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ABSTRACT

Background: The pathogenesis of cerebral malaria (CM) is still recognized as multifaceted,
despite the plausible explanation provided by the high degree of sequestration of parasitized
erythrocytes in major organs of the body. Postmortem studies have demonstrated the presence of
hemorrhage, deposition of fibrin and clots in blood vessels of the body where sequestration has
been observed. These findings support a potential association between sequestration, endothelial
damage and repair, in the development of cerebral malaria. Considering the evidence, it is
plausible that associated biomarkers of these pathogenetic features may be related in the
development of CM. The aim of this study was to determine the association between the
development of CM and the levels of circulating endothelial cells (CECs), endothelial progenitor

cells (EPCs) and antibody responses to variant surface antigens (VSA).

Materials and methods: Seventy two children including nineteen CM patients, fifteen severe
malaria anemia (SMA) patients, ten uncomplicated malaria (UM) patients and twenty eight
healthy controls (HC) were recruited from hospitals within Greater Accra region. Whole blood
sample obtained with consent from the patients was separated into plasma and erythrocytes. Five
parasite isolates including three obtained from CM patients and one each from an UM and a
SMA patient were successfully cultured and the erythrocytes expressing VSAs were separated.
Plasma from the seventy two patients was then tested against VSAs expressed by each parasite
isolate and the levels of plasma anti-VSA antibody responses were determined using flow
cytometry. Additionally, levels of CECs and EPCs were determined from whole blood using

flow cytometry.
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Results: For the CM parasite isolates tested, there were significant differences in the levels of
anti-VSAcwm antibody responses between the groups (ANOVA: CMy, p = 0.048; CM_, p = 0.006;
CMs, p = 0.042). Post hoc analysis revealed that, levels of antibody responses to CM3 isolate
were higher in the CM group than the HC. Conversely, levels of antibody responses to CM> were
higher in the SMA group than the HC group. For CM isolate, there were no differences in the
antibody levels between the groups. For the non-CM parasite isolates, the levels of antibody
responses were different between the groups (ANOVA: VSAuwm, p = 0.008; VSAsma, p <
0.0001). Levels were higher in the CM group than the other study groups following post hoc
analysis. Taken the above results together, the levels of antibody responses were higher in the
CM group than the other groups suggesting that CM may have induced the production of cross
reactive antibodies with broad spectrum of recognition. For CECs, there were no significant
differences in the levels between the study groups. (ANOVA, p = 0.088). However, levels of
EPCs were lower in the CM group compared to the UM group (ANOVA, p < 0.05). Logistic
regression analysis revealed that a unit increase in the levels of EPCs decreases the odds of a UM
patient developing CM by 0.09 when the levels of CECs and anti-VSAs were held constant.
Conversely, there was no association between the development of CM and the levels of CECs

and anti-VSA antibody responses when the effects of the other biomarkers were held constant.

Conclusion: There was a negative association between the levels of EPCs and the development
cerebral malaria. Despite the results, it may be premature to make conclusions regarding the
potential associations between development of CM and these biomarkers evaluated merely based
on this study. This is particularly true when one considers the potential effects of small sample

sizes and potential confounding variables that were not measured in this study.
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CHAPTER ONE

1 BACKGROUND

1.1 Introduction

Cerebral malaria is a complication of malaria which is caused by Plasmodium falciparum. It is
marked by the presence of neurological abnormalities including coma which usually lasts for an
hour or more with no other explanation for the altered consciousness. Cerebral malaria is
recognized as a disease of children particularly in sub-Saharan Africa where children below the
ages of five suffer the heaviest burden. In Asia and other endemic areas the occurrence of the
disease is not restricted to children but may be diagnosed in all categories of age groups (WHO,
2000). The case fatality of the disease in sub-Saharan Africa has been estimated to be
approximately twenty percent which suggests that two out of every ten cerebral malaria cases
results in death despite adequate treatment (Birbeck et al., 2010; Dondorp et al., 2010). What is
more, thirty percent of survivors suffer post disease neurological deficits which may be

permanent (Birbeck et al., 2010).

Despite the huge investment in cerebral malaria research, the pathogenetic mechanisms of the
disease still remains obscure (Monteiro et al., 2014). Until recently, pathogenesis of cerebral
malaria had been explained by independent models including but not limited to the sequestration
of parasitized erythrocytes in the blood vessels of the brain, which consequently results in
ischemia and downstream repercussions including tissue damage (MacPherson et al., 1985;
Berendt et al., 1994). Other schools of thought had also suggested that development of the
disease was primarily mediated by systemic inflammatory responses which may explain the

multiple organ pathologies associated with this clinical syndrome (Clark et al., 1991; Clark et al.,



1994). Others had linked the complex and systemic nature of the disease to dysregulation and
defects in the hemostatic pathway (Moxon et al., 2009). However, despite the significant
contribution of these independent theories in explaining the pathogenesis of the disease, it has
become evident that no single feature of the disease is adequate to fully explain the pathogenesis
(van der Heyde et al., 2006). Indeed, studies have demonstrated that, these features are related
and may actually contribute to the development of the disease in a synergistic fashion.
Sequestration has been associated with inflammation and coagulation in cerebral malaria
(Moxon et al., 2013; Moxon et al., 2014). Hemorrhages, aggregation of platelets, deposition of
fibrin, thrombi at sites of parasite sequestration in tissues, have been shown in postmortem
studies involving cerebral malaria children (Milner Jr et al., 2014). Not only do these evidences
support a strong association between sequestration and coagulation in the pathogenesis of the
disease but also suggest a potential association between sequestration and endothelial damage
which may be crucial in the pathogenesis. It is plausible that sequestration may be a trigger
which sets off a positive feedback mechanism resulting in endothelial damage and a resultant

response to this damage by the body.

Sequestration of parasite infected erythrocytes in the microvessels of the body is a product of an
intricate interaction between the host and P. falciparum. It results from interactions between
proteins expressed on the surfaces of erythrocytes infected by the parasite and host receptors on
the endothelial surface (MacPherson et al., 1985; Silamut et al., 1999; Turner et al., 2013). These
antigens bind specifically to these receptors sequestering these infected erythrocytes in the blood
vessels. Consequently, sequestration may shield parasites from immune clearance in the spleen
(Mebius et al., 2005; Milner Jr et al., 2014) while also resulting in the formation of clumps of

cells or a growing mass of parasite infected and uninfected erythrocytes which may obstruct



blood flow in the capillaries. This results in ischemia which may eventually cause damage to the

endothelium and tissues downstream of the capillaries.

These antigens which mediate sequestration are parasite encoded and produced at a period within
the erythrocytic cycle of the asexual cycle of P. falciparum when the parasite is primarily
intracellular. They are proteins of high molecular weight and diversity expressed by mature and
metabolically active forms of the parasite (Leech et al., 1984; Magowan et al., 1988; Su et al.,
1995; Rask et al., 2010). The marked variation in the structure of these proteins, coupled with
their extreme diversity and ability to bind cognate antibodies, warrants the name Variant Surface

Antigens (Su et al., 1995; Bull et al., 1998; Rask et al., 2010).

The most characterized of these variant surface antigens is the class of proteins called
Plasmodium falciparum Erythrocyte Membrane Protein 1 (PfEMP 1). PIEMP 1 ranges in weight
between 150 and 350 kDa and is encoded by the var gene family of approximately 60 members
(Baruch et al., 1995; Su et al., 1995; Rask et al., 2010). Var genes have been characterized into
Groups A, B, C, B/A and B/C primarily based on homology, position and orientation of
sequences in the 5’ untranslated region (UTR) of the gene. Sub groups of the var genes as well as
the proteins encoded by these genes have been associated with distinct disease pathologies
including cerebral malaria (Avril et al., 2012; Claessens et al., 2012; Lavstsen et al., 2012). More
significantly, identities of receptors mediating endothelial binding of VSAs which have been

associated with cerebral malaria have also been described (Turner et al., 2013).

While these VSAs may be extremely diverse, only a subset has been associated with complicated
forms of the disease (Jensen et al., 2004; Lavstsen et al., 2012). Antibodies induced by these

VSAs, which have been extensively characterized in children and adults alike, have provided



evidence for acquired immunity to malaria (Dodoo et al., 2001; Ofori, 2002; Rask et al., 2010).
These antibodies have been shown to have the capacity to agglutinate parasite infected
erythrocytes expressing these antigens on their surface (Aguiar et al., 1992). Consequently, it has
been shown that these antibodies otherwise called anti-VSA antibodies can inhibit cytoadherence
of parasitized erythrocytes to the endothelium and as a result inhibit sequestration (Ricke et al.,
2000). Indeed, high levels of anti-VSA antibody responses have been associated with protection
against the disease and reduced susceptibility to re-infections (Dodoo et al., 2001). Thus, it is
evident that levels of anti-VSA antibody responses are crucial in the pathogenesis of the disease.
Whether or not levels of these anti-VSA antibody responses may be associated with other

biomarkers of the disease in contributing to the pathogenesis is yet to be fully explored.

The endothelium is a monolayer of endothelial cells lining the blood vessels. It is separated from
underlying connective tissues by the basement membrane. The endothelium serves as a barrier
between blood and the underlying tissues while also allowing the passage of some molecules and
cells across it (Aird, 2007). More significantly, the endothelium provides surface receptors
which also mediate sequestration of parasitized erythrocytes. Increased levels of von Willebrand
factor (Hollestelle et al., 2006) and presence of hemorrhages, on one hand, and deposition of
fibrin and thrombi in blood vessels and tissues in cerebral malaria patients, (Milner Jr et al.,
2014) on the other hand provide ample evidence that the endothelium cycles between phases
when it is significantly damaged and phases when it undergoes repair respectively. What is more,
the presence of these features provides support for a potential association between sequestration,

and endothelial damage and repair in the development of cerebral malaria.

Endothelial damage is explained by the loss of endothelial cells to the blood circulation as a

result of their disintegration from the endothelium. The ability to estimate these blood borne
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endothelial cells which are more appropriately referred to as circulating endothelial cells (CECs)
provide another potentially useful marker for endothelial damage (Goon et al., 2004; Blann et
al., 2005). High levels of CECs have been demonstrated in acute phases of diseases like sickle
cell disease (Solovey et al., 1997), vasculitis (Nakatani et al., 2003) and myocardial infarctions
(Mutin et al., 1999) in which endothelial damage is a key mediator of the pathogenesis. It is
possible that development of cerebral malaria may be associated with high levels of CECs given
that there is plausible evidence for the presence of endothelial damage in the disease (Milner Jr et

al., 2014).

Endothelial damage is repaired by neighboring endothelial cells at the site of damage (Hanahan
et al., 1996; Holash et al., 1999) and endothelial progenitor cells which augment this process.
Endothelial progenitor cells are cells which have their origin in the bone marrow. Together with
these endothelial cells, these cells share the properties of being able to proliferate, differentiate,
migrate and incorporate into sites of damage (Asahara et al., 1997). The production of these cells
from the bone marrow may be mediated by multiple factors but key among them may be the
stimulus provided by endothelial damage (Gill et al., 2001). EPCs like CECs are rarely found in
the blood of the healthy host. Thus, high levels of these cells in the blood may suggest possible

endothelial damage and repair (Erdbruegger et al., 2006).

Given that sequestration may be enhanced by low levels of anti-VSA antibodies which have been
shown to inhibit sequestration and the likelihood that this process may result in damage to the
endothelium and subsequently may require replacement of lost endothelial cells, it is not far-
fetched to predict that development of cerebral malaria may be associated with low levels of
anti-VSA antibodies, high levels of CECs and low levels of EPCs. The purpose of this study is to

investigate the relationship between these biomarkers and the development of cerebral malaria

5



while also exploring the potential usefulness of these biomarkers as diagnostic and/or prognostic

indicators.

1.1 Problem Statement

According to the world malaria report 2015, an estimated 200 million cases of malaria were
diagnosed in 2014 in sub-Saharan Africa alone. Out of this estimated number, half a million
fatalities were recorded with children below the ages of five years suffering the heaviest burden
(WHO, 2015). With an estimated incidence rate of 1120/100 000/year (Breman, 2001) and case
fatality of approximately 20 percent within the sub region (Birbeck et al., 2010), cerebral malaria

still remains a disease of clinical and economic importance.

In Ghana, admissions and deaths due to malaria reduced by an estimated 9 percent and 30
percent respectively between 2013 and 2014 (WHO, 2015). While these figures may indicate an
improvement in the management of the disease, the threat and the burden of the disease is still
enormous with the inability to diagnose the disease early enough and lack of indicators to predict
who is at risk of post disease neurological abnormalities. Currently, the estimated percentage of
children who develop cerebral malaria post disease neurological sequelae is around 30 percent

(Birbeck et al., 2010).

1.2 Justification

Despite the massive investment in cerebral malaria research, the pathogenetic mechanisms
mediating the disease is still incompletely understood (Monteiro et al., 2014). Evidence of a
potentially pathogenetic role for endothelial damage and repair particularly at the sites of
sequestration is only beginning to come to light. The aim of this study is to determine an

association between the development of cerebral malaria and levels of anti-VSA antibodies,
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circulating endothelial cells and endothelial progenitor cells. This study will potentially
contribute to the knowledge base of the pathogenesis of the disease with respect to sequestration

and, endothelial damage and repair.

These potential biomarkers described above may be of utility in predicting children who are at
risk of developing cerebral malaria and post disease neurological deficits. Moreover, these
biomarkers may be potentially used as diagnostic and prognostic indicators of the disease
following proper validation. These risk, prognostic and diagnostic indicators may improve the
early detection of the disease which may consequently improve management of the disease and

the chances of making a full recovery from this clinical syndrome.

