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Summary

Plasmodium falciparum malaria infection is associated with an early marked
increase in plasma VWF levels, together with a pathological accumulation of hyper-
reactive ultra-large VWF (ULVWF) multimers. Given the established critical role of
platelets in malaria pathogenesis, these increases in plasma VWEF raise the intriguing
possibility that VWF may play a direct role in modulating malaria pathogenesis. To
address this hypothesis, we utilized an established murine model of experimental
cerebral malaria (ECM), in which wild type (WT) C57BL/6J mice were infected with
Plasmodium berghei ANKA. In keeping with findings in children with P. falciparum
malaria, acute endothelial cell activation was an early and consistent feature in the
murine model of CM, resulting in significantly increased plasma VWF levels and
pathological ULVWF multimers were also observed. To determine whether VWF plays
a role in modulating the pathogenesis of CM in vivo, we further investigated P. berghei
infection in VWF”- mice. Clinical ECM progression was delayed and overall survival
was significantly prolonged in VWF" mice compared to WT controls. Interestingly, the
degree of ECM-associated enhanced blood brain barrier permeability was significantly
attenuated in VWF” mice compared to WT controls. To further investigate the
underlying molecular mechanisms, we have studied other genetically modified mice
strains in which either the ADAMTS13, or the ASGPR gene have been knocked out.
Given the significant morbidity and mortality associated with CM, these novel data may

have direct translational significance.

OPG has been shown to upregulate expression of adhesion molecules on EC
surfaces, and thereby facilitate leucocyte adhesion. Given the key role of EC activation
in the pathogenesis of severe P. falciparum malaria, we have investigated plasma OPG
levels in children with CM. To further understand the relationship between WPB
secretion and malaria, we have further investigated OPG levels in an established

murine model of experimental CM. We demonstrate for the first time that severe P.
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falciparum malaria is also associated with a marked increase in plasma OPG levels.
Interestingly, we observed a similar marked increase in plasma OPG levels in a murine
model of ECM. In this murine model we further demonstrated that the increase in
plasma OPG develops at an early stage following malaria infection. Indeed, plasma
OPG levels were significantly increased prior to the presence of detectable levels of
parasitemia, and well before the onset of any clinical signs. This finding is consistent
with previous studies in which elevations in plasma VWF levels were observed at a
surprisingly early stage in both human volunteers infected with P. falciparum, and in
mice infected with P. berghei. Furthermore, plasma OPG level increase progressively
through the course of infection, and correlate with other established markers of
outcome in patients with severe malaria. Notwithstanding any putative role of OPG in
malaria pathogenesis, our combined human and animal data support the hypothesis
that plasma OPG levels may constitute a novel biomarker with prognostic significance

in malaria.

Infection with P. falciparum is associated with thrombocytopenia, decreased
levels of anticoagulant clotting factors, and thus generation of thrombin. Whether
coagulopathy is involved in the pathogenesis of malaria still remains unknown.
Recently published data indicates EPCR plays a role in P. falciparum malaria. The
molecular mechanisms by which coagulopathy and the protein C pathway contribute to
CM remain unknown. We sought to examine if the mouse model of CM could be used
to study malarial-induced coagulopathy, and whether the protein C pathway was
important in this context. APC administration has been shown to elicit beneficial effects
in other murine disease models. Our findings have demonstrated that injection of an
EPCR function blocking antibody significantly shortened the survival of P. berghei
infected mice. Moreover, when APC was pre-administered to WT mice they
demonstrated significantly enhanced survival. These novel data suggest a key role for

the protein C pathway in malaria infection.
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ACD: Acid citrate dextrose

ADAMTS13": ADAMTS13 deficient mice
ADAMTS13: A Disintegrin and Metalloprotease with Thrombospondin repeats
Ang-2: Angiopoietin-2

APC: Activated protein C
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CM: Cerebral malaria

DIC: disseminated intravascular coagulation
EC: Endothelial cells

ECM: Experimental cerebral malaria
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FIX: Factor IX

FIX: Factor IX
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FX: Factor x
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FX: Factor X

FXa: Activated Factor x

Gal: Galactose

GalNAc: N-acetylgalactosamine
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GPlba: Platelet glycoprotein Iba
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PC: Protein C

PCR: Polymerase Chain Reaction

PfEMP1: Plasmodium falciparum erythrocyte membrane protein 1
PSGL-1: P-selectin glycoprotein ligand 1

PT: Prothrombin Time

rADAMTS13 : Recombinant ADAMTS13
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RBC: Red blood cell

RDTs: Rapid Diagnostic Tests

rVWF : Recombinant VWF

sEPCR: Soluble EPCR

sTm: Soluble Thrombomodulin

TAT complexes: Thrombin-antithrombin complexes
TBE: Tribromoethanol

TCA: Trichloroacetic acid

TF: Tissue factor

TFPI: Tissue factor pathway inhibitor

Tm: Thrombomodulin

TMB: 3,3',5,5-Tetramethylbenzidine

tPA: Tissue-type plasminogen activator

TRAIL: Tumour necrosis factor-related apoptosis-inducing ligand
TSP-1: Thrombospondin-1

TTP : Thrombocytopenia Purpura

ULVWEF: Ultra large VWF

UM: Uncomplicated malaria

VCAM-1: Vascular adhesion molecule-1

VWD: von Willebrand Disease

VWF mice: VWF deficient mice

VWEF: von Willebrand Factor
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1. Introduction

1.1 Malaria: the causative agent

Malaria remains a major cause of morbidity and mortality in the tropics with an
estimated 200 million clinical cases and approx. 600,000 deaths per annum (Murray et
al, 2012; Carter et al, 2005; Mung’Ala-Odera et al, 2004; World Health Organization,
2013) The causative agent of malaria are single celled eukaryotic organisms of the
genus Plasmodium. Just over 120 different plasmodium species which have been
identified so far. All of these species share host-specificity characteristics. Human
malaria is attributed to several Plasmodium species (including P. falciparum, P. vivax,
P ovale and P. malariae) (Carter & Mendis, 2002). More recent findings suggest P.
Knowlsei is also capable of causing morbidity in humans (Pain et al, 2008). Infection
with P. falciparum leads to the most virulent disease and is responsible for the majority
of fatal malarial infections. Children in holoendemic areas of sub-Saharan Africa under
5 years are particularly at high risk (World Health Organization, 2013). In endemic
areas, partial clinical immunity typically develops during the first 5-10 years of life. In
spite of this, African children account for more than 90% of malaria-related mortality.
Consequently, severe P. falciparum malaria continues to constitute a leading cause of

childhood death worldwide.

1.2 The disease burden of malaria

The wide variation in the burden of the disease between different regions of the
world has been attributed to several factors, such as variation in species of parasite
and differences in levels of socio-economic development (World Health Organization,
2013). Malaria in pregnancy is a serious public health problem adding an enormous

burden of low birth weight, maternal anaemia and contributing to mortality in



developing countries (Desai et al, 2007). As well as a high burden of morbidity and
mortality, malaria limits productivity in endemic areas of the world. This infection inflicts
substantial costs for governments and communities in most disease-endemic countries

of the world (Gallup & Sachs, 2001).

1.3 Life cycle of the malaria parasite

The life cycle of Plasmodium is complex and involves the parasite switching
between two hosts, and completing both sexual and asexual development. Malaria
parasites are transmitted to the human host by an infected female Anopheles
mosquito, which transfers infectious sporozoites contained within the salivary glands
into the peripheral circulation of the host (Mouchet, 1999). Once within the circulation,
the sporozoites immediately invade the hepatocytes of the liver. Here they undergo
numerous rounds of asexual multiplication over a period of 5 to 7 days. This replication
produces thousands of merozoite forms of the parasite. When the hepatocyte ruptures,
these new merozoites are released into the circulation and subsequently invade the red
blood cells (RBC) establishing the intra-erythrocytic cycle. Following invasion of these
RBC, ring stage parasites may lie dominant for up to 15 hours (Markus, 2011).
Subsequent to this hypnozoite period, there is a dramatic increase in metabolic and
biosynthetic activities within the infected cell. Upon infection of RBC, they next develop
into ring- and trophozoite-stage forms. Moreover, parasites develop further and
trophozoites undergo asexual replication inside the erythrocyte to become erythrocytic
schizonts. At this stage the schizont divides to produces daughter cells. Following
rupture of the erythrocytes these daughter merozoites are released to subsequently
infect other RBC to carry on the asexual erythrocytic cycle (Gaur et al, 2004). With the
release of merozoites, toxic metabolic waste products from replication are released into
the blood stream resulting in the fever associated with all malarial infections (Parroche

et al, 2007).



