Effects of HLA antibodies on
pregnancy. Obstet Gynecol 1981; 57(4):444-446.

49 Holmes CH, Simpson KL, Okada H, Okada
N, Wainwright sD, Purcell DF et al. Comple-
ment regulatory proteins at the feto-maternal
interface during human placental develop-
ment: distribution of cD59 by comparison with
membrane cofactor protein (CD46) and decay
accelerating factor (CDs5). Eur ] Immunol 1992;
22(6):1579-1585.

50 Girardi G, Salmon JB. The role of comple-
ment in pregnancy and fetal loss. Autoimmunity
2003; 36(1):19-26.

51 GirardiG, Yarilin D, Thurman JM, Holers
VM, Salmon JE. Complement activation induces
dysregulation of angiogenic factors and causes
fetal rejection and growth restriction. ] Exp Med
2006; 203(9):2165-2175.

52 Salmon JE, Girardi G, Holers VM. Activation
of complement mediates antiphospholipid
antibody-induced pregnancy loss. Lupus 2003;
12(7):535-538.

53 Girardi G, BullaR, Salmon JE, Tedesco F.
The complement system in the pathophysiology
of pregnancy. Mol Immunol 2006; 43(1-2):68-77.
54 Girardi G, Berman ], Redecha P, SpruceL,
Thurman JM, Kraus D etal. Complement c5a
receptors and neutrophils mediate fetal injury
in the antiphospholipid syndrome. J Clin Invest
2003; 112(11):1644-1654.

55 PierangeliSS, Girardi G, Vega-Ostertag

M, Liu X, Espinola RG, Salmon J. Requirement
of activation of complement c3 and c5 for
antiphospholipid antibody-mediated throm-
bophilia. Arthritis Rheum 2005; 52(7):2120-2124.

56 Ruiz-Irastorza G, Khamashta MA, Castel-
lino G, Hughes GR. Systemic lupus erythemato-
sus. Lancet 2001; 357(9261):1027-1032.

57 DiSimone N, Luigi MP, Marco D, Fiorella
DN, Silvia D, Clara DM et al. Pregnancies
complicated with antiphospholipid syndrome:
the pathogenic mechanism of antiphospholipid
antibodies: a review of the literature. AnnN'Y
Acad Sci 2007; 1108:505-514.

58 Shamonki M, Salmon JE, Hyjek E, Bacrgen
RN. Excessive complement activation is as-
sociated with placental injury in patients with
antiphospholipid antibodies. Am] Obstet Gynecol
2007; 196(2):167-5.

59 Nielsen HS, Witvliet MD, Steffensen R,
Haasnoot GW, Goulmy E, Christiansen OB et

al. The presence of HLA-antibodies in recurrent
miscarriage patients is associated with a reduced
chance of a live birth. ] Reprod Immunol 2010; 87
(1-2):67-73.

60 Girardi G. Complement inhibition keeps
mothers calm and avoids fetal rejection. Immunol
Invest 2008; 37(5):645-659.

61 Pardridge WM. Introduction to the blood-
brain barrier. Cambridge University Press; 1998.
62 Abbott NJ, Ronnback L, Hansson E.
Astrocyte-endothelial interactions at the
blood-brain barrier. Nat Rev Neurosci 2006;
7(1):41-53.

63 Barnum SR. Complement in central
nervous system inflammation. Immunol

Res 2002; 26(1-3);7-13.

64 Ward PA. The harmful role of c5a on innate
immunity in sepsis. ] Innate Immun 2010; 2(s):
439-445.

65 Girardi G, Mackman N. Tissue factor in
antiphospholipid antibody-induced pregnancy
loss: a pro-inflammatory molecule. Lupus 2008;
17(10):931-936.

66 Jacob A, Hack B, Chiang E, Garcia ]G, Quigg
RJ, Alexander J]. csa alters blood-brain barrier
integrity in experimental lupus. FASEB] 2010;
24(6):1682-1688.

67 Ten VS, Sosunov SA, Mazer SP, Stark RI,

34 CLINICAL SIGNIFICANCE OF C4D IN SLE AND ANTIPHOSPHOLIPID SYNDROME

Caspersen C, Sughrue ME etal. c1g-deficiency is
neuroprotective against hypoxic-ischemic brain
injury in neonatal mice. Stroke 2005; 36(10):2244-
2250.

68 Joseph FG, Scolding NJ. Neurolupus. Pract
Neurol 2010; 10(1):4-15.

69 Sibbitt WL, Jr., Brooks WM, Kornfeld M,
Hart BL, Bankhurst AD, Roldan cA. Magnetic
resonance imaging and brain histopathology in
neuropsychiatric systemic lupus erythematosus.
Semin Arthritis Rheum 2010; 40(1):32-52.

70 Johnson RT, Richardson EP. The neurologi-
cal manifestations of systemic lupus erythema-
tosus. Medicine (Baltimore) 1968; 47(4):337-369.

71 Hanly ]G, Walsh NM, Sangalang V. Brain
pathology in systemic lupus erythematosus. ]
Rheumatol 1992; 19(5):732-741.

72 Devinsky O, Petito CK, Alonso DR. Clinical
and neuropathological findings in systemic
lupus erythematosus: the role of vasculitis, heart
emboli, and thrombotic thrombocytopenic
purpura. Ann Neurol 1988; 23(4):380-384.

73 Hess DC. Cerebral lupus vasculopathy.
Mechanisms and clinical relevance. Ann N'Y Acad
Sci1997; 823:154-168.

74 Ruiz-Irastorza G, Crowther M, Branch W,
Khamashta MA. Antiphospholipid syndrome.
Lancet 2010; 376(9751):1498-1509.

75 Pierangeli SS, Colden-Stanfield M, Liu X,
Barker JH, Anderson GL, Harris EN. Antiphos-
pholipid antibodies from antiphospholipid
syndrome patients activate endothelial cells in
vitro and in vivo. Circulation 1999; 99(15):1997-

2002.

35 II - GENERAL INTRODUCTION