1.3 Hypothesis

Development of cerebral malaria is associated with low levels of anti-VSA antibody responses,

high levels of circulating endothelial cells and low levels of endothelial progenitor cells.

1.4 Aim

The aim of this study is to determine an association between the development of cerebral malaria
and the levels of anti-VSA antibodies, levels of circulating endothelial cells and levels of

endothelial progenitor cells

1.5 Specific objectives

1. To determine the levels of anti-VSA antibody responses among the study subjects
2. To determine the levels of circulating endothelial cells and endothelial progenitor cells

among the study subjects



3. To determine the association between the development of cerebral malaria and, the levels
of anti-VSA antibodies, levels of circulating endothelial cells and levels of endothelial

progenitor cells.



CHAPTER TWO

2 LITERATURE REVIEW

2.1 Clinical definition of cerebral malaria

Cerebral malaria like severe anemia malaria and respiratory distress is a complication of malaria
which is invariably caused by Plasmodium falciparum. Cerebral malaria is common in endemic
regions of the world especially sub-Saharan Africa where children bear the heaviest burden.
However, in other endemic regions, it is not uncommon to see adults affected. Cerebral malaria
is recognized as a clinical syndrome and thus is defined by a group of specific but related signs
and symptoms which includes but not limited to the demonstration of P. falciparum parasitemia
and the presence of coma with a Blantyre coma score of less than three and lasting for at least an
hour. Additionally, presence of coma must be explained by P. falciparum infection alone and not
by other causes or conditions which may be malaria and/or non malaria related. Conditions such
as hypoglycemia, convulsions, severe anemia, hyperpyrexia, acidosis, meningitis among others
may independently cause coma and therefore should be firmly ruled out as a cause of coma

despite the demonstration of parasitemia (WHO, 2000).

Pathological studies involving children diagnosed with cerebral malaria have suggested a
revision of this present clinical definition to include signs and symptoms of retinopathy (Taylor
et al., 2004; Beare et al., 2006; Milner Jr et al., 2014). These studies put misdiagnosis of the
condition at twenty three percent. These studies have subsequently suggested that inclusion of
four pathologic features of the retina during cerebral malaria would vastly enhance the definite
diagnosis of the condition. These abnormal features which can be determined through

ophthalmoscopy include retinal hemorrhages, papilledema, vessel changes and retinal whitening



(Taylor et al., 2004; Beare et al., 2006). Retinal whitening and vessel changes are specific to
cerebral malaria while the remaining two may be found in other diseases but their presence
together with retinal whitening or vessel changes may indicate poor prognosis with high risk of
death. Thus, the absence of malaria retinopathy may suggest an indefinite diagnosis of cerebral
malaria and/or an alternative cause of coma or death even with the demonstration of P.
falciparum parasitemia. Also in these studies, patients diagnosed with cerebral malaria using
malaria retinopathy as diagnostic index also showed significant cerebral sequestration of
parasitized erythrocytes which is a key feature in the pathogenesis of the disease (Lewallen et al.,

2000; Beare et al., 2006).

2.2 Pathogenesis of cerebral malaria

Despite being recognized as a multi-organ disease, the brain appears to be the most affected and
therefore several hypotheses to explain the pathogenesis have mostly centered on the
neurological abnormalities associated with the disease. Several plausible mechanisms to explain
disease development have been proposed but the overwhelming consensus is that no single
pathogenic feature is adequate to explain this clinical syndrome (van der Heyde et al., 2006).
Notable among these mechanisms/features are the sequestration of parasitized erythrocytes in the
microvessels of major organs of the body (MacPherson et al., 1985; Pongponratn et al., 2003;
Milner Jr et al., 2014; Milner et al., 2015), inflammatory responses resulting in multi organ
failure (van der Heyde et al., 2006), and defects in hemostasis (Moxon et al., 2009; Moxon et al.,

2014).
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2.3 The role of sequestration in cerebral malaria pathogenesis

Sequestration is a product of intricate upstream interactions mediated predominantly by proteins
expressed on the surfaces of parasite infected erythrocytes and receptors on the endothelium
(Turner et al., 1994; Auvril et al., 2012; Moxon et al., 2013). This typical binding of infected
erythrocytes to the endothelium is commonly referred to as cytoadhesion. Cytoadhesion results
in the formation of a growing mass of cells which are held firmly in place on/by the endothelium.
Consequently, infected cells may bind other infected and uninfected erythrocytes increasing the
growing mass of cells via processes referred to as autoagglutination (Roberts et al., 2000) and

rosetting (Mercereau-Puijalon et al., 2008) respectively.

Rosetting appears to be associated with severe malaria given that it is yet to be demonstrated in
parasites implicated in uncomplicated malaria (Rowe et al., 1995). Despite being considered a
severe disease phenomenon other studies have specifically demonstrated the ability of cerebral
malaria parasites to cause rosetting (Carlson et al., 1990). Rosetting has also been shown to

increase parasite density in severe malaria (Rowe et al., 2002).

Sequestration is also facilitated by a process termed platelet mediated clumping of infected cells.
Platelets contribute to the formation of this growing mass of cells by initially binding the
infected erythrocytes contributing to the size of the mass (Moxon et al., 2011) and also by acting
as a link between infected erythrocytes and the endothelium (Wassmer et al., 2004). Platelets
express on their surfaces CD 36 (Wassmer et al., 2004) and gC1gR/HABP1/p32 receptors which
can bind ligands on infected erythrocytes. The gC1gR/HABP1/p32 receptor has also been shown
to be expressed on endothelial surfaces, hence may bind infected erythrocytes directly to the
endothelium also facilitating sequestration (Biswas et al., 2007). Platelet mediated clumping has

been associated with severe disease including cerebral malaria (Wassmer et al., 2008).
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Evidence of sequestration in the microvessels of body has been overwhelmingly presented in
numerous studies demonstrating this feature as a significant contributor to the pathogenesis of
the disease. Sequestration has been observed in the brain, lungs, kidney, the gut and other organs.
With the exception of the brain and regardless of the high magnitude of sequestration observed
in the gut, there is seemingly no obvious pathology associated with the phenomenon in the other
organs of the body (MacPherson et al., 1985; Silamut et al., 1999; Moxon et al., 2013; Milner Jr

etal., 2014).

2.3.1 Significance of sequestration in the pathogenesis of cerebral malaria

In cerebral malaria, neurological abnormalities which appear to be pathognomonic are thought to
result from the obstruction of blood flow leading to hypoperfusion of tissues downstream of that
vessel. Hypoperfusion may eventually lead to ischemia which may potentially result in limited

supply of oxygen, production of lactic acid and endothelial damage.

Microvascular obstruction of blood flow has also been linked to red blood cell deformability
(Dondorp et al., 2004). Red blood cell deformability is a phenomenon which enable erythrocytes
in blood to go through smaller capillaries of the vascular bed without been impeded despite their
relatively bigger sizes than the capillaries they traverse. Normal erythrocytes have a diameter
ranging between 6-8 microns but can traverse capillaries with diameters as small as 3 microns
without been impeded (Mohandas et al., 1993). Thus, cells with reduced deformability become
rigid (Glenister et al., 2002) and may obstruct blood flow by plugging capillaries and forming

clumps (Dondorp et al., 2004).

Reduced deformability of cells has been observed among infected and uninfected erythrocytes

alike. A parasite protein called knob associated histidine rich protein (KAHRP) is inserted in the
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membrane of the erythrocyte during parasite development and this is believed to account for the
reduced deformability in infected cells (Glenister et al., 2002). For uninfected cells however this
does not happen obviously and that oxidative damage from increased oxidation of uninfected
cells during malaria has been ascribed to reduced deformability (Griffiths et al., 2001). Reduced
deformability has been associated with severe disease and has been shown to have a strong

predictive value of mortality (Dondorp et al., 1997; Cooke et al., 2004).

Sequestration besides enabling the parasite achieve better replication rates also enable it avoid
circulation through the spleen and consequently avoiding death via action of phagocytes and
destruction of abnormal erythrocytes in the spleen (Sherman et al., 2003; Mebius et al., 2005;

Milner Jr et al., 2014).

2.3.2 Variant surface antigens and receptors mediating sequestration

Cytoadherence of parasite infected erythrocytes to the endothelium which facilitates
sequestration is mediated by antigens expressed on erythrocyte surfaces and receptors on the
endothelium (MacPherson et al., 1985). These antigens have been traditionally referred to as
variant surface antigens (VVSASs) reflecting their highly diverse nature, expression on the surfaces

of erythrocytes and ability to bind cognate antibodies.

VSAs are produced during the erythrocytic cycle of the parasite where it exhibits high
metabolism and replication. This is also the stage where the signs and symptoms associated with
the disease are evident. This stage of the life cycle indicated in yellow in figure 2.1 begins when
merozoites are released into the blood stream upon the rupture of the matured schizonts at the
latter stages of the exo-erythrocytic cycle which occurs in the liver. These merozoites invade

fresh erythrocytes and enter the trophic phase where they are highly metabolic. This stage of the
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parasite is termed the trophozoite. The parasites mature and undergo 3-5 rounds of nuclear
divisions without cytokinesis in a process termed schizogony. It is during this stage that the
parasites begin to produce these variant surface antigens. These proteins are produced within the
cytoplasm of the parasite and are transported to the membrane of the erythrocyte where portions
are displayed on the surface of the erythrocyte. This process is intensified resulting in the
production of more variant surface antigens as the parasite matures further into a schizont. The
matured schizont which at this stage occupies the whole cytoplasm of the erythrocyte ruptures
and releases 8-32 immature parasites into the circulation called merozoites. These merozoites
invade new erythrocytes and begin the whole cycle again. The whole cycle from the merozoite
phase to the schizont stage may take 24-48 hours depending on the strain of the parasite and

conditions within the host.

Several gene families within the parasite genome have been shown to encode VSAs which are
structurally distinct (Scherf et al., 2008). The most popular of these gene families is the var gene
family which encodes Plasmodium falciparum Erythrocyte Membrane Protein 1 (PfEMP 1). The
other gene families known to encode VSAs include Stevor, Rif, Pfmc- 2 TM and Surf gene
families. The proteins they encode include stevor (Kaviratne et al., 2002), rifins (Kyes et al.,
1999), Pfmc- 2 TM (Sam-Yellowe et al., 2004) and surfins respectively (Winter et al., 2005).
Unlike PFEMP 1 which has been extensively studied and characterized, the exact biological roles

of the others are yet to be fully elucidated (Scherf et al., 2008).

PfEMP 1 has a molecular weight which ranges between 150 and 350 KDa. It is a highly complex
protein and comprises of at least two distinct structural domains called duffy binding like

domains (DBLs) and cysteine rich interdomain regions (CIDR) (Rask et al., 2010).
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Figure 2.1: Life cycle of Plasmodium falciparum

The blue arrows show the asexual phase of the cycle while the red arrows the sexual phase
which occurs in the definite host, the mosquito. The yellow rounded rectangular box shows the
phase of the asexual cycle (erythrocytic cycle) where variant surface antigens are produced.

These antigens are produced by the mature trophozoites and the schizonts.
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Some sequences within these domains have shown broad similarities and therefore have been
further divided into several subclasses. Some of these subclasses have been conserved over time
despite the high level of recombination during parasite replication. These conserved subclasses
have been referred to as domain cassettes (DC), of which 23 have been characterized so far

(Rask et al., 2010).

A few of these characterized DCs have been associated with disease syndromes and specific
binding phenotypes. DC 2 has been associated with placental malaria and a specific binding
phenotype (Salanti et al., 2003). Parasites isolates expressing this DC have been shown to bind
chondroitin sulphate A receptors on the placenta in a variant specific manner (Fried et al., 1996;
Salanti et al., 2003). Other DCs including 8 and 13 have also been linked with severe malaria
and a specific binding phenotype (Lavstsen et al., 2012). DC 8 and DC 13 bind endothelial
protein C receptors (EPCR) (Lavstsen et al., 2012). EPCR is expressed on the endothelium in
large quantities in major vascular beds of the body but in the brain, however, it has been shown
to be expressed in very low quantities. Recent studies have linked the loss of these receptors
which mostly occurred on sites of heavy sequestration to coagulation and inflammation in
cerebral malaria (Moxon et al., 2013). DC 4 and DC 5 have also been shown to bind intercellular
adhesive molecule 1 (ICAM 1) and platelet endothelial cell adhesive molecule 1 (PECAM 1)
respectively (Bengtsson et al., 2013; Berger et al., 2013). Both receptors have been shown to be
expressed in the brain and other parts of the body. ICAM 1 has also been shown to be

upregulated during cerebral malaria (Turner et al., 1994).

The var genes which encode PfEMP 1 is characterized into Groups A, B, C, B/A and B/C based
on the homology, position and orientation of sequences in the 5’ untranslated region (UTR) of
the gene. Group A and B genes encode VSAs involved in severe malaria (Jensen et al., 2004;
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Lavstsen et al., 2012) while Groups B and C have been shown to encode VSAs which bind CD
36. DC 8 and DC 13 which mediate severe malaria pathogenesis have also been shown to belong

to groups B/A and A respectively (Turner et al., 2013).