Some merozoites do not mature and become schizonts due to specific
environmental signals but instead rather differentiate into male and female sexual
forms (Matuschewski, 2006). These forms of parasite are available from the blood
stream to feeding female Anopheles mosquitos and fertilise the mosquito midgut
forming zygotes. These zygotes become ookinetes which are motile and migrate
through the mosquito gut wall to form oocysts (Matuschewski, 2006). Replication
occurs within the oocyst forming thousands of sporozoites. These sporozoites are
released and move to the salivary glands where they await injection into another
human host (Matuschewski, 2006), thereby completing the Plasmodium life cycle. This

life cycle is depicted in Figure 1.1.

p

Figure 1. 1 Plasmodium life cycle

Schematic overview of the Plasmodium life cycle in (A) the human host and (B) the
mosquito vector. This figure was adapted from Nature Publishing Group (Wirth, 2002).



1.4 Manifestation of malaria

1.4.1 General pathophysiology

The classic fever-like symptoms of malaria occur when parasites erupt from
host RBC releasing pro inflammatory by-products into the circulation (Parroche et al,
2007). Patients will often seek treatment for non-specific symptoms including fever,
headache, malaise and vomiting prior to developing malaria specific symptoms. Thus,
it can be problematic differentiating non malarial febrile illnesses from malarial infection
(Luxemburger et al, 1998). Dysregulated inflammatory responses and adherence of
infected erythrocytes (IE) in the microvasculature are implicated in the pathogenesis of

severe P. falciparum malaria.

1.4.2 Cerebral malaria

Cerebral malaria (CM) is a complication of severe infection seen in ~1% of
children with P. falciparum infection causing a diffuse encephalopathy, characterised
by ataxia, seizures, hemiplegia, and eventually coma and death (Molyneux et al, 1989;
Brewster et al, 1990). CM is defined by the detection of P. falciparum parasites and
unarousable coma assessed by verbal and motor responses and rated by the
paediatric Blantyre Coma Score (1 or 2 on a scale of 5) with no other identifiable cause
for fever or loss of consciousness, such as meningitis (Molyneux et al, 1989; Taylor et
al, 2004). In children with CM, long-term cognitive and neurologic impairment is a
frequent complication (Van Hensbroek et al, 1997; Boivin, 2002; Boivin et al, 2007;
Birbeck et al, 2010). While linked to higher parasitemias, these are not a prerequisite
for CM (Gravenor et al, 1998). Although the underlying pathogenesis remains unclear,
CM is associated with sequestration of infected erythrocytes, leucocytes and platelets
in the brain microvasculature, together with a marked increase in pro-inflammatory

cytokine expression and activation of vascular endothelium (Rogerson et al).



Sequestration of IE in the microvasculature is thought to play a key role in
parasite survival, by preventing splenic clearance (Newton & Krishna, 1998).
Previously, it has been demonstrated that sequestration involves adherence of IE to
endothelial cell (EC) surfaces. P. falciparum expresses different parasite proteins
including Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) on the
surface of IE that promote the cytoadherence in the microvasculature (Baruch et al,
1995). PfEMP1 can modulate the interaction between IE and host cell receptors
present on the vascular endothelium to avoid detection and clearance by the spleen
(Craig & Scherf, 2001) (Figure 1.2). Moreover, a number of specific receptors
expressed on EC surfaces play vital roles in regulating PRBC adhesion, including
CD36, thrombospondin, thrombomodulin, E-selectin, P-selectin, intercellular adhesion
molecule-1 (ICAM-1), and vascular adhesion molecule-1 (VCAM-1) (Newbold et al,
1997; Turner et al, 1994). Expression of these receptors varies considerably between
different vascular beds, and can be regulated in response to inflammatory cytokines
(e.g. interleukin-1 and TNF-a) (Pober, 1988). Thus, EC activation plays a critical role in
regulating IE cytoadherence (Turner et al, 1998). Nevertheless, the molecular
mechanisms contributing to the pathophysiology of malarial infection remain poorly
understood. It is thought that CM results from sequestration of IE in the brain
microvasculature, leading to impaired microcirculatory flow and metabolic disturbances.
In addition, CM is characterized by a systemic inflammatory response, characterized by
high levels of proinflammatory molecules, endothelial activation and blood-brain-barrier
dysfunction. It is likely a combination of these processes that contribute to the morbidity

and mortality in severe malaria.
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Figure 1.2 PFEMP1 modulates the interaction between IE and host cell receptors

present on the vascular endothelium

1.4.3 Immunity

Following infection non-immune patients may develop malaria quickly with rapid
parasitic growth causing severe anaemia and death. Although determining whether
infection with P. falciparum malaria will develop into severe disease is not currently
known, previous studies suggest that some interaction between the parasite and host's
immune response plays a role (Artavanis-Tsakonas et al, 2003; Miller et al, 2002;
Nyirenda et al, 2015). Despite the availability of anti-malarial treatments, the mortality
rates remain high particularly with P. falciparum infection, and in infected children
under the age of 5 years (Armah et al, 2007). The innate immune response is involved
in limiting the initial phase of parasite replication, providing the host time to develop
protective adaptive responses (Stevenson & Riley, 2004; Othoro et al, 1999). There are
numerous innate immune pathways involved in the recognition and clearance of IE,
including the complement system and pattern recognition receptors (e.g. toll-like
receptors) (Erdman et al, 2008; Silver et al, 2010). These pathways are crucial in the

control of rising parasitemia levels early in infection.
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1.4.4 Sequestration of P. falciparum-infected erythrocytes

IE have been demonstrated in autopsies causing congestion in venules and
capillaries. Sequestration of |IE in the microvasculature is characteristic of all P.
falciparum infections, including asymptomatic malarial infections and has been seen in
patients who died from non-cerebral causes (MacPherson et al, 1985; Maneerat et al,
1999; Taylor et al, 2004; Dorovini-Zis et al, 2011). However the level of sequestration is
significantly higher in autopsies of patients with CM and correlates with disease
severity (MacPherson et al, 1985; Riganti et al, 1990; Maneerat et al, 1999; Dorovini-
Zis et al, 2011; Ponsford et al, 2012). The density and distribution of parasite
sequestration helps determine the extent of disease. Sequestration requires
remodelling of the host RBC during early parasite development (Marti et al, 2004; Hiller
et al, 2004; Pelle et al, 2015). Quantification of parasites in post-mortem tissues,
histological assessment, and in vivo imaging of rectal mucosa show that dense
parasite sequestration occurs in organs outside of the brain. These include lung, heart,
kidney, skin and intestine (MacPherson et al, 1985; Pongponratn et al, 1991; Seydel et
al, 2006; Milner et al, 2013, 2014; Storm & Craig, 2014). In children with CM,
sequestration of IE is typically associated with microvascular pathology demonstrated
by endothelial damage and perivascular ring haemorrhages. Monocytes and fibrin—
platelet thrombi were also associated with IE sequestration and contribute to
congestion (Dorovini-Zis et al, 2011). This microvascular obstruction can lead to
impaired tissue perfusion. Blockade of vessels occurs through the interaction of
parasite ligands (e.g. PfEMP1) to endothelial receptors. In addition, there is also
adhesion of IE (Roberts et al, 1992; Carlson, 1993; Ringwald et al, 1993; Chotivanich
et al, 2004; Arman et al, 2007). Moreover, sequestration likely advances tissue hypoxia
and metabolic acidosis that is well described in severe malaria infection (Taylor et al,

1993; Waller et al, 1995; Newton et al, 2005).