2.3.3 Antibodies to variant surface antigens

Variant surface antigens (VSASs) are highly immunogenic and hence, have the ability to induce
the production of antibodies in the host. These antibodies have been suggested to specifically
inhibit cytoadherence and consequently sequestration of parasite infected erythrocytes in the
lumen of the micro blood vessels (Ricke et al., 2000). Thus, associations have been made
between the levels of anti-VSA antibodies on one hand and susceptibility to infections and
protection from disease on the other. (Dodoo et al., 2001; Avril et al., 2012; Claessens et al.,
2012). Anti-VSA antibodies bind VSAs and may specifically target epitopes on domain cassettes
producing variant specific anti-DC antibodies. These antibodies have been shown to protect
against disease syndromes mediated by these domain cassettes (Berger et al., 2013). High levels
of anti-DC 5 antibodies have been suggested to protect against febrile malaria episodes and that
these antibodies are acquired early in life in areas where the transmission of malaria is high
(Claessens et al., 2012; Lavstsen et al., 2012). These studies suggest that age and intensity of
transmission may be determinants of levels and composition of a person’s repertoire of
antibodies. Indeed, studies have demonstrated that levels of antibodies and more so the spectrum
of antibodies increase as a person ages (Bull et al., 1998; Bull et al., 1999; Ofori, 2002). This
suggests that children in endemic regions may have lower levels and a narrower spectrum of
antibodies than adults in the same area. This may partly explain why children are more

susceptible to P. falciparum infections than adults.
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A common theme in malaria regarding VSAs is that, the disease is caused by parasite isolates
expressing VSAs for which the host has no corresponding antibodies (Bull et al., 1998; Bull et
al., 1999; Ofori, 2002) and that these parasites preferentially express VSAs mediated in severe
disease earlier while VSAs implicated in uncomplicated disease are expressed a bit later in life
(Nielsen et al., 2002; Cham et al., 2009). Thus, in children, severe disease is invariably common
and that immunity to these syndromes is thought to be acquired early in life. This phenomenon
of acquisition of natural immunity suggests that in areas of high malaria transmission this
process of acquisition of antibodies mediating immunity may be rapid (Snow et al., 1998;

Vestergaard et al., 2008).

Anti-VSA antibodies are generally accepted as been variant specific (Bull et al., 1998) but this
notion has been challenged by several other studies where evidence of the existence of cross
reactive antibodies have been shown. VSAs of particular parasite isolates have been shown to
induce antibodies that recognized VSAs of several other genetically distinct parasite isolates

(Giha et al., 1999; Ofori et al., 2002; Chattopadhyay et al., 2003; Elliott et al., 2007).

While it is evident that VSAS have the capacity to induce the production of antibodies, the levels
of these anti-VSA antibodies associated with specific disease syndromes have been unclear. On
one hand, studies have demonstrated the association of severe malaria syndromes with low levels
of anti-VSA antibodies (Tebo et al., 2002) while on the other hand, high levels of anti-VSA

antibody responses have been linked with severe disease (Theander et al., 2006).

2.4 The role of inflammatory mediators in the pathogenesis of cerebral malaria

Systemic immune response mediated by cytokines and/or immune effector molecules have been

suggested to be significant in the pathogenesis of cerebral malaria (Clark et al., 1994; van der
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Heyde et al., 2006). Strong arguments for the role of pro-inflammatory cytokines particularly
tumor necrosis factor (TNF) (Kwiatkowski et al., 1990; Brown et al., 1999; Akanmori et al.,
2000; Gimenez et al., 2003) and the immune effector molecule nitric oxide in contributing to this
multi-organ pathology have been made (Clark et al., 2003). Other mediators of the inflammatory
response which have been shown to act in a similar fashion include the pro-inflammatory
cytokines; interleukin 1 (IL-1) (Brown et al., 1999) and interferon gamma, and effector
molecules such as nitric oxide intermediates (NOI) (Weiss et al., 1998; Nmorsi et al., 2010).
Other studies have also shown the contribution of anti-inflammatory cytokines to the

pathogenesis of severe malaria (Lyke et al., 2004).

TNF is produced by monocytes, macrophages and lymphocytes, either via the direct induction by
parasites and their products (Pichyangkul et al., 1994) P. falciparum is known to produces
hemozoin as a bye product of metabolism and while also found within the infected erythrocyte is
another molecule called Glycosylphosphatidylinositol (GPI) otherwise known as the malaria
toxin. This GPI has been shown to directly stimulate the production of TNF a and IL-1 from
monocytes (Vijaykumar et al., 2001; Krishnegowda et al., 2005). However, the role of hemozoin
as a potent stimulator of immune response is not clear. Macrophages containing significant
amount of hemozoin were seen in the brain and other organs in postmortem studies of children
who died of cerebral malaria (Milner Jr et al., 2014). While studies have shown the capacity of
this molecule to induce macrophage productions of TNF there have also been evidence of

inhibition of primary functions of macrophages by this same molecule (Metzger et al., 1995).

Studies in Gambia and Ghana independently demonstrated high levels of TNF in cerebral

malaria patients compared with uncomplicated malaria patients. These studies also showed a
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significant rise in the levels of these receptors for this molecule (Kwiatkowski et al., 1990;

Akanmori et al., 2000).

Nitric oxide is a molecule produced when L-arginine is converted to L-citrulline. This reaction is
catalysed by nitric oxide synthase (NOS) which has three isoforms. These are inducible NOS,
endothelium NOS and neuronal NOS (Stuehr et al., 2006). NO is a popular vasodilator molecule
and a potent neurotransmitter (Tuteja et al., 2004) thus the overproduction of this molecule has
been associated with coma in cerebral malaria (Clark et al., 2003). NO has also been shown to
inhibit endothelial activation and platelet aggregation (Laroux et al., 2000; Loscalzo, 2001).
Postmortem studies of cerebral malaria patients have demonstrated inducible NOS in cerebral
vessels (Clark et al., 2003). NO intermediates were also found to be elevated in CSF of children
who died of cerebral malaria (Weiss et al., 1998) and have also been shown to be potent killers

of malaria parasites (Rockett et al., 1991).

Interferon gamma is another pro-inflammatory cytokine known to be a potent activator of
macrophages and other immune cells. Interferon gamma acts to induce the production of other
cytokines and effector molecules including TNF and NOI (Clark et al., 1997). Other cytokines
produced by macrophages under the influence of interferon gamma are IL-1 and IL-6. Inducible

NOS has also been shown to be produced by macrophages (Clark, 1987).

2.5 The role of hemostasis in the pathogenesis of cerebral malaria

Hemostasis is an intricate process which results in the formation of a blood clot and the
subsequent cessation of blood flow into surrounding tissues following damage to blood vessels.
The formation of the clot which seals any opening created in the vessels as result of the damage

is a sum of the synergistic processes of platelet aggregation and the conversion of fibrinogen to
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fibrin which provides a base to strengthen the platelet aggregate (Palta et al., 2014). Following
damage to a vessel wall, platelets adhere to cells adjacent to the opening of the vessel wall via
their binding to receptors. The platelets become activated following this process and this sets off
a feedback mechanism which results in the release of a number of molecules notably
thromboxane and von willibrand factor from platelets and the endothelium. These molecules
function predominantly in attracting and aggregating platelets at the site of the opening in the
vessel wall. The platelet aggregate forms a plug-like structure which eventually seals the opening
in the vessel (Heemskerk et al., 2002). Following the escape of blood into surrounding tissues
via the opening created by the damage to the vessel wall, blood coagulating factors specifically
factor VI is exposed to tissue factor (TF) expressed by surrounding tissues. TF binds factor VII
and results in the activation and amplification of a series of proteolytic reactions and the resultant
formation of factor X (Mackman, 2004). Factor X then binds activated factor V and becomes
activated resulting in the conversion of prothrombin to thrombin and the subsequent production
of fibrin from fibrinogen. Fibrin forms a meshwork around the platelet aggregates holding it
firmly in place. Platelet aggregation and production of fibrin occur rapidly and simultaneously to
stop bleeding into tissues and thereby restore the normal flow of blood through the vessels

(Heemskerk et al., 2002; Palta et al., 2014).

The clot formed at the site of injury is removed and subsequently replaced by tissue through the
action of fibrinolytic system and blood inhibitors of coagulation like anti-thrombin which
dissolves clots and maintain blood free of clot respectively (Ezihe-Ejiofor et al., 2013). Another
system, the anticoagulant system which is mediated by activated protein C and facilitated by
thrombomodulin receptor and endothelial protein C receptor also ensure that blood does not

contain clots by preventing its formation in the first place (Mosnier et al., 2007; Bouwens et al.,
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2013). Clots can block tiny vessels and thus obstruct blood flow through them. Thus, for
hemostasis to ensure that there is uninterrupted and normal blood flow through the vessels, a fine
balance between factors that favor the formation of clots and factors that preclude their

formation, should be maintained (Palta et al., 2014).

In cerebral malaria, postmortem studies have described the presence of hemorrhages, fibrin,
thrombi and accumulation of platelets in the capillaries of the brain and some major organs of the
body in children (Milner Jr et al., 2014). These suggest that hemostasis is poorly regulated in

cerebral malaria and may contribute to the pathogenesis.

Studies have also shown that thrombocytopenia, high levels of VWEF, prolonged prothrombin
time (PT) and partial thromboplastin time (PTT) are all features observed in cerebral malaria
patients. These features specifically suggest a defect in the pathways mediating coagulation
(Moxon et al., 2009). Evidence of a potentially defective anticoagulant system has also come to
light in recent studies on cerebral malaria pathogenesis. Loss of anticoagulant receptors such as
endothelial protein C receptor and thrombomodulin receptors on the endothelium of blood
vessels in the brain coupled with high levels of soluble forms in the CSF and plasma were
demonstrated in these studies. This invariably points towards a defective anticoagulant pathway
in cerebral malaria pathogenesis. Indeed, a model of the development of cerebral malaria
mediated by a potentially defective anticoagulant pathway has been proposed by the same

investigators (Moxon et al., 2013).

Endothelial protein C receptor (EPCR) and thrombomodulin (TM) are constitutively expressed
on the surfaces of the endothelium in most organs of the body but in the brain the quantity

expressed is relatively low. These receptors particularly EPCR mediate the protein C pathway
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which is divided into two main pathways: the anticoagulant pathway and the cytoprotective
pathway. The anticoagulant pathway functions to prevent thrombosis in blood while the
cytoprotective pathway functions to prevent inflammation, apoptosis, and endothelial barrier
dysfunction. Protein C circulates in the body in an inactive conformation and is activated through
the binding of thrombin. Activation of protein C is facilitated by the binding of TM to thrombin.
Activated protein C (APC) in the presence of protein S acts as a catalyst to proteolytically break
down activated factor V and VIII. The proteolytic consumption of these clotting factors and the
binding of thrombin by TM effectively shuts out the coagulation pathway ensuring that
thrombosis is prevented in blood. This anticoagulant pathway mediated by APC is greatly
enhanced when it binds EPCR. The binding of EPCR also confers anti-inflammatory and anti-
apoptotic properties to the endothelium while also protecting endothelial barrier loss and
leakage. EPCR mediate the cytoprotective pathway by proteolytically cleaving protease activated
receptor 1 (PAR -1) and setting off a series of reactions that leads to enhanced cell survival, anti-
inflammatory effects and enhanced endothelial barrier protection (Mosnier et al., 2007; Bouwens

etal., 2013).

In the pathogenesis of cerebral malaria, a theory has been proposed to explain pathological
observations in the brain such as hemorrhage, fibrin and thrombi which incidentally correlates
with diagnostic indices particularly retinal hemorrhage. Loss of TM and EPCR in the brain has
been shown in cerebral malaria patients. Given that there is already low constitutive expression
of TM and EPCR in the brain, the theory proposes that loss of these receptors lead to loss of
anticoagulant and cytoprotective effects mediated by TM and EPCR leading to hemorrhage,
deposition of fibrin and thrombi in the microvessels. This theory also explains the plausible roles

of other features of cerebral malaria pathogenesis like sequestration, inflammation, endothelial
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damage in pathological observations of the disease. Loss of receptors and marked fibrin
deposition were associated with heavy sequestration of parasite infected erythrocytes in the brain
suggesting that sequestration might have induced the loss of TM and EPCR. In the absence of
EPCR which is a key mediator of the cytoprotective pathway, thrombin activates PAR-1
(Coughlin, 2005) and upregulates the expression of key pro-inflammatory molecules such as IL-
6 and TNF with pleiotropic functions. These cytokines particularly TNF is a potent activator of
the endothelium and this may result in the production of vVWF and microparticles. Microparticles
are vesicle-like membranous structures formed from the plasma membrane of cells (Chironi et
al., 2009). Increased numbers have been shown to be associated with endothelial activation and
cerebral malaria (Combes et al., 2004). They have been shown to express TF on their surfaces

and this is crucial in thrombosis (Hrachovinova et al., 2003).

2.6 Endothelial damage

The endothelium is the innermost layer of blood and lymphatic vessels separating blood and/or
lymph from the surrounding connective tissues (Aird, 2007). The endothelium is comprised of a
monolayer of endothelial cells of varying structure. These cells exhibit a high degree of
structural variation to the extent that neighboring endothelial cells within the same vessel wall
may be different. They have been shown to vary in size and thickness, to shape and the
composition of cytoplasmic organelles (Muro et al., 2004) and molecules expressed on their
surfaces. Depending on the pattern of arrangement, presence or absence of holes and gaps
within/between individual/adjacent cells and the underlying basement membrane, the
endothelium has been described as continuous or discontinuous and with or without holes
(fenestrations). For a continuous endothelium, endothelial cells as well as the underlying

basement membrane are tightly linked to each other without gaps. A continuous endothelium
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may be fenestrated or not with the latter referred to as discontinuous fenestrated endothelium.
The marked variation in structure of endothelial cells between vessel walls in different tissues
and organs reflect the complexity of the endothelium and their myriad of mediating functions.
These functions include but are not limited to the regulation of hemostasis, movement of blood
cells and molecules across vessel walls to target tissues and organs, and regulation of immune

response (Aird, 2007).

The endothelium is widely recognized as metabolically active and given its plethora of
physiological functions one will expect an actively proliferating tissue. This is usually not the
case as the endothelium has been shown to be generally quiescent in healthy individuals (Aird,
2007). A significant alteration in endothelial functions during disease has been shown to result in
necrosis and/or apoptosis of endothelial cells. These dysfunctional endothelial cells may detach
from the endothelium precipitating a need for replacement and restoration of tissue integrity. In
the healthy host, this process of endothelial cell turnover is nearly non-existent with the turnover
of cells estimated to be less than one percent. Detached cells which may originate from a number
of different sites in the body ultimately make their way into circulation hence the name
circulating endothelial cells (CECs). The abnormal occurrence of these cells in the circulation
defines endothelial damage (Goon et al., 2004) and may be suggestive of a disease condition in
the host. This is particularly true when one considers that these cells are rarely seen in the
healthy host. More significantly levels of CECs as a potential marker of endothelial damage have
correlated with several other surrogate markers of endothelial damage particularly von willibrand
factor (vWF) (Nadar et al., 2005; Chong et al., 2006). Conversely, CECs rather than being a
consequence of disease may also be a cause of disease as have been suggested in other disease

conditions. In cancer, CECs may not reflect endothelial damage but may rather indicate
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angiogenesis, a process of new endothelium and blood vessel formation. It has also been shown
that detached endothelial cells rather than being senescent and dead cells may be viable cells
with the potential to proliferate. This has been demonstrated in sickle cell anemia where these

cells have been cultured with varying degrees of success (Solovey et al., 1997).

Several mechanisms have been proposed to explain the process of endothelial cell detachment.
Despite the differences in these mechanisms, loss of endothelial cells to the circulation appears
to result from the breakdown in cell to cell and/or cell to molecule communications or
interactions which results in loss of signals mediating cell survival (Re et al., 1994). The
endothelium is held to the connective tissues by an underlying basement membrane rich in
macromolecules which make up the extracellular matrix. Some of these molecules include
intergrins, collagen, laminin, fibronectin, vitronectin , vascular endothelium (VE) cadherin
among others (Timpl, 1989; Paulsson, 2008). Loss of endothelial cells has been observed in viral
infections and this has been linked to a break down in interactions between basement membrane
proteins and endothelial cells (\Visser et al., 1989; Grefte et al., 1993). The role of inflammatory
cytokines particularly tumor necrosis factor and interferon gamma have also been suggested to
result in the loss of endothelial cells (Ruegg et al., 1998). High levels of CECs were
demonstrated in blood of patients who have undergone medical procedures suggesting that cause

of endothelial damage or vessel wall injury could be mechanical.

In fact, the detection or the levels of CECs have been associated with endothelial damage in
disease with high levels suggested to be predictive of disease severity (Koc et al., 2005; Lee et
al., 2005). These have been demonstrated in a wide range of diseases including cardiovascular
diseases, immunological diseases and infectious diseases. High levels of CECs have been

enumerated in patients with unstable angina and acute myocardial infections (Mutin et al., 1999;
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Makin et al., 2004; Wang et al., 2005). Other related studies have also shown the utility of these
cells in predicting disease severity. In congenital heart disease, patients diagnosed with
irreversible pulmonary arterial hypertension recorded high levels of CECs in their blood
compared with patients with reversible pulmonary arterial hypertension. This appears to suggest
that endothelial damage may be more pronounced in patients with irreversible pulmonary arterial
hypertension (Smadja et al., 2009). High levels have also been shown in acute phase of other
cardiovascular diseases including stroke, artrial fibrillation (Nadar et al., 2005) and diabetes
mellitus (McClung et al., 2005). In vasculitis, studies have shown increasing levels and
decreasing levels of CECs in patients with acute vasculitis and patients recovering from the
disease respectively (Nakatani et al., 2003; Woywodt et al., 2003). High levels of CECs have
also been shown in autoimmune diseases like systemic lupus erythematosus and systemic
sclerosis. In rickettsia conorii infections, severe disease was associated with high levels of CECs.
Significant reductions in the levels of these cells were also demonstrated after treatment (George

etal., 1993).

Endothelial damage marked by the loss of endothelial cells from the endothelium is known to be
repaired by resident cells at the site of damage. These cells proliferate, generating new
endothelial cells with the capacity to migrate and incorporate into damaged sites (Hanahan et al.,
1996; Holash et al., 1999). Repair of damage has also been shown to be augmented where
necessary by bone marrow derived cells which are released into circulation and have the capacity
for proliferation, migration, differentiation into endothelial cells and incorporation into sites of
vascular damage (Asahara et al., 1997). These cells are termed endothelial progenitor cells. They
are different from CECs by virtue of being derived from the bone marrow and showing

properties of hematopoietic stem cells. Both cells have been differentiated by the expression of a
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combination of surface biomarkers (Duda et al., 2007). The mobilization of EPCs from the bone
marrow as well as a rapid rise in levels has been suggested to be induced by conditions that may

cause endothelial damage (Gill et al., 2001).

Levels of EPCs have also been associated with various disease conditions and in a few cases
have been used as prognostic index for disease (Vasa et al., 2001; Schmidt-Lucke et al., 2005;
Kung et al., 2016). Reduced levels of EPCs have been observed in cerebral malaria patients
compared with control groups which included uncomplicated malaria patients, severe malaria
anemia patients and healthy controls (Gyan et al., 2009; Oduro, 2015). Levels of EPCs in
cerebral malaria have been shown to increase as patients recover. Levels of these cells in these
patients were significantly high 7 days post recovery from coma (Oduro, 2015). Low levels of
endothelial progenitor cells have also been demonstrated in patients with systemic sclerosis
(Mok et al., 2010). Reduced levels have also been established in patients with chronic lung

disease (Fadini et al., 2006).

2.7 Measurement of biomarkers: Anti-VSA antibody responses, circulating endothelial

cells and endothelial progenitor cells

Antibody responses to variant surface antigens, circulating endothelial cells and endothelial
progenitor cells were measured using florescence-activated cell sorting (FACS) technique (Ofori,
2002; Gyan et al., 2009). FACS is a derivation of flow cytometry which combines cell sorting
abilities with the simultaneous measurement and analysis of multiple cell parameters or
characteristics. Thus, a basic flow cytometer is a machine that is able to simultaneously measure
and analyze multiple parameters of a cell which may include the size and internal granularity.

The ability to measure the physical properties of these cells is enhanced by a fluidics system of
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the flow cytometer that ensures that cells to be measured flow in a single file while they are
illuminated by a beam of laser light which may be produced from a single or multiple sources.
As each cell encounters the laser, light is either reflected, refracted or diffracted onto optical
filters which direct these signals onto detectors. The detectors in turn convert these optical
signals to electronic signals which is collected and analyzed by a computer.

Basic flow cytometer relies on the light scattering properties of cells to collect information on
physical properties of cells. Light which is diffracted from the surface of the cell is collected as
forward scattered light, the amount of which reflects the size of the cell. Similarly, light reflected
or refracted is collected as side scattered light which is proportional to the internal complexity of
the cell. Data collected on these light scattering properties is used to distinguish different
populations of cells in a heterogeneous mixture based on their size and internal complexity.

The ability of antibodies to be conjugated to fluorescent dyes and the property of these dyes to
absorb light of a particular wavelength and emit one of a different wavelength have been utilized
in flow cytometry to improve measurements and cell sorting abilities. Multiple properties of cells
expressing varying antigens or cell surface markers are measured and analyzed using the levels
of fluorescence emitted by these fluorescent molecules. Using these fluorescence and light
scattering properties of these cells a FACS machine can simultaneously measure, sort and
analyze different populations of cells.

Data generated from these analysis are usually presented as dot plots which can be further
analyzed by flow cytometry software. Subpopulations of cells indicated on these plots could be
further sorted out and analyzed by gating the subpopulations of these cells (Biosciences, 2000) as

illustrated in figure 2.2.
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Figure 2.2: FACS analysis of whole blood
FACS of whole blood and of whole blood after red blood cell (RBC) depletion. (a) Forward vs.
side scatter plot of whole blood showing a rather homogeneous distribution with no distinct
peaks due to red blood cell scattering. (b) Depletion of red blood cells reveals three distinct
subpopulations which can be identified as lymphocytes (47.6 %, red solid line), monocytes (3.7
%, dashed line) and granulocytes (38.7 %, dotted line) based on gating. Figure adapted from

previous FACS analysis studies (Otto et al., 2015).

2.8 Measurement of Plasmodium falciparum histidine rich protein 2 (PfHRP 2)

Plasmodium falciparum histidine rich protein 2 is a water soluble molecule produced by P.
falciparum (Wellems et al., 1986). This molecule is released by infected erythrocytes containing
all stages of the parasite (Parra et al., 1991). Thus, estimation of the concentration of this
molecule in the blood may reflect the total parasite biomass in a patient including parasites
which have been sequestered in the blood vessels and those found in circulation (Dondorp et al.,
2005). High concentrations of PfHRP 2 have been associated with severe malaria outcomes

while healthy control samples have been shown to contain insignificant levels of the molecule.
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More importantly, this molecule has been used to distinguish between severe outcomes of
malaria particularly cerebral malaria (Seydel et al., 2012). Using ELISA based techniques, the
total parasite biomass (parasite density) could be estimated by measuring the concentration of

PfHRP 2 in plasma of parasite infected patients (Dondorp et al., 2005).
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CHAPTER THREE

3 MATERIALS AND METHODS

3.1 Study design

The study design is case control hence subjects were recruited based on the presence and absence
of cerebral malaria. The cases included cerebral malaria patients while the controls comprised
healthy children, uncomplicated malaria patients and severe malaria anemia patients.
Uncomplicated malaria patients were recruited as part of the controls because of their potential
risk of developing cerebral malaria following diagnosis with uncomplicated malaria. Severe
malaria anemia which is also a complication of severe malaria was included as controls in order

that any effect due to cerebral malaria may be clearly distinguished from severe malaria anemia.

3.2 Study sites

Patients diagnosed with the various categories of malaria were recruited from hospitals within
Greater Accra region. These included Princess Marie Louise Hospital, La General Hospital,
LEKMA Hospital, Ridge Hospital and Tema General Hospital. Healthy children were recruited

from baby well/child welfare clinics and basic schools within and around the hospitals.

3.3 Duration of study/sampling time

Recruitment of patients into the study was carried out throughout the year primarily between
May and October of 2014 and 2015 which coincided with the main malaria transmission season.
Duration of study for individual subjects varied depending upon the nature of condition and time
of patient recovery. The mean time for individual patient participation was 15 days. Samples
were always obtained at the time of initial evaluation of the patient (day 0) regardless of the

nature of condition, and on day 14 for cerebral malaria (CM) patients and uncomplicated malaria
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(UM) patients. For cerebral malaria (CM) patients, a follow up sample was only obtained

fourteen days after treatment initiation and post recovery from the coma.

3.4 Description of subject participation and methods for collecting specimens and data

Malaria patients between the ages of 1 and 12 years reporting for medical care were screened

[recruited by rotating teams of study nurses and clinicians in study affiliated hospitals.

Two milliliters of venous blood was obtained from each study subject by the clinicians with
appropriate consent from the patient/parent. Patients were screened for moderate or severe pallor
on clinical examination. Children with hemoglobin levels of 7g/dL or less and who were
hemodynamically stable were recruited into the study. Children not meeting this criteria were
excluded. For children with severe malaria anemia, hemoglobin levels were invariably below 5
g/dL and therefore required transfusion. For these cohorts, a sample was only taken when the

patient was stable and with the approval of the pediatrician, immediately before transfusion.

3.5 Primary outcomes measured

The primary outcome variables measured were plasma anti-VSA antibody responses and levels
of circulating endothelial cells and endothelial progenitor cells. Figure 3.1 shows time points at

which samples were taken.
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Figure 3.1: Time points for sample collection

Time points at which samples for each group were taken. Black arrows heads represent specific
time points. For CM, samples were taken fourteen days following treatment initiation and post

recovery from coma. For HC and SMA samples were only taken at one time point (day 0).
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3.6

3.6.1

3.6.2

Inclusion/Exclusion Criteria

Specific Inclusion criteria

Clinical Malaria: Presentation at a clinic with a history of fever or current fever
(axillary temperature > 37.5°C) plus 5 or more P. falciparum parasites per high
power field (HPF) (approx. 2500 /microliters). No other obvious cause found for the
fever.

Cerebral Malaria: Unconscious, with a Blantyre coma score (BCS) of < 3 and
duration of coma of at least 60 minutes, hemoglobin value > 5g/dL, no record of
recent severe head trauma or other cause of coma or neurological diseases including
meningitis/encephalitis (was assessed by culture of cerebrospinal fluid).
Uncomplicated Malaria: Clinical malaria without any WHO criteria for severe
malaria such as severe malaria anemia or respiratory distress. Patients were monitored
briefly in the outpatient clinic at the discretion of the study physician prior to
returning home; however, uncomplicated malaria patients were not hospitalized.
Severe Malaria Anemia: Clinical malaria with hemoglobin < 5g/dl without any
WHO criteria for other severe malaria syndromes such as cerebral malaria or
respiratory distress.

Healthy Controls: No signs and symptoms of clinical malaria. Additionally, there

should be no demonstration of parasites in the blood using microscopy.

Specific Exclusion Criteria

Parent, guardian or proxy unable to give informed consent.