1.4.5 Endothelial activation

P. falciparum and other malaria infections result in adhesion of IE to
microvascular endothelium, and furthermore acute EC activation (Barber et al, 2015;
Abdi et al, 2014). Upregulation of constitutively expressed receptors including ICAM-1
involved in IE cytoadherence, and the release of soluble ICAM-1 shed from the
endothelium have been reported in malaria infection and correlate with disease severity
(Jakobsen et al, 1994; Turner et al, 1998). Similarly, other markers of EC activation
include soluble factors released from the endothelium such as angiogenic markers
angiopoietin-1 and 2 (Yeo et al, 2008; Conroy et al, 2009; Lovegrove et al, 2009).
Collectively these data demonstrate that marked EC activation constitutes a hallmark of

P. falciparum malaria infection.

1.4.6 Blood Brain Barrier Dysfunction

The blood brain barrier (BBB) is a structural and functional barrier that restricts
the transport of substances between the blood and central nervous system (Rubin &
Staddon, 1999; Ballabh et al, 2004). BBB dysfunction was first suggested in CM in an
account of the pathological features of malaria (Maegraith, 1948). Since then numerous
studies have reported BBB disruption and breakdown in CM (Riganti et al, 1990; White
et al, 2001; Patankar et al, 2002; Taylor et al, 2004). Previous studies from children in
Malawi have shown decreased expression of tight-junction proteins in fatal CM (Brown
et al). |IE have also been shown to increase endothelial barrier permeability in vitro
(Tripathi et al, 2007). These findings are supported by the fact that the cerebrospinal
fluid: blood albumin ratio is increased in Malawian children with CM (Brown et al).
Recently, |IE sequestration, fibrinogen extravasation and perivascular haemorrhage
have been reported as indicators of BBB (Greiner et al, 2015). Based on these
pathophysiological findings adjunctive strategies and therapies that could reduce EC
activation, down regulate parasite sequestration in the brain microvasculature and

preserve BBB integrity could potentially reduce the mortality associated with CM.



1.4.7 Lab Diagnosis

Malaria is diagnosed by detection of IE in the blood. The gold standard for
diagnosis is microscopy using a combination of Giemsa’s-stained thick and thin blood
smears for detection of parasites. Diagnosis of malaria by microscopy has many
advantages over other available methods, as it allows for quantification of parasite
density and also for differentiation of the species (Bloland, 2001). Distinction between
the sexual forms of the parasite, gametocytes and the asexual forms is also
distinguished with this method. However, a limitation of microscopy is that it can give
false negative results if the blood smears are made when Plasmodium parasites are
mature, since these are sequestered in the vessels of the internal organs and are not
present in peripheral blood. Alternatively, malaria can be detected using Rapid
Diagnostic Tests (RDTs) using rapid immunochromatographic techniques to detect
specific parasite antigens that are present in the blood of infected individuals. While
some RDTs can detect the presence of only P. falciparum, others can detect the
presence of the other species of Plasmodium. The tests are rapid, simple to perform
and have good detection limits. However a disadvantage of the method is that parasite
antigen continues to circulate after the infection has been cleared, which can lead to
false positives. Molecular diagnostic techniques such as Polymerase Chain Reaction
(PCR) have also been developed for the identification of malaria parasites in biological
samples such as the blood (Vu et al, 1995). Although this technique is expensive, it is
sensitive and highly specific. This method is not used routinely in areas where malaria
is rampant for the diagnosis of malaria. In endemic areas of malaria, it can be difficult
to ascertain whether malaria is the actual cause of iliness because clinical presentation

can overlap with other common childhood febrile illnesses.

1.4.8 Prognosis

Outcomes in severe malaria depend on the type and degree of organ
dysfunction. Prognostic indicators are vital in malaria in order to define features
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associated with poor outcome. Prognostic indicators could also be beneficial in
identifying children in need of referral for more intensive therapy. Original prognostic
parameters were defined by Molyneux et al in a bedside prognostic index (Molyneux et
al, 1989). However this prognostic score has subsequently been refined (Helbok et al,
2009). The most prominent clinical features associated with poor outcome in severe
malaria are coma, respiratory distress, acidosis or convulsions (Bell & Molyneux, 2007;
Dondorp et al, 2008; Bruneel et al, 2003; Jaffar et al, 1997). Other prognostic
measures of use include hypoglycaemia, severe anaemia, and parasitemia (Molyneux
et al, 1989; Marsh et al, 1995; Waller et al, 1995; Van Hensbroek et al, 1997).
Biomarkers are valuable in severe disease management as well as aiding the
formulation of strategies before the onset of disease in asymptomatic malaria. Some
examples of biomarkers include lactate dehydrogenase, aldolase, glutamate
dehydrogenase and hemozoin formation and have all been investigated for their
application in developing malaria detection techniques (Jain et al, 2014). However,
more studies are needed to evaluate the predictive performance of candidate
biomarkers in order to identify suitable candidates for commercialisation. To date, no
single marker has been identified and validated that has sufficient sensitivity and
specificity to act as a singular predictive measure. Identification of such a biomarker
alongside existing measures could be valuable, particularly if an effective adjunctive

therapy was made available.

1.5 Experimental models of malaria

Malaria research greatly relies on animal models, as although studies have been
carried out with human Plasmodium species, they are very limited for ethical reasons
(de Mast et al, 2007). In vitro investigations into human Plasmodium species is
restricted to culture of blood stages, mosquito infections feedings and infection of

primary human hepatocytes. Consequently, it is not currently possible to reproduce the
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whole parasite life cycle. This limits studies on host immune responses and
mechanisms of disease. To address these limitations and to complement research on
human malaria, several animal models are available. Murine models are the most
widely used. Plasmodium Berghei Antwerpen-Kasapa (ANKA) (P. berghei), P. yoelii, P.
chabaudi and P. vinckei were initially isolated from rats in Central Africa and have been
adapted to grow in laboratory rodents, principally mice and rats (Carlton & Carucci,
2002). Each murine parasite displays different parasite biology and pathogenicity
(Sanni et al, 2002). These rodent parasites differ in morphology and in outcome of
infection. Additionally, lethal and nonlethal strains can be utilised (Wykes & Good,
2009). Following P. berghei inoculation, response to infection may vary between
different mouse strains, some showing 100% death rate while others rarely die
(Garnham, 1973). The use of non-lethal parasites in mice has identified the role of
adaptive and innate immunity in mediating clearance and survival from infection. P.
berghei infects mature RBC and reticulocytes and in C57BL/6 and CBA/T6 mice and is
used widely to study the pathogenesis of experimental CM. Conversely, in DBA/2J
mice CM resolves and some studies have previously reported that BALB/c mice are
resistant to CM. Some strains of P. chabaudi and P. vinckei infect mature RBC and are
used to investigate immune mechanisms and pathogenesis in different mouse strains
(Wykes & Good, 2009). P. chabaudi infection resolves spontaneously while P. berghei
infection results in a fulminating lethal parasitemia. Differences are also observed with
human malaria parasites, for example P. falciparum causes greater mortality than P.
vivax although both cause serious widespread morbidity. Murine malaria models have
provided numerous insights into immunopathogenesis (Lamb et al, 2006), and host-

parasite interactions (Franke-Fayard et al, 2010).

Although there are important differences between human CM and the
experimental CM (ECM) model (Franke-Fayard et al, 2005; White et al, 2010),

nevertheless both P. falciparum and P. berghei infections are associated with effects
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on EC biology (Baptista et al, 2010; de Souza & Riley, 2002; Carvalho, 2010; Hunt et
al, 2010). For example human CM and murine ECM share common features such as
cytokine production and increased lactate production in the brain (Hunt et al/, 2010).
Conversely, concerns regarding the validity of this model have been raised. Differences
include the sequestration of parasitized erythrocytes in human CM, in contrast to the
accumulation of leukocytes and platelets in the venules and capillaries of the brain in
the murine model (White et al, 2010). Despite these differences between human and
murine parasites, murine malaria models have proven to be invaluable for malaria

research.
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1.6 Von Willebrand Factor

von Willebrand factor (VWF) is a large multimeric adhesive glycoprotein that
exerts critical functions in maintaining normal haemostasis (Ruggeri & Ware, 1993).
First, VWF serves as a molecular bridge mediating platelets binding to sites of vascular
injury through exposure of sub endothelial collagen (Figure 1.3). Second, VWF also
acts as a carrier molecule for procoagulant factor VIII (FVIII). This interaction prolongs
the survival of FVIII in circulation from approximately 2 hours in the absence of VWF, to

12 hours when FVIII circulates in complex with VWF (Lollar, 1991).
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Figure 1. 3 The role of VWF in haemostasis
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In normal plasma, VWF circulates at a concentration of ~10ug/ml, though this
can vary over a wide range (from 5-20pg/ml). Qualitative or quantitative VWF
deficiency is responsible for the most common inherited bleeding disorder, von
Willebrand disease (VWD) that occurs in up to 1% of the general population and can
be classified into three major groups. Type 1 VWD involves a partial quantitative
deficiency of VWF. Type 2 is caused by diverse qualitative defects in the VWF
glycoprotein. Finally, type 3 VWD is rare but involves a complete absence of VWF. Due
to the variety of functional defects involved, VWD type 2 can be further sub-grouped.
Type 2A includes variants with decreased platelet adhesion caused by reduction in
high-molecular-weight VWF multimers (HMWM). Type 2B VWD includes VWF variants
with gain of function mutations for platelet glycoprotein Ib (GPIba). Type 2M VWF
mutations result in defective adhesion of VWF to platelets despite normal multimer
distribution. Finally, type 2N VWD is characterised by decreased affinity for FVIII. Table
1.1 summarises the classification of VWF based on the Scientific and Standardization
Committee on von Willebrand factor of the International Society of Thrombosis and
Haemostasis (Sadler et al, 2006). Conversely, elevated plasma VWF levels are
associated with a significant risk of myocardial infarction (Crawley et al, 2008),
ischaemic stroke (Bongers et al, 2006) and venous thromboembolism (Nossent et al,

2006).
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Type Description

1 Partial quantitative VWF deficiency
2 Qualitative VWF defects

2A | Decreased VWF-dependent platelet adhesion
and a reduction in HMWM

2B Increased GPlba affinity, reduction in HMWM

2M | Defects in VWF-platelet interactions
and normal multimers

2N | Reduced FVIII affinity
3 Virtually complete deficiency of VWF

Table 1. 1 Classification of VWD

1.6.1 VWF Biosynthesis

1.6.1.2 VWF gene and tissue expression

The gene encoding VWF is located on chromosome 12 (12p13.2), spanning
178kb of genomic DNA with 52 exons (Ginsburg et al, 1985). The primary translational
product, pre-pro-VWF encodes 2813 amino acids containing a 22 residue signal
peptide, a 741 residue propeptide and a 2050 residue mature protein (Titani et al,
1986). In addition, a non-functional VWF pseudogene is located on chromosome 22

(22911-13) corresponding to exons 23-34 of the VWF gene (Mancuso et al, 1991).

In vivo biosynthesis of VWF is limited to EC and megakaryocytes (Jaffe et al,
1974; Nachman et al, 1977). In addition, Yamamoto et al described significant
differences in VWF expression across organ-specific vascular beds (Yamamoto et al,
1998). The highest mRNA VWEF levels were detected in lung, spleen, aorta and brain
EC while relatively low levels were found in kidney, gut, and liver micro vessels.

Generally, highest VWF expression was demonstrated in venous EC compared to EC
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of an arterial origin. These findings were confirmed by immmunohistochemical studies
in the porcine vascular system where VWF was found to be expressed in all venous
EC but VWF was consistently absent from the majority of porcine arterial EC (Rand et

al, 1987).

1.7 Post translational modification

Prior to secretion the pre-pro-VWF primary translational product undergoes
extensive post-translational modification. These include signal peptide cleavage,
glycosylation, C-terminal dimerization, N-terminal multimerization and proteolytic

cleavage of the propeptide.

1.7.1 N-linked glycosylation

N-linked glycosylation begins as a co-translational event in the endoplasmic
reticulum (ER). Each mature VWF subunit contains 12 such sites with an additional 4
sites located within the VWF propeptide (VWF:pp) region (Titani et al, 1986). Ten of
these sites have found to be occupied (Canis et al, 2010). The 14-sugar core unit is
rapidly remodelled by a series of glycosyltransferases and glycosidases as the protein
passes through the ER (Schwarz & Aebi, 2011). When the protein is correctly folded,
the final glucose residue is trimmed facilitating release from the chaperones and

signalling that the protein is ready to continue to the Golgi.

1.7.2 Dimerization

Following N-linked glycosylation, pro-VWF subunits dimerize through C-terminal
disulphide bonding in the ER. The neutral pH of the ER and the presence of resident
chaperones provide an optimal environment for disulphide bond formation.
Dimerization is dependent on the prior attachment of N-linked glycan structures. Only

dimeric VWF can leave the ER and continue onto the Golgi compartments for further
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processing (Wagner et al, 1986). Exit from the ER appears to be the rate-limiting step

of VWF biosynthesis.

1.7.3 Addition of ABO (H) blood group antigens

The N-linked glycan’s of VWF are unusual in that they express covalently linked
terminal ABO(H) blood group determinants (Matsui et al, 1992). The addition of a1-2
fucose to the N-glycans termini creates the H-antigen which is the terminal glycan
expressed in blood group O individuals (Figure 1.4). This H-antigen serves as an
essential precursor for the subsequent development of blood group A or B antigens.
The A-antigen (N-acetylgalactosamine) and the B-antigen (galactose) are generated by
specific A and B glycosyltransferase enzymes further modifying the H antigen
(Yamamoto, 2000). Individuals with the rare Bombay blood group lack the H antigen
(Bhende et al, 2008) and thus cannot express terminal A or B antigens regardless of

their genotype.
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Figure 1. 4 Structure of VWF blood group antigens on VWF N-linked glycans

1.7.4 O-linked glycosylation

O-linked glycosylation occurs in the Golgi and is characterised by the addition
of GalNac. This is followed by the addition of B1-3 Gal creating core 1 O-glycan. This
structure is capped with T-antigen (Samor et al, 1989). This structure accounts for 75%
of the total O-linked glycan population expressed on VWF. Additionally, a portion of O-

glycans are characterised as core 2 structures (Canis et al, 2010). Mass spectrometry
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analysis has reported the presence ABO(H) blood group antigens on a proportion of
these core 2 structures accounting for approximately 1% of the total VWF O-glycan
population (Canis et al, 2010). The O-linked glycans of VWF are extensive sialylated.

VWEF contains ten putative O-glycan sites (Samor et al, 1989).

1.7.5 Multimerization

Mature VWF circulates as a series of large heterogeneous multimers. VWF
assembles into these multimeric structures via additional disulphide bridging between
N-terminal D’-D3 domains. In keeping with the acidic environment of the Golgi, VWF
multimerization is highly pH-dependent. /n vitro treatment of EC to increase the pH
ablates VWF multimerization (Wagner et al, 1986). Recent electron microscopy studies
have demonstrated that the acidic pH of the trans-Golgi (pH 6.2) enables VWF dimers

to form dimeric bouquets (Zhou et al, 2011a).

The VWEF propeptide (D1D2) is essential for normal VWF multimerization
(Mayadas & Wagner, 1989). The propeptide displays intrinsic protein disulphide
isomerase activity, and thus functions as a chaperone for VWF multimerization within
the Golgi. Vicinal cysteines within the propeptide enable this region to catalyse thiol
protein disulphide exchange between adjacent VWF dimers (Mayadas & Wagner,

1992).

1.7.6 VWF domain structure

The VWEF translational protein is composed of a series of repeated homologous
domains (A-D). Historically the VWF domain structure was given as D1-D2-D’-D3-A1-
A2-A3-D4-B1-B2-B3-C1-C2-COOH (N- to C-terminal, Figure 1.5A). Recently however,
electron microscopy as well as sequence alignment analysis has provided further
details on the structure of VWF resulting in a re-annotation of the domains (Figure

1.5B) (Zhou et al, 2012).
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1.7.7 Mature VWF

As a result of the processes detailed above, mature VWF has a multimeric
structure and exists as a series of oligomers containing a variable number of subunits,
ranging from a minimum of 2 to a maximum of 100. The monomeric size of VWF,
taking into account both N- and O-linked glycosylation, is ~250kDa. Thus, mature VWF

multimers vary in size from 500kDa to ~10,000kDa (Ruggeri & Zimmerman, 1981).