Unwillingness to comply with requirements of the protocol.
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e Evidence of concomitant infection at time of enrollment including
meningitis/encephalitis and bacteremia.

e History of any underlying disease that compromised the diagnosis and outcome of the
illness including chronic viral infection, chronic weight loss, diarrhea.

e Diseases/conditions known to alter levels of EPCs or induce endothelial damage:
recent severe bleeding, sickle cell disease or trait, evidence of bacterial or viral
infection, history of diabetes mellitus , cardiovascular disease, Hypertension or
hypercholesterolemia, surgery within 1 month, bone fracture within 3 months, major

trauma within 1 month (e.g. car accident), blood transfusion within 3 months.

3.7 Sample Size

The number of study participants required for this study was 185. This was determined by the
formula below using the estimated prevalence of malaria in 2013 among children in sub-Saharan
Africa. The prevalence of malaria was estimated to be 14 percent WHO (2014). The calculated
sample size number was reduced to 80 as a result of the relatively low prevalence of severe
malaria and the potential difficulty in recruiting these number of subjects particularly cerebral
malaria patients within the period allotted for the study. In all, seventy two study participants

were successfully recruited into the study.

t2xpx(1-
N = pz( p)
m

N - Sample size
t - Confidence level of 95% (standard value of 1.96)

m - Margin of error of 5% (standard value of 0.05)
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p - Estimated prevalence of disease to be studied
3.8 Laboratory evaluations / assays

Patients with suspected malaria had laboratory tests done as required for routine care including:
Full blood count, blood film for malaria parasites, sickle cell anemia test, blood cultures and
cerebrospinal fluid cultures supplemented with biochemistry tests in patients with suspected
cerebral malaria. In addition, two milliliters of peripheral blood was drawn for study related

tests. Blood was collected into EDTA and heparin microtubes for further processing.

3.8.1 Processing of samples

Blood containing EDTA was spun at 1500 rpm for 10 minutes at 4°C but only after an aliquot
has been taken for the estimation of levels of circulating endothelial cells and endothelial
progenitor cells. The resulting plasma and RBC pellets were separated into cryovials and stored
at -30°C. Blood collected into heparin containing microtube was spun at 1000 RCF for 15
minutes at 4°C. Plasma was stored at -30°C for later use. To the resulting RBC pellets, equal
volume of freeze mix was added and stored in liquid nitrogen at — 196°C for later use. Processing
of samples was carried out in Biosafety Cabinets (BSC) and aseptic protocol in handling these

samples were followed diligently.

3.8.2 Estimation of levels of circulating endothelial cells and endothelial progenitor cells

Volumes of 2 microliters and 4 microliters each of blocking antibodies were added to two
separate sets of falcon tubes comprising of four and two tubes respectively. Fifty microliters of
blood samples collected in EDTA were added to each tube in the first set. To the second set of
tubes, 100 microliters of blood was added. Tubes were vortexed gently at low speed for 10

seconds and then incubated at 4°C for 10 minutes. Three microliters of conjugated monoclonal
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antibodies (BD biosciences, San Jose, California) were then added after incubation. The mixture
was vortexed for 10 secs and incubated again at 4°C for 30 minutes. Pipetting and incubation
were carried out in the dark to protect samples from light. Details of addition of fluorescent dye
conjugated monoclonal antibodies are shown below in table 3-1. Following incubation, tubes
were vortexed for 10 seconds and lysed with BD FACS lyse solution. Two milliliters of FACS
lyse buffer was added to all tubes. Again, tubes were vortexed and incubated for 10 minutes at
room temperature. Tubes were centrifuged at 1500 rpm for 7 minutes at 15°C. The resulting
supernatant was discarded and the pellets re-suspended in 3 milliliters cold FACS flow at 4°C.
The washing procedure was repeated and the resulting cells re-suspended in 250 microliters of
cold FACS flow for acquisition of events. Using a Flow cytometer, 100000 events and 250000
events were acquired for the first and second sets of tubes respectively. Endothelial progenitor
cells comprised percentage of cells among the population of leucocytes expressing these unique
combination of cell surface biomarkers: CD45dimVEGFR2+CD34+CD133+ while circulating

endothelial cells expressed on their surfaces CD11b, CD34+CD133+CD31bright.
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Table 3.1: Monoclonal antibodies for circulating endothelial cells and endothelial progenitor cell

surface markers, and controls

Flourescein Phycoerythrin Peridinin Allophycocyanin
isothiocynate conjugated chlorophyll conjugated
Tube conjugated monoclonal conjugated monoclonal
monoclonal antibody | antibody monoclonal antibody | antibody
(Vol. 3ul) (\Vol. 3ul) (Vol. 3ul) (Vol. 3ul)
1 Unstained (Remains at 4°C)
2 M-1gG1 k M-1gG1 M-I1gG1k M-1gG
3 R-1gG 2b M-1gG1 M-1gG1k M-1gG
4 CD 15 CD 14 CD 4 CD8
5 CD 11b CD 133 CD 34 CDh 31
CD 309 (VEGFR-
6 CD 45 CD 133 CD 34

2)
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3.8.3 Cultivation of parasites

Cryovials containing infected erythrocytes which had been preserved in freeze mix was removed
from storage and placed in a 37°C water bath for 2 minutes to thaw. The thawed sample was then
spun at 1500 rpm for 10 minutes. The resulting supernatant was collected and discarded. To the
remaining RBC pellets, an equal volume of parasite thawing mix was added. The mixture was
again spun at 1500 rpm for 10 minutes, and the resulting supernatant was collected and discarded
as done before. 500 microliters of complete parasite medium (CPM) was then added, mixed
gently and again spun at 1500 rpm for 10 minutes. The supernatant was collected and discarded
again, after which 1 milliliter of CPM was finally added to complete the thawing procedure.

Parasites were now ready for inoculation into culture flasks.

Five milliliters of complete parasite medium (CPM) was added to the sterile T-25 tissue culture
flasks obtained from BD Biosciences. To this flask containing CPM, a volume of erythrocytes
containing parasites and 200 microliters of packed erythrocytes were added. The mixture was
then flushed gently with a special mix gas preparation for 30 seconds after which the flask was
tightly capped and incubated at 37°C. Flask was labeled accordingly with date and specimen ID.
CPM used was warmed to 37°C before use. Again, these procedures were carried out in a

Biosafety Cabinet. All aseptic and safety protocols were properly followed.

Complete parasite medium was changed after 48 hours following inoculation of parasites and
thereafter, changed on a daily basis to replenish used up nutrients in the media. Five milliliters of
CPM was added following removal of used up media. A thin film slide was also prepared from
the resulting erythrocyte pellets prior to addition of fresh media (CPM). Slide was stained
accordingly, and the parasitemia and conditions of the parasite determined. Following addition of

fresh media and flushing of mixture with a gentle flow of special mix gas, the flask was
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incubated at 37°C. Flask was sub cultured when the parasitemia was determined to be more than
two percent. All samples were aseptically processed in biosafety cabinets using recommended
protocols. Details of the preparation of culture media and other reagents used is provided in

appendix C.

3.8.3.1 Staining and determination of parasitemia

Properly prepared thin film slides from erythrocyte pellets of culture flasks were fixed in
methanol for 30 seconds after adequately dried. The fixed smears were allowed to dry after
which, they were stained with a 10 percent working solution of Giemsa stain for 10 minutes.
Following staining, the slides were allowed to dry completely and parasitemia determined
accordingly. Parasitemia, which denotes the percentage of infected erythrocytes equals the
number of infected erythrocytes counted, divided by the total number of erythrocytes counted all
multiplied by 100. A minimum of 500 cells were counted. Multiple infected cells as well as
gametocyte infected cells were not included. Flasks that had more than 2 percent parasitemia

were subcultured accordingly.

3.8.3.2 Subculturing of parasites

Parasitemia approximating 2 percent in a flask was reduced to 1 percent by inoculating a new
flask with a volume of blood from the old flask. This was done to ensure that, rate of growth of
parasites were not affected. The volume of blood required to achieve a parasitemia of 1 percent
in both flasks were determined. Packed RBCs were added to both flasks to maintain the 4
percent hematocrit required. Five milliliters CPM was then added and the mixture gently flushed
with a special gas mix for 30 seconds. Both flasks were then incubated at 37°C. Media were

changed regularly on a daily basis.
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3.8.4 Separation of late stage parasite infected erythrocytes

Parasite infected erythrocytes containing late trophozoites and schizonts were separated from
uninfected cells and ring stages of the parasite by subjecting the cultures of appropriate
parasitemia to Magnetic Activated Cell Sorting (MACS; Miltenyi BioTec, Bergisch Gladbach,
Germany) technique (Radbruch et al., 1994). MACS provide a high gradient magnetic field
enabling malaria pigment producing parasites to be purified. Cultures approximating 4%
parasitemia and containing sufficient late stage parasites (pigment producing parasites) were
used. Cultures were centrifuged at 2000 rpm for 5 minutes. The supernatant was then discarded
leaving behind the resulting erythrocyte pellets. The pellets were re-suspended in 2 milliliters of
2 percent FCS/PBS and loaded on top of the MACS column which had previously been
incubated with 2 percent FCS/PBS for 10 minutes. The complete MACS set up comprised the
iron filings containing Size C MACS column held in position between two magnets on the
MACS equipment and a three way stopcock connected to the column. The three way stopcock
was fitted with a 10 milliliters syringe and a 21 G pore size needle. Openings on the stopcock

were regulated using a knob fitted on the device.

Loaded pellets containing infected erythrocytes were allowed to fully migrate into the matrix of
the column. The matrix is the portion of the column containing the iron filings. The loaded
pellets were incubated for 10 minutes in the column ensuring that pigment containing parasites
were adequately attracted and held onto the iron filings within the magnetic field. Following
incubation, the column was then washed with 50 milliliters of 2 percent FCS/PBS through the

previously closed opening between the needle and the column.

To harvest pigment containing parasites, the column was completely removed from the MACS

equipment and the needle disconnected from the three way stopcock. The column was then
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inverted with the larger opening facing over a 50 milliliters falcon tube and using the syringe
connected to the three way stopcock, the eluate was collected into the tube by flushing 50
milliliters of 2 percent FCS/PBS. The eluate was centrifuged at 1500 rpm for 10 minutes and the

concentration of the harvested parasites determined.

3.8.5 Determination of concentration of parasites

Following centrifugation of the eluate, the resulting pellets were resuspended in 3 milliliters of 2
percent FCS/PBS. An aliquot of 20 microliters was reconstituted to 200 microliters. Parasites
were counted using a calibrated counting chamber, counting all four large corner squares. The
average number of cells/square as well as the dilution factor was calculated. From the resulting
values, the concentration (cells/milliliters) was determined using the formula below. The

concentration was then adjusted such that an aliquot of 100 microliters contained 2x10° cells.
Concentration (cells/milliliters) = Average number of cells/square x Dilution factor x 10
Average number of cells/square = Number of cells/ number of squares

Dilution factor = Final volume / initial volume

3.8.6 Measurement of plasma anti-VSA antibody responses

Following adjustment of the concentration to 2x10° cells, a 100 microliters aliquot was added to
5 microliters of plasma from both patients and control samples. Control samples included plasma
samples from donors who have not been exposed to any form of Plasmodium spp. infections and
plasma from adults who live in malaria endemic areas. Five serial five-fold dilutions were
prepared for the plasma pool of positive control. Plasma and parasite preparation was then

incubated for 30 minutes at 5°C. Following incubation, the tubes were washed by adding 2
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milliliters of 2 percent FCS/PBS, centrifuged at 2000 rpm for 5 minutes and the resulting
supernatant discarded. Washing of tubes containing the parasites and plasma were repeated
twice. Cells were re-suspended by gently agitating the tubes after each washing step. 100
microliters of Goat Anti-Human IgG-FITC conjugated (Dako, Glostrup, Denmark) and Ethidium
bromide in the preparation 1:100 + 20 microliters/milliliters respectively was added thereafter
and also incubated for 30 minutes at 5°C. Following incubation tubes were washed twice as
described above. Cells were then re-suspended in 200 microliters of washing buffer and acquired
using a Flow Cytometer (BD FACS Calibur, San Jose, California). Ten thousand cells were

acquired with results expressed as median fluorescence intensity (MFI).

3.8.7 Measurement of Plasmodium falciparum histidine rich protein 2 (PfHRP 2)

Plasmodium falciparum histidine rich protein 2 was estimated using a quantitative sandwich
enzyme immunoassay technique. Samples and reagents including but not limited to working
standards and controls were brought to room temperature and prepared based on instructions by
Kit manufacturers (R & D Systems Inc., Minneapolis, Minnesota). One hundred microliters of
assay diluent was added to wells which had been pre-coated with antibodies specific for the
analytes immediately before the addition of the samples, working standards and controls. For
each well, 100 microliters was added. Following this step, the plate was covered with an
adhesive strip provided. The position of reagents and samples were then recorded on a
microplate template provided. The plate was then incubated for two hours at room temperature
on a horizontal orbital microplate shaker (0.12” orbit) set at 500 + 50 rpm. The contents of the
well were aspirated following incubation and the plates washed with a washing buffer (0.05%

Tween 20 in Phosphate Buffered Saline). The washing step was repeated three times making a
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total of four washes. To ensure that there was no washing buffer left behind, the plates were

inverted and blotted with a clean paper towel.

Two hundred microliters of enzyme linked antibody specific for the analytes were added to the
wells, covered with an adhesive strip and then incubated as described above. Again following
incubation, the plates were aspirated and washed four times as described above. The plates were
then blotted using a clean paper towel. The aspiration, washing and blotting steps ensured that
unbounded substances were completely removed. Next, 200 microliters of substrate solution was
added to each well, and incubated for 30 minutes in the dark. The reaction between the enzyme
and the substrate was stopped by adding 50 microliters of stop solution to the wells. This resulted
in a change in color from blue to yellow in the wells with varying intensities. The optical
densities of the wells were then determined using a microplate reader (EL808 BioTek, Winooski,
Vermont) set at 450nm. The levels of HRP 2 were determined from the optical densities

recorded.

3.9 Statistical analysis

Flow cytometry data was analyzed using FlowJo Software Version 10 (FlowJo LLC, Ashland,
Oregon). Results for levels of anti-VSA antibody responses were presented as median
florescence intensity (MFI) while that of levels of circulating endothelial cells and endothelial
progenitor cells were presented as percentage of cells analyzed. All subsequent analysis were
carried out using GraphPad Prism Software Version 5.01 (GraphPad Software, Inc., San Diego,
California) and SigmaStat Software Version 3.5 (Systat Software, Inc., San Jose, California).
Graphs summarizing data were drawn using GraphPad Prism Software Version 5.01. For

comparisons of means between two groups with matched samples, Wilcoxon sign ranked test
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was used. Analysis of variance (ANOVA) was used for comparisons between three or more
groups. When the differences between groups were found to be statistically significant, Tukey’s
multiple comparison test were carried out to determine differences between paired groups.
Calculations of ANOVA were preceded by log transformation of data when there was evidence
for violation of normality and equal standard deviation assumptions. The former was satisfied if
the absolute values of skewness and kurtosis were less than two and nine respectively (Schmider
et al., 2010). For the latter, a value of approximately two for the ratio of the largest to the
smallest sample standard deviations was considered satisfactory (Weiss et al., 2008). Logistic
Regression model was used to test for relationship between the development of cerebral malaria
and the estimated markers. Continuous variables were accordingly transformed to their
standardized versions (z scores) prior to testing. With the exception of Hosmer-Lemeshow test

(H-L test) p < 0.05 was considered significant.
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4 RESULTS

4.1 Clinical characteristics

Clinical characteristics of approximately sixty four subjects for which there were available data

have been summarized below. The number of subjects (sample size) for each group varied for

CHAPTER FOUR

each parameter or characteristic depending on available data.

Table 4.1: Summary of clinical data obtained from the study participants

Clinical o Cerebral Severg Malaria Uncor_nplicated Healthy Controls o value
Characteristics Malaria Anemia Malaria

n=17 n=14 n=8 n=25
Age, mean = SD 5.35+3.20 2.62+1.28 6.57 £ 2.99 8.16 £ 3.81 0.0002
Min age, max age 0.67, 12.00 1.00, 6.00 3.00, 11.00 1.5,12.0
Male sex, n (%) 13 (76.47) 7 (50) 6 (75) 12 (48)
Other findings, mean + SD
Hemoglobin, g/DL | 8.53 + 2.67 439+0.62*** | 11.00+£1.16 ** 12.18 £ 0.79 *** <0.0001
Platelets x 10%/uL 122.30 + 147.80 | 115.20 + 71.43 | 174.4 + 113.90 329.90 £ 77.78 *** | <0.0001
WBC x 10%/uL 10.79 £ 6.81 12.81+7.64 7.25+£222 7.07 £ 3.46 0.0074
Parasite density 3002 + 3021 1648 + 2288 A7/ as el 5 0.0042

SD, Standard deviation; sample size (n), For each variable differences between study groups
were calculated using one way analysis of variance. Asterisks indicate post hoc test analysis
between groups with cerebral malaria group as a comparison group. *p» < 0.05; **p < 0.001,

wk%p < (.0001.
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4.1.1 Age and gender

The study participants which included approximately forty one percent females were between the
ages of 8 months and 12 years. There were statistically significant differences in ages between
the groups (ANOVA, F(3,57) = 7.74, p = 0.0002). Post hoc tests indicated that, the mean age of
SMA patients (M = 2.62, SD = 1.28) was significantly lower than both UM (M = 6.57, SD =
2.99) and HC (M = 8.16, SD = 3.81). There were no significant differences between the other
groups. Overall, these results suggest that with the exception of SMA patients, all the other study

groups were similar in age.

4.1.2 Hemoglobin levels

Comparison of the mean hemoglobin levels between the groups revealed that there was a
significant difference between the groups. (ANOVA, F(3,60) = 93.16, p < 0.0001). Post hoc
analysis revealed that the mean level of hemoglobin in the HC cohort (M = 12.18, SD = 0.79)
was significantly higher than UM (M = 11.00, SD = 1.16), CM (M = 8.54, SD = 2.67) and the
SMA group (M = 4.39, SD = 0.62). As expected the SMA group had the lowest level of

hemoglobin and was significantly lower when compared to the other groups.

4.1.3 Platelets

Mean platelet levels when compared between the groups showed that the differences were
statistically significant (ANOVA, F(3,60) = 21.3, p < 0.0001). Post-test analysis indicated that
the mean levels of platelets were significantly higher in HC (M = 329.9, SD = 77.78) group than
CM (M = 122.3, SD = 147.8), SMA (M = 115.2, SD = 71.43) and UM group (M = 174.4, SD =

113.9). There were no significant differences in the other groups.
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4.1.4 Parasite density

Parasite density was estimated by measuring the levels of Plasmodium falciparum histidine rich
protein 2 (PfHRP 2) in samples obtained from the study participants. The levels of PTHRP2 were
significantly different between the malaria groups (ANOVA, F(2,32) = 6.53 , p = 0.004). Post
hoc test analysis revealed that the levels of PfTHRP 2 were lower in the UM group (M= 178, SD =
332) compared with both CM (M= 3002, SD = 3021) and SMA groups (M= 1648, SD= 2288).

There were no significant differences between CM and SMA groups.
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4.2 Marked variation in anti-VSAcwm antibody responses between study groups

One of the core objectives of this study was to determine the levels of antibody responses to
variant surface antigens (VSA) of parasite isolates obtained from cerebral malaria (CM) patients
as well as other parasite isolates obtained from uncomplicated malaria (UM) patients and severe
malaria anemia (SMA) patients. For all the VSAs of the three isolates tested, there were
significant differences in the mean levels of plasma anti-VSAcwm antibody responses between the
study groups (ANOVA, CMy, F(3, 66) = 2.78, p = 0.048 ; CM, F(3, 66) = 4.50, p = 0.006 ;
CMs3, F(3, 68) = 2.88 p = 0.042). Post hoc test revealed that, for the CMs parasite isolate, the
mean level of anti-VSAcwm antibody responses was higher in the CM group than the HC. There
were no significant differences in mean levels of anti-VSA antibody responses between the other
paired groups. For CM; isolate, the mean level of anti-VSAcm antibody responses among the
SMA group was significantly higher when compared with the HC. There were no differences in
the mean levels of anti-VSA antibody responses between the other paired groups. The pattern of
anti-VSAcwm antibody responses for CM1 isolate was different as there were no differences in the
mean levels of anti-VSA antibody responses between the groups after pairwise comparisons. The
variation in the anti-VSAcwm antibody responses between the groups for all three parasite isolates

is illustrated in figure 4.1.
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Figure 4.1: Levels of antibody responses to variant surface antigens of three parasite isolates

obtained from cerebral malaria patients.

The column bars represent the mean levels of antibody responses to the variant surface antigens

among the study groups while the error bars represent their corresponding standard deviations.
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4.3 Levels of anti-VSAum responses is higher in cerebral malaria patients than

uncomplicated malaria patients and healthy controls

Having evaluated the pattern of anti-VSAcwm antibody responses between the study groups,
plasma from the study participants comprising 18 cerebral malaria (CM) patients, 15 severe
malaria anemia (SMA) patients, 9 uncomplicated malaria (UM) patients and 28 healthy controls
(HC) patients were tested against VSA of a parasite isolate obtained from a patient who had been
diagnosed with UM. There were significant differences in the levels of anti-VSAum antibody
responses between the groups. (ANOVA, F(3,66) = 4.28, p = 0.008). Post hoc test analysis
revealed that the level of anti-VSAuwm antibody responses was higher among CM group than the
UM and HC groups. There were no differences in the levels of anti-VSA antibody responses
between the other paired groups. The means and standard deviations of the levels of anti-VSA

antibody responses between the groups are shown in figure 4.2.
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Figure 4.2: Levels of antibody responses to variant surface antigens of a parasite isolate obtained

from an uncomplicated malaria patient.

The column bars represent the mean levels of antibody responses to variant surface antigens of

the parasite isolate while the error bars represent their corresponding standard deviations.
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4.4 Levels of anti-VSAswva antibody responses is higher in cerebral malaria patients than

the other study groups

To determine the levels of anti-VSAswma antibody responses among the study groups, plasma
obtained from the study participants were tested against VSA of a parasite isolate obtained from
a patient who had been diagnosed with severe malaria anemia. Samples for which there was
adequate plasma included 17 from cerebral malaria (CM) patients, 15 from severe malaria
anemia (SMA) patients, 8 from uncomplicated malaria (UM) patients and 27 from healthy
controls (HC). There were significant differences in the mean levels of anti-VSAswa antibody
responses between the study groups. (ANOVA, F(3,63) = 22.24, p < 0.0001). Post hoc test
analysis revealed that the level of anti-VSAswa antibody responses was higher in the CM group

than SMA, UM, and HC. This is illustrated in Figure 4.3.
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Figure 4.3: Levels of antibody responses to variant surface antigens of parasite isolates obtained

from a severe malaria anemia patient.

The column bars represent the mean levels of antibody responses to the variant surface antigens

among the study groups while the error bars represent their corresponding standard deviations.
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4.5 There is no association between acute phase and convalescent phase plasma anti-VSA

antibody responses

Two sets of six separate convalescent phase plasma samples were obtained from cerebral malaria
patients and uncomplicated malaria patients who were successfully followed up till day 14.
Convalescent phase samples from uncomplicated malaria patients (UM) were obtained fourteen
days post initial evaluation of the patient and initiation of treatment. There were no significant
differences in the levels of anti-VSA antibody responses to the VSAs tested between acute phase
and convalescent phase samples obtained from both the CM and the UM patients (Wilcoxon
signed rank test, p < 0.05). Figure 4.4 and 4.5 shows the levels of anti-VSA antibody responses
between acute phase and convalescent phase samples obtained from CM and UM patients

respectively.
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Figure 4.4 : Levels of acute phase and convalescent phase plasma anti-VVSA antibody responses

of cerebral malaria patients.

Variant surface antigens of the parasite isolates were obtained from patients who had been
diagnosed with cerebral malaria, as well as patients diagnosed with severe malaria anemia and
uncomplicated malaria. The column bars represent the median levels of anti-VSA antibody
responses for the cerebral malaria patients while the error bars represent the interquartile
range. The levels of anti-VSA antibody responses to the various VSAs are shown on the y-axis

and the VSAs of the various parasite isolates are shown on the x-axis.
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Figure 4.5: Levels of acute phase and convalescent phase plasma anti-VSA antibody responses

of uncomplicated malaria patients.

Variant surface antigens of parasite isolates were obtained from patients who had been
diagnosed with cerebral malaria, as well as patients diagnosed with severe malaria anemia and
uncomplicated malaria. The column bars represent the median levels of anti-VSA antibody
responses for the uncomplicated malaria patients while the error bars represent the interquartile
range. The levels of anti-VSA antibody responses to the various VSAs are shown on the y-axis

and the VSAs of the various parasite isolates are shown on the x-axis.
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4.6 Levels of circulating endothelial cells and endothelial progenitor cells

To determine the level of endothelial damage and repair during cerebral malaria, circulating
endothelial cells (CEC) as well as endothelial progenitor cells (EPC) were measured in seventy
two study participants. But following log transformation of the data to satisfy assumptions of
normality and equal standard deviations for ANOVA test, values for 13 samples were removed
from the final analysis for the levels of CECs. Similarly, values for 6 samples were also removed
from the analysis involving levels of EPCs. There were no significant differences in the mean
levels of CECs between the groups (ANOVA, F(3,55) = 2.293, p = 0.088). The mean levels of
CECs among the study groups and their standard deviations are illustrated in figure 4.6. There
were marked differences in the mean levels of EPCs among study groups (ANOVA, F(3,62) =
2.924, p = 0.041). Post hoc analysis indicated that the levels of EPCs were significantly higher in
the UM group than the CM group as depicted in figure 4.7. There were no differences between

the other groups following pairwise comparisons.
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Figure 4.6: Levels of circulating endothelial cells among the study groups

The column bars represent the mean levels of CECs while the error bars represent their

standard deviation
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Figure 4.7: Levels of endothelial progenitor cells among the study groups

The column bars represent the mean levels of endothelial progenitor cells while the error bars

represent their standard deviations
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4.7 Development of cerebral malaria is negatively associated with the levels of endothelial

progenitor cells

The aim of this study was to determine the relationship between the development of cerebral
malaria and the levels of anti-VSA antibody responses, levels of circulating endothelial cells and
endothelial progenitor cells. To this end, multiple logistic regression analysis was performed to
model the impact of these biomarkers on the likelihood of a healthy child developing cerebral
malaria and/or a child initially diagnosed with uncomplicated malaria progressing to cerebral
malaria. A three-predictor logistic regression model indicated that the development of cerebral
malaria by an uncomplicated malaria patient had a negative association with the levels of EPCs
when the values for the other biomarkers were held constant. This result suggested that for every
unit increase in the levels of EPCs the odds of an uncomplicated malaria patient developing
cerebral malaria was lowered by 0.09. However, there were no associations between the
development of cerebral malaria and the levels of circulating endothelial cells and levels of anti-
VSA antibody responses. The detailed results of the logistic regression analysis for a UM patient

and a healthy control is presented in Table 4.2 and 4.3.
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Table 4.2: Logistic regression analysis of the impact of the levels of biomarkers on the

development of cerebral malaria by uncomplicated malaria patients

Predictor Coefficient Standard Wald value Odds 5% Conf.  95% Conf.
Error Statistic P Ratio Lower Upper