1.8 VWF storage and secretion

Following biosynthesis, VWF is stored in the Weibel-Palade Bodies (WPB) of
EC and in platelet a-granules. Both organelles store HMWM, which is then secreted
through a regulated pathway following stimulation. Alternatively however, VWF
produced by EC may also undergo constitutive secretion. Approximately 90% of the
VWEF present in EC was thought to be released via this constitutive secretory pathway
serving to maintain circulating VWF levels at ~10ug/ml (Sporn et al, 1986). However,
identification of an additional secretory pathway has demonstrated that the majority of
EC derived VWF (~80%) actually undergoes basal secretion (Giblin et al, 2008). Basal
secretion does not require stimulation and occurs from a post-Golgi organelle,

presumably the WPB.

Acute stimulated release of VWF involves activation of EC through the action of
a variety of agonists including histamine, interleukin-1 and thrombin. VWF stored within
WPB is exocytosed in response to endothelial stimulation (Van Mourik et al, 2002).
Upon activation of EC, hyperactive ULVWF multimers are released into the
bloodstream (Wagner et al, 1991; Wagner & Bonfanti, 1991). This releasable pool of
VWEF constitutes ~10% of VWF secreted from the endothelium. EC activation results
from stimulation by inflammatory mediators or though vascular injury. Several other
agonists for stimulated secretion of VWF have been identified including vasopressin
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(Kaufmann et al, 2000) and shiga toxin (Huang et al, 2010; Nolasco et al, 2005).
Conversely, other mediators can reduce VWF secretion have also been reported. For
example, endothelial derived nitric oxide was shown to limit stimulated secretion of

VWEF from WPB (Qian et al, 2010).

1.8.1 Weibel-Palade Bodies

WPB are elongated rod-shaped, membrane bound secretory organelles specific
to EC and thought to originate from the Golgi apparatus. They are approximately 4uM
in length and 0.1uM in diameter, consisting of bundles of tubules embedded in a dense
matrix (Weibel & Palade, 1964). During biosynthesis, VWF assemble into helical
tubules. These helical tubules are formed with VWF and cleaved VWF:pp (Wagner et
al, 1982), which are stored in a 1:1 ratio (Sporn et al, 1987). The VWF contained within
WPB is composed of the highest molecular weight multimers (Loesberg et al, 1983).
Several other proteins apart from VWF have been identified as constituents of WPB
including; P-selectin, interleukin-8, eotaxin-3, endothelin-1, tissue-type plasminogen
activator, osteoprotegerin and angiopoietin-2 (Zhang & Li, 2009; Rondaij et al, 2006).
As such, WPB supply mediators that can be released in response to signalling
molecules or stress allowing EC to affect haemostasis, angiogenesis and inflammation.

VWEF is a major constituent of these storage organelles, and is a prerequisite
for WPB existence as the EC of VWF-deficient animals do not contain WPB (Denis et
al, 2001; Haberichter et al, 2005). Restoration of VWF expression to EC in dogs with
Type 3 VWD restores WPB biogenesis (Haberichter et al, 2005). Expression of VWF in
non-EC induces pseudo-WPB containing VWF, which share their characteristic cigar
shape (Voorberg et al, 1993; Wagner et al, 1991). It has been demonstrated that
VWEF:pp is required to target VWF to WPB (Wagner et al, 1991).

In human embryonic kidney 293 cells, expression of VWF domains D1D2D’'D3
is sufficient to store VWF in WPB as removing the A1 domain does not impair

formation of elongated storage granules (Michaux et al, 2006). Mutations in the
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D1D2D’D3 region of VWF that cause various subtypes of VWD affect some of the
biosynthesis and WPB formation steps. VWD type 2A is characterised by the absence
of large VWF multimers with several type 2A mutations located in the VWF:pp exerting
different effects on WPB biogenesis. For example, the mutation Y87S in the D1 domain
causes defects of multimer assembly (Rosenberg et al, 2002). This mutation when
expressed in human EC cause endogenous WPB to become spherical indicating the
mutant VWF disrupts the tubular packing of wild-type VWF (Michaux et al, 2006).
Therefore, mutagenesis of VWF has indicated the roles the D domains play in VWF
targeting and tubular packaging. It also demonstrates that multimerization is not
required for the formation of WPB and VWF can be stored in WPB that are not
elongated. The structural requirements in platelet a-granules have not yet been
investigated but are likely to be related.

Exocytosis from WPB is tightly regulated but can be induced by a variety of
agonists to rapidly mediate inflammatory, haemostatic and angiogenic events.
Following exocytosis, VWF:pp which is not covalently bound to VWF in WPB is rapidly
released (Hannah et al, 2005). VWF multimers are released in strings which can
remain associated with EC for some time (Huang et al, 2008; Michaux et al, 2006). The
strings can be several millimetres long that branch and form bundles indicating a
complex association of several VWF multimers. They are composed of ULVWF (Dong
et al, 2002) as a result of extracellular neutral pH. The EC surface can bind strings
formed from agonists in vitro (Valentijn et al, 2010; Huang et al, 2009) and in vivo
(Michaux et al, 2006; Chauhan et al, 2007) . These unfurled strings can readily attach
platelets as seen in figure 1.6 where human umbilical vein endothelial cells (HUVEC)
when stimulated with agonists such as histamine release VWF. These strings can be

visualised microscopically when platelets are flowed over the cells.
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Figure 1. 6 Platelet-decorated strings following WPB exocytosis from histamine

treated HUVEC

Angiopoietin-2 (Ang-2) is a secreted glycoprotein that plays roles in
angiogenesis, vascular development and also inflammation. Ang-2 is expressed in
smooth muscle cells of angiogenic tissue (e.g. placenta) and vascular EC representing
another vascular modulator stored within WPB (Fiedler et al, 2004). Ang-2 is only
incorporated into WPB that lack P-selectin, suggesting that Ang-2 and P-selectin
storage are mutually exclusive (Pichiule et al, 2004). P-selectin is a transmembrane
protein involved in leukocyte adhesion and is expressed on the surface of activated

platelets and EC. P-selectin is incorporated into WPB through direct interaction with
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VWEF (Harrison-Lavoie et al, 2006; Barkalow et al, 2000; Dole et al, 2005). Interestingly,
P-selectin can also be incorporated into the a-granules of platelets (Johnston et al,
1989). However, while VWF deficiency disrupts P-selectin targeting to WPB, it does not
affect targeting of P-selectin to a-granules. In contrast, deficiency of P-selectin does
not affect targeting of VWF to WPB (Denis et al, 2001). Like P-selectin, osteoprotegerin
also appears to be integrated into WPB through direct interaction with VWF (Zannettino
et al, 2005) and is also co-localised with VWF in platelet a-granules (Chollet et al,
2010). Therefore, both P-selectin and OPG are actively stored in WPB as a result of

their ability to interact with VWF.

1.8.2 Platelet a-granules

Platelet a-granules are the most abundant platelet secretory organelle,
comprising ~10% of the total platelet volume and are essential to normal platelet
activity (Blair & Flaumenhaft, 2009). Each platelet contains 50-80 a-granules that range
in size from 200-500nm (Frojmovic & Milton, 1982). Following platelet activation, a-
granules fuse with the plasma membrane to release their cargo (Polgar et al, 2002).
Within the a-granules, VWF has been shown to co-localize with other haemostatic
proteins including fibrinogen and thrombospondin (Wencel-Drake et al, 1985). VWF
release is triggered by several different agonists, including ADP, collagen and thrombin
and proceeds via the regulated secretory pathway. Constitutive secretion of VWF by
primary guinea pig megakaryocytes has been demonstrated in vitro (Schick et al,
1997). However, the significance of constitutive VWF secretion from megakaryocytes in

the context of maintaining VWF plasma levels is not known.
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1.9 VWF structure and function

1.9.1 FVIIl binding

FVIII circulates in non-covalent complex with VWF in plasma. VWF binds to the
N-terminal light chain of FVIII (Lollar et al, 1988). VWF serves to protect FVIII from
premature proteolytic inactivation by activated protein C, stabilises its heterodimer
structure, and prolongs its survival in plasma (Weiss et al, 1977; Fay et al, 1991a). The
critical physiological relevance of the VWF-FVIII interaction is highlighted by the
markedly reduced FVIII plasma levels in patients with VWD type 3 having virtually
undetectable levels, and in patients with a defect in the FVlll-interactive site of VWF
(VWD type 2N). Each monomer of multimeric VWF contains a single FVIII binding site.
However, within normal plasma the FVIII:VWF stoichiometry is approximately 1:50

(Vlot et al, 1995).