Constant 2.643 1.584 2.783 0.095 14.060 0.630 313.768
Anti-VSA 1.172 1.512 0.601 0.438 3.229 0.167 62.537
CEC 3.825 2.600 2.164 0.141 45.840 0.280 7491.951
EPC -2.442 1.201 4.136 0.042 0.087 0.008 0.915
Test 12 p value
Overall model evaluation

Likelihood ratio test 12.689 0.005
Goodness-of-fit test

Hosmer & Lemeshow test 12.172 0.144
Reference response : UM

Table 4.3: Logistic regression analysis of the impact of levels of the biomarkers on the
development of cerebral malaria by healthy children

Predictor Coefficient Standard Wald value Odds 5% Conf.  95% Conf.
Error Statistic P Ratio Lower Upper

Constant -0.324 0.401 0.652 0.419 0.723 0.329 1.588
Anti-VSA 1.041 0.684 2.313 0.128 2.831 0.740 10.823
CEC 0.847 0.646 1.718 0.190 2.332 0.657 8.274
EPC -0.553 0.425 1.699 0.192 0.575 0.250 1.321
Test 12 p value
Overall model evaluation

Likelihood ratio test 12.689 0.005
Goodness-of-fit test

Hosmer & Lemeshow test 12.172 0.144
Reference response : HC
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CHAPTER FIVE

5 DISCUSSION, CONCLUSION AND RECOMMENDATION

5.1 Discussion

Sequestration of parasite infected erythrocytes in the microvessels of the body is crucial to the
pathogenesis of cerebral malaria (Moxon et al., 2013; Milner Jr et al., 2014). It is plausible that
sequestration may be a stimulus which triggers a host of downstream responses in the host
consequently resulting in endothelial damage (Moxon et al., 2013) and repair of the damaged
endothelium (Gyan et al., 2009). Sequestration has been shown to be inhibited by the high levels
of antibodies to variant surface antigens which are key facilitators of the process. Furthermore,
high levels of these antibodies have also been associated with protection from malaria (Ricke et
al., 2000; Dodoo et al., 2001). Hence, the hypothesis that children who develop cerebral malaria
have low levels of anti-VSA antibodies which may enhance sequestration and ultimately result in

high levels of circulating endothelial cells and low levels of endothelial progenitor cells.

In this study, high levels of anti-VSA antibody responses were observed among children who
were diagnosed with cerebral malaria compared with the other study groups. Also in this study,
high levels of anti-VSA antibody responses were seen among patients diagnosed with severe
malaria anemia but unlike the cerebral malaria group, the levels of anti-VVSA antibody responses
were not significant when compared with the other groups. Furthermore, levels of anti-VSA
antibodies at the time of diagnosis and when the patients had recovered were not different for
both cerebral malaria patients and uncomplicated malaria patients. In previous studies involving
Gambian children, low levels of anti-VSA antibody responses were observed among severe

malaria patients while high levels were seen among patients diagnosed with uncomplicated

64



malaria. Similar results were also observed in the same patients following one month of
treatment and successful recovery which suggested that severe malaria was associated with low
levels of anti-VSA antibody responses and the conclusion that these levels of antibodies were
associated with high susceptibility to infections (Tebo et al., 2002). While this finding contrasts
with that of the present study, a more recent study conducted in Sudan had reported high levels
of anti-VSA antibody responses among severe malaria patients with higher levels observed in
cerebral malaria patients, followed by severe malaria anemia patients and uncomplicated malaria

patients (Theander et al., 2006).

Findings from the present study suggest that high levels of anti-VSA antibodies observed among
the cerebral malaria patients may be explained by a unique feature of the disease in inducing the
production of cross reactive antibodies with broad range of specificity to the variant surface
antigens tested. High levels of anti-VSA antibodies have been associated with disease protection
suggesting that these patients may be protected from future infections mediated by parasites
which express similar variant surface antigens. Given that these high levels of antibodies were
observed at the time of diagnosis, it may not be erroneous to suggest that high levels of these
antibodies may contribute to disease pathogenesis possibly through tissue damage. These
findings may also support the rejection of the hypothesis that children develop cerebral malaria
because of the low levels of antibodies to variant surface antigens mediating the disease. The
inability to separately analyze the levels of antibodies in plasma from the same patients from
which the parasites were isolated (homologous samples) made interpretations of the results
supporting the hypothesis difficult. This limitation was due to the low numbers of cerebral
malaria parasite isolates used in the study which in turn can be partly explained by the difficulty

in adapting these parasites to culture. The limited quantity of available plasma also proved to be
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a limitation for this particular assay. One other possible limitation that may alter the inferences
made from the above results is the inability to type parasite isolates used for the assay because of
limited funding. It may well be that development of the disease was indeed associated with low
levels of antibodies to variant surface antigens mediating the disease as have been suggested by
earlier studies (Ricke et al., 2000; Dodoo et al., 2001; Tebo et al., 2002). Despite, the higher
levels of anti-VSA antibody responses among the cerebral malaria patients, logistic regression
analysis revealed that there was no association between the development of the disease and the

levels of anti-VSA antibody responses.

It was also hypothesized that, development of cerebral malaria was associated with high levels of
circulating endothelial cells (CECs) and low levels of endothelial progenitor cells (EPCs). In this
study, higher levels of CECs were observed among cerebral malaria patients than the other study
groups but the results were not statistically significant. This finding is in contrast with that of
unpublished data from earlier studies (Oduro, 2015) which reported significantly higher levels in
cerebral malaria patients within the same laboratory and using the same combination of cell
surface markers but a significantly larger sample size than was used in this study. While the
present finding suggest that endothelial damage within the study subjects were the same and not
peculiar to cerebral malaria, the same finding also failed to rule out entirely the possibility of

high magnitude of endothelial damage in cerebral malaria pathogenesis.

Also in this study, levels of EPCs were significantly lower than the uncomplicated malaria group
suggesting that the ability/or mechanism of repairing endothelial damage augmented by EPCs
may be impaired in cerebral malaria patients, thus explaining why these patients developed
cerebral malaria. Previous studies had demonstrated lower levels of EPCs among cerebral

malaria patients (Gyan et al., 2009). Indeed, multiple logistic regression analysis revealed that
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levels of EPCs were negatively associated with development of cerebral malaria. The results
suggested that for every unit increase in the levels of EPCs, the odds of developing cerebral
malaria particularly for an uncomplicated malaria patient was lowered by 0.09 when the levels of
CECs and anti-VSA antibodies was adjusted for or held constant. The results also suggested a
plausible use of levels of EPCs given proper validation as a biomarker for assessing risk/or
prognosis of cerebral malaria. Indeed, levels of EPCs have been evaluated as potential risk and

prognostic indicators for cardiovascular diseases (Vasa et al., 2001; Schmidt-Lucke et al., 2005).

Taken together, the findings also appear to suggest that cerebral malaria may be independently
associated with the levels of these biomarkers rather than a dependent association. This is
particularly true considering that levels of EPCs was the only predictor of the development of

cerebral malaria in the logistic regression model.

67



5.2 Conclusions

This study has shown that there is an association between the development of cerebral malaria
and the levels of EPCs. Using multiple logistic regression analysis, it was shown that for every
unit increase in the levels of EPCs, the odds of developing cerebral malaria was lowered by 0.09
when the levels of CECs and anti-VSAs were held constant. This study has also shown that
levels of anti-VSA antibodies among cerebral malaria patients were higher than non cerebral
malaria patients. Despite the above findings, it is possible that effects of small sample size and
confounding variables that were not measured in the present study could have underestimated or
overestimated potential associations between these biomarkers and the development of cerebral

malaria.
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5.3 Recommendations

Given the limitation of small sample size which may have underestimated or overestimated
potential associations that may have existed between the development of cerebral malaria and the
levels of biomarkers evaluated, this study recommends further investigations with larger sample
sizes for both patient plasma and number of parasite isolates. This may improve the statistical
efficiency and make conclusions regarding the relationship between these biomarkers and the
development of cerebral malaria definite. The study also recommends the evaluation of other

biomarkers associated with pathogenetic features of the disease.

69



REFERENCES

Aguiar, J. C., Albrecht, G. R., Cegielski, P., Greenwood, B. M., Jensen, J. B., Lallinger, G.,
Martinez, A., Mcgregor, I. A., Minjas, J. & Neequaye, J. 1992. Agglutination of
Plasmodium falciparum-infected erythrocytes from east and west African isolates by
human sera from distant geographic regions. The American journal of tropical medicine
and hygiene, 47, 621-632.

Aird, W. C. 2007. Phenotypic heterogeneity of the endothelium I. Structure, function, and
mechanisms. Circulation research, 100, 158-173.

Akanmori, B., Kurtzhals, J., Goka, B., Adabayeri, V., Ofori, M., Nkrumah, F., Behr, C. & Huviid,
L. 2000. Distinct patterns of cytokine regulation in discrete clinical forms of Plasmodium
falciparum malaria. European cytokine network, 11, 113-118.

Asahara, T., Murohara, T., Sullivan, A., Silver, M., Van Der Zee, R., Li, T., Witzenbichler, B.,
Schatteman, G. & Isner, J. M. 1997. Isolation of putative progenitor endothelial cells for
angiogenesis. Science, 275, 964-966.

Avril, M., Tripathi, A. K., Brazier, A. J., Andisi, C., Janes, J. H., Soma, V. L., Sullivan, D. J.,
Bull, P. C., Stins, M. F. & Smith, J. D. 2012. A restricted subset of var genes mediates
adherence of Plasmodium falciparum-infected erythrocytes to brain endothelial cells.
Proceedings of the National Academy of Sciences, 109, E1782-E1790.

Baruch, D. I., Pasloske, B. L., Singh, H. B., Bi, X., Ma, X. C., Feldman, M., Taraschi, T. F. &
Howard, R. J. 1995. Cloning the P. falciparum gene encoding PfEMP1, a malarial variant
antigen and adherence receptor on the surface of parasitized human erythrocytes. Cell,

82, 77-87.

70



Beare, N. A., Taylor, T. E., Harding, S. P., Lewallen, S. & Molyneux, M. E. 2006. Malarial
retinopathy: a newly established diagnostic sign in severe malaria. The American journal
of tropical medicine and hygiene, 75, 790-797.

Bengtsson, A., Joergensen, L., Rask, T. S., Olsen, R. W., Andersen, M. A., Turner, L., Theander,
T. G., Hviid, L., Higgins, M. K. & Craig, A. 2013. A novel domain cassette identifies
Plasmodium falciparum PfEMP1 proteins binding ICAM-1 and is a target of cross-
reactive, adhesion-inhibitory antibodies. The Journal of Immunology, 190, 240-249.

Berendt, A., Tumer, G. & Newbold, C. 1994. Cerebral malaria: the sequestration hypothesis.
Parasitology Today, 10, 412-414.

Berger, S. S., Turner, L., Wang, C. W., Petersen, J. E., Kraft, M., Lusingu, J. P., Mmbando, B.,
Marquard, A. M., Bengtsson, D. B. & Huviid, L. 2013. Plasmodium falciparum expressing
domain cassette 5 type PFEMP1 (DC5-PfEMP1) bind PECAML. PloS one, 8, e69117.

Biosciences, B. 2000. Introduction to Flow Cytometry: A learning guide. Manual Part, 1.

Birbeck, G. L., Molyneux, M. E., Kaplan, P. W., Seydel, K. B., Chimalizeni, Y. F., Kawaza, K.
& Taylor, T. E. 2010. Blantyre Malaria Project Epilepsy Study (BMPES) of neurological
outcomes in retinopathy-positive paediatric cerebral malaria survivors: a prospective
cohort study. The Lancet Neurology, 9, 1173-1181.

Biswas, A. K., Hafiz, A., Banerjee, B., Kim, K. S., Datta, K. & Chitnis, C. E. 2007. Plasmodium
falciparum uses gC1gR/HABP1/p32 as a receptor to bind to vascular endothelium and for
platelet-mediated clumping. PLoS Pathog, 3, e130.

Blann, A. D., Woywodt, A., Bertolini, F., Bull, T. M., Buyon, J. P., Clancy, R. M., Haubitz, M.,
Hebbel, R. P., Lip, G. & Mancuso, P. 2005. Circulating endothelial cells. Thromb

Haemost, 93, 228-235.

71



Bouwens, E., Stavenuiter, F. & Mosnier, L. 2013. Mechanisms of anticoagulant and
cytoprotective actions of the protein C pathway. Journal of Thrombosis and Haemostasis,
11, 242-253.

Breman, J. G. 2001. The ears of the hippopotamus: manifestations, determinants, and estimates
of the malaria burden. The American journal of tropical medicine and hygiene, 64, 1-11.

Brown, H., Turner, G., Rogerson, S., Tembo, M., Mwenechanya, J., Molyneux, M. & Taylor, T.
1999. Cytokine expression in the brain in human cerebral malaria. Journal of Infectious
Diseases, 180, 1742-1746.