1.9.2 Sub endothelium matrix binding

At sites of vascular injury, VWF mediates platelet adhesion to the vascular sub
endothelium by binding to collagen. Fibrillar collagens type | and Ill are most important
for VWF binding (Pareti et al, 1987). Collagen binding is mediated via the A1 and A3
domains of VWF (Cruz et al, 1995). Deletion of the A1 domain does not alter collagen
binding compared to wild type VWF (Sixma et al, 1991). In contrast, deletion of the A3
domain significantly attenuated collagen Il binding (Romijn et al, 2001). Consequently,
the A3 domain is considered the major physiological collagen Ill binding region

(Hoylaerts et al, 1997).

1.9.3 Platelet binding

Following vessel injury, VWF binds to sub endothelial collagen and
subsequently tethers platelets and supports platelet aggregation to facilitate thrombus
formation. Platelets express two distinct receptors for VWF: the GPIb-IX-V complex

and the GPllb-llla complex. VWF binding to the GPlba receptor on non-activated
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platelets is important in the initial tethering of platelets to the sub endothelium (Figure
1.7). Once platelets become activated, the GPIIb-llla complex becomes an additional
high affinity ligand for VWF. This promotes platelet spreading and aggregation, and
ultimately the formation of a stable platelet plug. Binding of VWEF to platelet receptors is
highly dependent on the rate of shear within the vasculature. In the absence of shear
stress, VWF adopts a globular, condensed configuration which is non-permissive to
GPIba binding. However shear stress promotes VWF unwinding to form an extended
chain that enables interaction with platelet receptors (Siedlecki et al, 1996; |keda et al,
1991). At low rates of shear stress (less than 600 s') platelet GPIllb-llla can mediate
platelet tethering to fibrinogen in a process independent of VWF (Savage et al, 1996).
In contrast, at higher shear stress VWF is an essential component in platelet tethering.
(Savage et al, 1998, 1996). Mohri et al identified important regions for mediating GPIba
binding residing within the VWF A1 domain, on either side of the disulphide loop (Mohri
et al, 1988). In addition, a number of VWD type 2M mutations cluster within this VWF
binding site for GPIba. Moreover, Yago et al have further demonstrated that specific
VWD type 2B mutations can overcome the need for high shear in order for VWF to be
able to bind GPIlba (Yago et al, 2008). On resting platelets, GPIIb-llla does not interact
with VWF. However upon platelet activation GPlIb-llla displays high affinity binding with
VWEF.

27



Activated GPlIb-llla

A
% ’//
Adi/y

it

¢ ISiﬁ f vasc

\

Collagen

Figure 1. 7 Model of VWF-dependent platelet adhesion

1.9.4 Additional interactions

In addition to binding to proteins of the haemostatic system, VWF is capable of
interacting with an array of matrix proteins as well as circulating plasma proteins
(Lenting et al, 2012; Lenting PJ, Christophe OD, 2015). Though the functional
significance of some of these interactions remains unknown, these interactions
implicate roles for VWF outside of the haemostatic system. Figure 1.8 illustrates some

of binding partners of VWF and the specific domains that regulate their interaction.

Proteins including ADAMTS13 (Zanardelli et al, 2009; Feys et al, 2009), and
two members of the galectin family, galectin-1 and galectin-3 (Saint-Lu et al, 2012) are
bound to VWF in plasma. B2-Glycoprotein | (32-GPIl) also binds to the VWF A1
domain, and competitively inhibits binding to GPIlba, resulting in decreased platelet
aggregation (Hulstein et al, 2007). VWF can also bind to the adhesive matrix

glycoprotein thrombospondin-1 (TSP1) via the A3 domain. Interestingly, this interaction
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serves to competitively inhibit ADAMTS13-mediated proteolysis of ULVWF strings
(Wang et al, 2010). Conversely, complement factor H binding to the VWF A2 domain
acts to enhance ADAMTS13-mediated cleavage of VWF (Feng et al, 2013). VWF also
directly interacts with several proteins involved in inflammation. VWF interacts with P-
selectin glycoprotein-1 (PSGL-1) and activated B2 integrins to facilitate leukocyte
recruitment (Pendu et al, 2006). PSGL-1 promotes initial transient binding, while p2-
integrins participate in stable adhesion. In addition, VWF binds to Staphylococcus
aureus protein A during endovascular infection which may facilitate colonization

(Hartleib et al, 2000; O’Seaghdha et al, 2006).
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Figure 1. 8 Binding partners of VWF

1.10 VWF and ADAMTS13 in health and disease

Regulation of VWF adhesive activity is critical for maintaining homeostasis in
the blood. During secretion from EC, ULVWF remain transiently bound to EC surfaces

where they undergo rapid, partial proteolysis into smaller less active VWF multimers
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reducing thrombotic potential (Sadler, 2008). ADAMTS13 is a VWF-specific cleaving
protease which cleaves the Y1605/M1606 scissile bond in the VWF A2 domain,
thereby preventing the accumulation of ULVWF multimers in normal plasma (Levy et
al, 2005). Deficiency of ADAMTS13 results in the life threatening microangiopathy,
thrombotic thrombocytopenic purpura (TTP) (Levy et al, 2001). TTP is characterised by
the consumption of platelets, as a result of the formation of platelet and VWF rich
thrombi in the microvasculature. Most cases of TTP can be attributed to low
ADAMTS13 antigen levels or decreased ADAMTS13 activity, due to either a
dysfunctional protein or acquired autoantibodies (Luken et al, 2005; Sadler, 2008). As a

result of this, abnormal ULVWF multimers are present in these patients.

The absence of VWF in vitro increases EC proliferation and VWF knockout
mice have highly vascularised ears (Starke et al, 2011). VWF has also been linked with
numerous disease processes including tumour metastasis (Franchini et al, 2013).
Several animal models have shown that deficiency of ADAMTS13 leads to a
prothrombotic state, with the duration of VWF-platelet-endothelium interactions being
increased (Banno et al, 2006). Furthermore, administration of recombinant ADAMTS13
to deficient mice promoted breakdown of thrombi in arterioles (Chauhan et al, 2008).
Interestingly, ADAMTS13 deficient mice do not present with TTP like symptoms until

challenged with shiga toxin (Motto et al, 2005).

Regulation of VWF adhesive potential by ADAMTS13 is not only vital for the
control of haemostasis, but also plays a major role in the regulation of VWF function in
inflammation. VWF has been shown to participate in the progress of inflammation
through adhesion to polymorphonuclear cells and monocytes, thereby contributing to
leukocyte tethering and rolling (Pendu et al, 2006). VWF acts as a major regulator of
leukocyte extravasation during experimental peritonitis (Petri et al, 2010) and has been
demonstrated to play a regulatory role in cutaneous inflammation. Anti-VWF antibodies

were useful in the treatment of cutaneous inflammation without enhancing bleeding
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time in mice (Hillgruber et al, 2014). Thrombocytopenia is also a major complication of
inflammation, and VWF has been suggested as an important mediator of this process

(Wagner & Frenette, 2008).

ADAMTS13 levels have been documented to be low in both chronic and acute
inflammation (Kremer Hovinga et al, 2007; Martin et al, 2007). Moreover, an inverse
correlation has between high levels of ULVWF and low levels of ADAMTS13 been
observed in systemic inflammation (Claus et al, 2009). Similarly, high and low levels of
ULWVF and ADAMTS13 respectively have been found in ICU patients with systemic
inflammation resulting from cardiac surgery or severe sepsis (Bockmeyer et al, 2008).
The thrombotic state associated with endotoxemia may be due to an imbalance in the
expression of both VWF and ADAMTS13; as high and low mRNA levels, as well as
high and low blood antigen levels, were found in LPS challenged mice (Mimuro et al,
2008). High concentrations of VWF with enhanced functional activity correlating with
the rate of haemolysis have also been described in patients with sickle cell disease
(Chen et al, 2011). Djamiatun et al recently also reported elevated VWF levels in

dengue infection (Djamiatun et al, 2012).

Due to the increasingly apparent role for VWF in inflammation, this protein has
become a target in studies (Denis et al, 2001; Gandhi et al, 2012a; Khan et al, 2012).
Animal models of disease states have demonstrated that VWF deficiency provides
protection against atherosclerosis (Methia et al, 2001; van Galen et al, 2012) and that
ADAMTS13 deficiency is detrimental in myocardial ischemia (Gandhi et al, 2012b).
Animal studies have also shown that ADAMTS13 has protective properties during
ischemic brain damage and reduces VWF-mediated acute cerebral inflammation

following stroke (Zhao et al., 2009; Fujioka et al., 2010).
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1.11 VWF and Malaria

Both cerebral and severe malaria patients have decreased ADAMTS13 antigen
and activity levels (Larkin et al, 2009; Léwenberg et al, 2010; Schwameis et al, 2015).
Similarly, deficiency of plasma ADAMTS13 antigen and activity levels have also been
reported in patients infected with P. vivax malaria. The molecular mechanism
responsible for decreased ADAMTS13 levels in malaria remains to be elucidated (de

Mast et al, 2009).

Previous studies have demonstrated that plasma VWF antigen (VWF:Ag) (de
Mast et al, 2007; Larkin et al, 2009; Hollestelle et al, 2006; Léwenberg et al, 2010; Phiri
et al, 2011; de Mast et al, 2009) and VWF:pp (Léwenberg et al, 2010; Phiri et al, 2011,
Conroy et al, 2010; Hollestelle et al, 2006; de Mast et al, 2007) levels are markedly
elevated in children with severe P. falciparum malaria, consistent with acute EC
activation. Indeed, children with CM had VWF:pp levels exceeding those typically
observed in fulminant vascular diseases such as TTP. Furthermore, a study of 14
healthy volunteers infected with P. falciparum showed that the increased plasma VWF
and VWEF:pp levels develop soon after the onset of blood stage infection (de Mast et al,
2007). Elevated VWF:pp levels inversely correlate with clinical outcomes. Severe P.
falciparum malaria is associated not only with increased plasma VWF:Ag levels, but an
even more marked increase in VWF activity as determined by collagen binding assay
(VWF:CB). Moreover, this increase in VWF functional activity is due to the presence of
abnormal ULVWF multimers in the plasma of children with severe malaria (Larkin et al,
2009) with a correlation between levels of ULVWF and severity of disease (de Mast et
al, 2007; Hollestelle et al, 2006; Conroy et al, 2010; Phiri et al, 2011). Furthermore,
these elevated levels of hyperactive ULVWEF that have been described in P. falciparum
infection, exceed those reported in both acute septicaemia and TTP (van Mourik et al,
1999). Consequently, acute EC activation constitutes an early feature of P. falciparum

infection.
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1.12 Severe malaria and WPB exocytosis

Previous studies have demonstrated that plasma lactate levels are markedly
elevated in children with severe P. falciparum malaria, and that these levels inversely
correlate with clinical outcomes. Serum lactate is a strong biomarker of disease
severity as is parasite count (Hollestelle et al, 2006). This marked increase in VWF:Ag
and VWF:pp suggests that WPB exocytosis is occurring during malarial infection
(Figure 1.9). The degree of EC perturbation is linked with severity of disease indicated
by plasma lactate. Furthermore, significantly elevated plasma Ang-2 levels have been
reported in patients with severe P. falciparum malaria, where Ang-2 levels were also
shown to inversely correlate with clinical outcome (Yeo et al, 2008; Conroy et al, 2009,

2010; Lovegrove et al, 2009; Erdman et al, 2011).

WPB exocytosis

EC 2

L ER Golgi

Figure 1. 9 Endothelial cell undergoing exocytosis of WPB in malaria
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1.13 ABO phenotype, VWF levels and malaria severity

The ABO blood group system is a critical system for blood group compatibility in
transfusion. ABO blood group distribution has evolved along with selective pressure
due to P. falciparum. Blood group A is associated with a more severe disease
phenotype. Blood group O is frequently found in areas that are malaria endemic
including South America and Sub Saharan Africa (Cserti & Dzik, 2007). Group O is
protective against severe complications of malaria infection. This blood group has
~25% less VWF than other ABO blood groups. In addition, the susceptibility of VWF to
proteolysis by the ADAMTS13 was greater for group O VWF than for non-O VWF. This
observation supports the hypothesis that VWF may play a role in the pathogenesis of
malarial infection.

Strong evidence exists suggesting that ABO phenotype modulates severity of
P. falciparum malaria. The investigation of ABO is outside the scope of this thesis due
to the lack of the ABO blood group system in the murine model of malaria. However,
future research into the relationship between ABO blood group phenotypes and malaria
pathogenesis may provide a greater understanding of glycobiology in infectious

diseases and contribute to a wider insight of malaria pathogenesis.

1.14 VWF in the pathogenesis of malaria

Following endothelial disruption, VWF binds to exposed collagen in the sub
endothelial matrix. This anchored VWF undergoes marked conformational changes in
response to shear stress exerted by the circulating blood, and can then tether platelets
through specific binding of the platelet GP |b-IX-V receptor. Accumulating evidence
suggests that platelet adhesion and aggregation play important roles in facilitating
cytoadhesion of P. falciparum |E to activated EC. For example, post-mortem studies

have shown platelets co-localised with sequestered |IE at brain microvascular sites
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obstructing vessels (Grau et al, 2003). In addition, in vitro studies have demonstrated
that platelets can modulate the expression of adhesion molecules (e.g. ICAM1) on EC
surfaces, and identified platelet-mediated |E adhesion to TNF-activated brain

endothelium (Pain et al, 2001).

Despite this critical role for platelets, it remains unclear if the pathological ULVWF
multimers circulating in the plasma of children with P. falciparum play any direct role in
mediating the pathophysiology of disease progression. Nevertheless, elegant studies
using a novel llama-derived nanobody have demonstrated that a significant proportion
of circulating plasma VWF in P. falciparum infected patients is present in an active
platelet GPIlb-binding conformation (de Mast et al, 2007). Furthermore, plasma
VWF:Ag levels in patients with malaria inversely correlate with platelet count (de Mast
et al, 2007), and Hollestelle et al have previously shown that plasma VWF:pp levels
correlate with other established biochemical markers of malaria severity, including

plasma lactate (Hollestelle et al, 2006).

In recent work, our laboratory previously described an entirely novel mechanism
through which VWF can mediate the adhesion and sequestration of |IE to activated EC
(Bridges et al, 2010; Lopez, 2010). In brief, using an in vitro laminar flow model, the
formation of long platelet-decorated ULVWEF strings following HUVEC activation were
observed. These findings are in keeping with previous reports. However, Bridges et al
further demonstrated that these VWF-dependent platelet strings were able to bind
fluorescently labelled P. falciparum |E in a CD36 dependent manner (Bridges et al,
2010)br. In contrast, VWF-platelet strings did not bind to uninfected erythrocytes.
Cumulatively, these data identify a new VWF-dependent mechanism that may
contribute to IE sequestration. Moreover, in contrast to classic activation pathways that
require de novo protein synthesis, pre-formed ULVWEF is rapidly released from the
WPB stores of activated EC. Thus, formation of VWF-platelet strings on the EC surface

may be particularly important in generating a pro-adhesive surface during the early
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stages of IE sequestration. We postulate that during the early stages following malaria
infection, formation of ULVWF strings on activated EC surfaces may be important in
recruiting platelets (Figure 1.10). These tethered platelets result in further EC
activation, and more WPB secretion. In addition, platelet-decorated VWF strings play a
role in modulating subsequent microvasculature sequestration by recruiting malaria-
infected erythrocytes, and also by binding to granulocytes and activated monocytes
respectively (Bernardo et al, 2005; Pendu et al, 2006). The VWF-mediated
sequestration of platelets, infected erythrocytes and leucocytes leads to further
enhanced EC activation, increased EC permeability, and ultimately results in vessel

occlusion.
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Figure 1. 10 Schematic diagram illustrating the proposed mechanisms through
which VWF is involved in malaria pathogenesis

EC activation and release of WPB contents constitute common early features in both
human and murine malaria. This results in the secretion in the release of ULVWF
multimers into the plasma (1) and a marked increase in plasma VWF levels. ULVWF
strings on the surface of activated EC then recruit and sequester platelets within the
microvasculature (2). These tethered platelets cause further EC activation, and thus
more WPB secretion. In addition, the platelet-decorated VWF strings modulate further
sequestration by recruiting both malaria-infected erythrocytes, and also by binding to
granulocytes and activated monocytes respectively (3). The VWF-mediated
sequestration of platelets, infected erythrocytes and leucocytes leads to further
enhanced EC activation, increased EC permeability (4), and ultimately results in vessel
occlusion (5).
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1.15 Study objectives

As discussed, our laboratory and others have previously shown that plasma
levels of VWF:Ag and VWF:pp are significantly increased in African children with
severe P. falciparum malaria (Larkin et al, 2009; Hollestelle et al, 2006; Erdman et al,
2011; Phiri et al, 2011; Conroy et al, 2010). Moreover, a study of healthy volunteers
infected with P. falciparum has also demonstrated that the elevated plasma VWF:Ag
and VWF:pp levels is present from an early stage following infection. Collectively these
data demonstrate that marked EC activation, with consequent VWF secretion from
WPB, constitutes an early hallmark of P. falciparum malaria infection. It is unclear
whether early increase in plasma VWF levels and circulating ULVWF multimers
observed following P. falciparum infection directly contributes to the development of
human CM, or whether increased VWF levels merely constitute a secondary
epiphenomenon associated with EC activation. In this study, we sought to investigate
the putative role of VWF in the pathogenesis of malaria in vivo using an established
murine model of experimental cerebral malaria (ECM). To further investigate the
underlying mechanisms of VWF contributing to the pathogenesis of ECM, we wanted to

study other genetically modified mice strains.

Previously, Djamiatun et al demonstrated that severe dengue fever is
associated with exocytosis of WPB with significantly elevated VWF:Ag, VWF:pp and
OPG plasma levels (Djamiatun et al, 2012). Dengue fever shares many of the key
clinical features seen in malaria including EC activation and a pronounced
thrombocytopenia. Given the key role of EC activation in the pathogenesis of severe P.
falciparum malaria, we have further investigated plasma OPG levels in children with
CM. To elucidate the relationship between WPB secretion and malaria, we have further

examined OPG levels in an established murine model of experimental CM.

Infection with P. falciparum is associated with thrombocytopenia, decreased

levels of anticoagulant clotting factors, leading to generation of thrombin. Recently, a
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novel role for EPCR has been reported in the pathogenesis of P. falciparum malaria
(Moxon et al, 2013; Turner et al, 2013). Interestingly, in post-mortem samples from
African children with CM, studies have shown marked fibrin deposition and localised to
sites of IE sequestration. The brain demonstrates constitutively low expression of both
TM and EPCR, and may therefore be particularly vulnerable to CM coagulopathy
(Moxon et al, 2013).The molecular mechanisms by which coagulopathy and the protein
C pathway contribute to CM remain unknown. We sought to examine if the mouse
model of CM could be used to study malarial-induced coagulopathy, and to determine

whether the Protein C pathway may be involved in the pathogenesis of CM.
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2. Materials and Methods

2.1 Patient samples

2.1.1 Blood collection

Recruitment took place at the Queen Elizabeth Central Hospital, Blantyre,
Malawi between 2010 and 2011 by Dr. Christopher Moxon. Informed consent was
obtained from the parents or legal guardians of all the children enrolled in this study in
accordance with the Declaration of Helsinki. Clinical details were recorded for all
patients at the time of recruitment, and subsequent analyses were carried out blinded
to these details. All patients with malaria received standard supportive and anti-malarial

treatment. Children aged 1-12 years were recruited into three categories as follows:

Cerebral malaria cases
Patients (n=146) were recruited when admitted with an initial clinical diagnosis of CM,
defined as a Blantyre Coma Score of 2 or less (Molyneux et al, 1989), with
peripheral P. falciparum parasitemia and no other recognisable cause of coma
(Severe falciparum malaria. World Health Organization, Communicable Diseases

Cluster., 2000).

Uncomplicated malaria samples
Uncomplicated malaria cases (n=52) were recruited from patients with acute febrile

illness without signs of organ compromise (Marsh et al, 1995).

Febrile controls without malaria
Children with a non-malaria febrile illness (NMFI) (n=48) were recruited from attenders
at the Paediatric Accident and Emergency Unit. This group included children not
requiring admission, who had a documented febrile illness (>37.5°C) with no malaria

parasites on a single thick blood film, a negative rapid diagnostic test for malarial
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antigens, and no history of having taken any antimalarial medication in the previous

two weeks.

Healthy controls

These were well children with no febrile illness (NFI) admitted for elective surgery (n =

26).

2.1.2 VWF:Ag ELISA

VWF antigen (VWF:Ag) was measured by sandwich enzyme-linked
immunosorbent assay (ELISA). Maxisorp plates (Nunc, Denmark) were coated with
rabbit anti-human VWF antibody (Dako, Denmark) at a final concentration of 6.2ug/mL
in 50mM carbonate buffer (pH 9.6), overnight at 4°C. Wells were washed three times
with PBS-T (PBS, 0.05% v/v Tween-20) and then blocked for non-specific binding with
PBS-T containing 3% bovine serum albumin (BSA; Sigma, Ireland) for 1 hour at room
temperature. Wells were again washed three times with PBS-T before test samples at
appropriate dilutions were added. Reference plasma (Technoclone, Austria) diluted
1:80-1:2560 (final concentration 0.125-0.0039ug/mL) was used to generate a standard
curve. After 2 hour incubation at room temperature wells were washed three times with
PBS-T and 100ul of anti-VWF-HRP (Dako, Denmark) diluted 1:500 in PBST (final
concentration 2.2ug/mL) was added and incubated for 1 hour at 37°C. Following
another 3 PBS-T washes, 100ul of HRP substrate 3,3’,5,5-Tetramethylbenzidine
(TMB; Substrate Reagent Pack, R&D Systems, UK) was added to the wells. The
reaction was subsequently stopped with 50uL 1M H,SO4. Absorbance was read at
450nM using a VERSAmax microplate reader (Molecular Devices, UK).

ELISA samples were tested in triplicate, using two replicate wells for each set of
test conditions. The intra-assay and inter-assay coefficients of variation were both less

than 10%. A standard curve was generated by plotting VWF concentration (ug/mL) on
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the x-axis against optical density (absorbance @ 450nm) on the y-axis. The curve was
linearized by performing a logarithmic transformation and the equation of the line and

R? values were calculated using Microsoft Excel.

2.1.3 OPG ELISA

Human osteoprotegerin (OPG) was measured using the
Osteoprotegerin/TNFRSF11B R&D Systems DuoSet® ELISA development system.
Maxisorp plates were coated with capture antibody at a working dilution of 2ug/mL in
PBS over night at room temperature. Wells were washed for a total of three washes
with 400ul PBS-T and blocked with 300ul of reagent diluent (1% BSA in PBS) for 1
hour at room temperature. Wells were washed three times with PBS-T and test
samples at appropriate dilutions were added. Recombinant OPG diluted (final
concentration 1000-15.625pg/mL) was used to generate a seven point standard curve.
After 2 hour incubation at room temperature wells were washed three times with PBS-T
and 100ul of detection antibody diluted in PBST (final <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>