Bull, P. C., Lowe, B. S., Kortok, M. & Marsh, K. 1999. Antibody recognition of Plasmodium
falciparum erythrocyte surface antigens in Kenya: evidence for rare and prevalent
variants. Infection and Immunity, 67, 733-7309.

Bull, P. C., Lowe, B. S., Kortok, M., Molyneux, C. S., Newbold, C. I. & Marsh, K. 1998.
Parasite antigens on the infected red cell surface are targets for naturally acquired
immunity to malaria. Nature medicine, 4, 358.

Carlson, J., Helmby, H., Wahlgren, M., Hill, A., Brewster, D. & Greenwood, B. 1990. Human
cerebral malaria: association with erythrocyte rosetting and lack of anti-rosetting
antibodies. The lancet, 336, 1457-1460.

Cham, G. K., Turner, L., Lusingu, J., Vestergaard, L., Mmbando, B. P., Kurtis, J. D., Jensen, A.
T., Salanti, A., Lavstsen, T. & Theander, T. G. 2009. Sequential, ordered acquisition of
antibodies to Plasmodium falciparum erythrocyte membrane protein 1 domains. The
Journal of Immunology, 183, 3356-3363.

Chattopadhyay, R., Sharma, A., Srivastava, V. K., Pati, S. S., Sharma, S. K., Das, B. S. &

Chitnis, C. E. 2003. Plasmodium falciparum Infection Elicits Both Variant-Specific and

72



Cross-Reactive Antibodies against Variant Surface Antigens. Infection and Immunity, 71,
597-604.

Chironi, G. N., Boulanger, C. M., Simon, A., Dignat-George, F., Freyssinet, J.-M. & Tedgui, A.
2009. Endothelial microparticles in diseases. Cell and tissue research, 335, 143-151.

Chong, A. Y., Lip, G. Y., Freestone, B. & Blann, A. D. 2006. Increased circulating endothelial
cells in acute heart failure: Comparison with von Willebrand factor and soluble
E-selectin. European journal of heart failure, 8, 167-172.

Claessens, A., Adams, Y., Ghumra, A., Lindergard, G., Buchan, C. C., Andisi, C., Bull, P. C,,
Mok, S., Gupta, A. P. & Wang, C. W. 2012. A subset of group A-like var genes encodes
the malaria parasite ligands for binding to human brain endothelial cells. Proceedings of
the National Academy of Sciences, 109, E1772-E1781.

Clark, 1. 1987. Cell-mediated immunity in protection and pathology of malaria. Parasitology
Today, 3, 300-305.

Clark, I. & Rockett, K. 1994. The cytokine theory of human cerebral malaria. Parasitology
Today, 10, 410-410.

Clark, 1., Rockett, K. & Cowden, W. 1991. Proposed link between cytokines, nitric oxide and
human cerebral malaria. Parasitology Today, 7, 205-207.

Clark, I. A., Al Yaman, F. M. & Jacobson, L. S. 1997. The biological basis of malarial disease.
International journal for parasitology, 27, 1237-1249.

Clark, I. A. & Cowden, W. B. 2003. The pathophysiology of falciparum malaria. Pharmacology

& therapeutics, 99, 221-260.

73



Combes, V., Taylor, T. E., Juhan-Vague, 1., Mege, J.-L., Mwenechanya, J., Tembo, M., Grau, G.
E. & Molyneux, M. E. 2004. Circulating endothelial microparticles in malawian children
with severe falciparum malaria complicated with coma. Jama, 291, 2542-2544,

Cooke, B. M., Mohandas, N. & Coppel, R. L. Malaria and the red blood cell membrane.
Seminars in hematology, 2004. Elsevier, 173-188.

Coughlin, S. R. 2005. Protease-activated receptors in hemostasis, thrombosis and vascular
biology. Journal of Thrombosis and Haemostasis, 3, 1800-1814.

Dodoo, D., Staalsoe, T., Giha, H., Kurtzhals, J. A., Akanmori, B. D., Koram, K., Dunyo, S.,
Nkrumah, F. K., Hviid, L. & Theander, T. G. 2001. Antibodies to variant antigens on the
surfaces of infected erythrocytes are associated with protection from malaria in Ghanaian
children. Infection and immunity, 69, 3713-3718.

Dondorp, A., Angus, B., Hardeman, M., Chotivanich, K., Silamut, K., Ruangveerayuth, R.,
Kager, P., White, N. & Vreeken, J. 1997. Prognostic significance of reduced red cell
deformability in severe falciparum malaria. Am J Trop Med Hyg, 57, 507-511.

Dondorp, A. M., Desakorn, V., Pongtavornpinyo, W., Sahassananda, D., Silamut, K.,
Chotivanich, K., Newton, P. N., Pitisuttithum, P., Smithyman, A. & White, N. J. 2005.
Estimation of the total parasite biomass in acute falciparum malaria from plasma
PfHRP2. PLoS Med, 2, e204.

Dondorp, A. M., Fanello, C. I., Hendriksen, 1. C., Gomes, E., Seni, A., Chhaganlal, K. D.,
Bojang, K., Olaosebikan, R., Anunobi, N. & Maitland, K. 2010. Artesunate versus
quinine in the treatment of severe falciparum malaria in African children (AQUAMAT):

an open-label, randomised trial. The Lancet, 376, 1647-1657.

74



Dondorp, A. M., Pongponratn, E. & White, N. J. 2004. Reduced microcirculatory flow in severe
falciparum malaria: pathophysiology and electron-microscopic pathology. Acta tropica,
89, 309-317.

Duda, D. G., Cohen, K. S., Scadden, D. T. & Jain, R. K. 2007. A protocol for phenotypic
detection and enumeration of circulating endothelial cells and circulating progenitor cells
in human blood. Nature protocols, 2, 805-810.

Elliott, S. R., Payne, P. D., Duffy, M. F., Byrne, T. J., Tham, W.-H., Rogerson, S. J., Brown, G.
V. & Eisen, D. P. 2007. Antibody recognition of heterologous variant surface antigens
after a single Plasmodium falciparum infection in previously naive adults. The American
journal of tropical medicine and hygiene, 76, 860-864.

Erdbruegger, U., Haubitz, M. & Woywodt, A. 2006. Circulating endothelial cells: a novel
marker of endothelial damage. Clinica Chimica Acta, 373, 17-26.

Ezihe-Ejiofor, J. A. & Hutchinson, N. 2013. Anticlotting mechanisms 1: physiology and
pathology. Continuing Education in Anaesthesia, Critical Care & Pain, mks061.

Fadini, G. P., Schiavon, M., Cantini, M., Baesso, I., Facco, M., Miorin, M., Tassinato, M.,
Kreutzenberg, S. V. D., Avogaro, A. & Agostini, C. 2006. Circulating progenitor cells
are reduced in patients with severe lung disease. Stem Cells, 24, 1806-1813.

Fried, M. & Duffy, P. E. 1996. Adherence of Plasmodium falciparum to chondroitin sulfate A in
the human placenta. Science, 272, 1502-1504.

George, F., Brouqui, P., Boffa, M., Mutin, M., Drancourt, M., Brisson, C., Raoult, D. & Sampol,
J. 1993. Demonstration of Rickettsia conorii-induced endothelial injury in vivo by
measuring circulating endothelial cells, thrombomodulin, and von Willebrand factor in

patients with Mediterranean spotted fever [see comments]. Blood, 82, 2109-2116.

75



Giha, H., Staalsoe, T., Dodoo, D., Elhassan, I., Roper, C., Satti, G., Arnot, D., Hviid, L. &
Theander, T. 1999. Overlapping antigenic repertoires of variant antigens expressed on the
surface of erythrocytes infected by Plasmodium falciparum. Parasitology, 119, 7-17.

Gill, M., Dias, S., Hattori, K., Rivera, M. L., Hicklin, D., Witte, L., Girardi, L., Yurt, R., Himel,
H. & Rafii, S. 2001. Vascular trauma induces rapid but transient mobilization of
VEGFR2+ AC133+ endothelial precursor cells. Circulation research, 88, 167-174.

Gimenez, F., De Lagerie, S. B., Fernandez, C., Pino, P. & Mazier, D. 2003. Tumor necrosis
factor a in the pathogenesis of cerebral malaria. Cellular and Molecular Life Sciences
CMLS, 60, 1623-1635.

Glenister, F. K., Coppel, R. L., Cowman, A. F., Mohandas, N. & Cooke, B. M. 2002.
Contribution of parasite proteins to altered mechanical properties of malaria-infected red
blood cells. Blood, 99, 1060-1063.

Goon, P., Boos, C. & Lip, G. 2004. Circulating endothelial cells: markers of vascular
dysfunction. Clinical laboratory, 51, 531-538.

Grefte, A., Van Der Giessen, M. & Van Son, W. 1993. Circulating cytomegalovirus (CMV)-
infected endothelial cells in patients with an active CMV infection. Journal of Infectious
Diseases, 167, 270-277.

Griffiths, M. J., Ndungu, F., Baird, K. L., Muller, D. P., Marsh, K. & Newton, C. R. 2001.
Oxidative stress and erythrocyte damage in Kenyan children with severe Plasmodium
falciparum malaria. British journal of haematology, 113, 486-491.

Gyan, B., Goka, B. Q., Adjei, G. O., Tetteh, J. K., Kusi, K. A., Aikins, A., Dodoo, D., Lesser, M.

L., Sison, C. P. & Das, S. 2009. Cerebral malaria is associated with low levels of

76



circulating endothelial progenitor cells in African children. The American journal of
tropical medicine and hygiene, 80, 541-546.

Hanahan, D. & Folkman, J. 1996. Patterns and emerging mechanisms of the angiogenic switch
during tumorigenesis. cell, 86, 353-364.

Heemskerk, J. W., Bevers, E. M. & Lindhout, T. 2002. Platelet activation and blood coagulation.
THROMBOSIS AND HAEMOSTASIS-STUTTGART-, 88, 186-194.

Holash, J., Maisonpierre, P., Compton, D., Boland, P., Alexander, C., Zagzag, D., Yancopoulos,
G. & Wiegand, S. 1999. Vessel cooption, regression, and growth in tumors mediated by
angiopoietins and VEGF. Science, 284, 1994-1998.

Hollestelle, M. J., Donkor, C., Mantey, E. A., Chakravorty, S. J., Craig, A., Akoto, A. O,
O'donnell, J., Van Mourik, J. A. & Bunn, J. 2006. von Willebrand factor propeptide in
malaria: evidence of acute endothelial cell activation. British journal of haematology,
133, 562-5609.

Hrachovinova, I., Cambien, B., Hafezi-Moghadam, A., Kappelmayer, J., Camphausen, R. T.,
Widom, A., Xia, L., Kazazian, H. H., Schaub, R. G. & Mcever, R. P. 2003. Interaction of
P-selectin and PSGL-1 generates microparticles that correct hemostasis in a mouse model
of hemophilia A. Nature medicine, 9, 1020-1025.

Jensen, A. T., Magistrado, P., Sharp, S., Joergensen, L., Lavstsen, T., Chiucchiuini, A., Salanti,
A., Vestergaard, L. S., Lusingu, J. P. & Hermsen, R. 2004. Plasmodium falciparum
associated with severe childhood malaria preferentially expresses PFEMP1 encoded by

group A var genes. The Journal of experimental medicine, 199, 1179-1190.

77



Kaviratne, M., Khan, S., Jarra, W. & Preiser, P. 2002. Small variant STEVOR antigen is
uniquely located within Maurer's clefts in Plasmodium falciparum-infected red blood
cells. Eukaryotic cell, 1, 926-935.

Koc, M., Richards, H. B., Bihorac, A., Ross, E. A., Schold, J. D. & Segal, M. S. 2005.
Circulating endothelial cells are associated with future vascular events in hemodialysis
patients. Kidney international, 67, 1078-1083.

Krishnegowda, G., Hajjar, A. M., Zhu, J., Douglass, E. J., Uematsu, S., Akira, S., Woods, A. S.
& Gowda, D. C. 2005. Induction of proinflammatory responses in macrophages by the
glycosylphosphatidylinositols of Plasmodium falciparum cell signaling receptors,
glycosylphosphatidylinositol (GPI) structural requirement, and regulation of GPI activity.
Journal of Biological Chemistry, 280, 8606-8616.

Kung, C.-T., Su, C.-M., Chen, C. T., Cheng, H.-H., Chang, M.-W., Hung, C.-W., Hung, S.-C.,
Chang, W.-N., Tsai, N.-W. & Wang, H.-C. 2016. Circulating endothelial progenitor cells
may predict outcomes in adult patients with severe sepsis in the emergency department.
Clinica Chimica Acta, 455, 1-6.

Kwiatkowski, D., Sambou, 1., Twumasi, P., Greenwood, B., Hill, A., Manogue, K., Cerami, A.,
Castracane, J. & Brewster, D. 1990. TNF concentration in fatal cerebral, non-fatal
cerebral, and uncomplicated Plasmodium falciparum malaria. The Lancet, 336, 1201-
1204.

Kyes, S. A., Rowe, J. A., Kriek, N. & Newbold, C. I. 1999. Rifins: a second family of clonally
variant proteins expressed on the surface of red cells infected with Plasmodium

falciparum. Proceedings of the National Academy of Sciences, 96, 9333-9338.

78



Laroux, F. S., Lefer, D. J., Kawachi, S., Scalia, R., Cockrell, A. S., Gray, L., Van Der Heyde, H.,
Hoffman, J. M. & Grisham, M. B. 2000. Role of nitric oxide in the regulation of acute
and chronic inflammation. Antioxidants and Redox Signaling, 2, 391-396.

Lavstsen, T., Turner, L., Saguti, F., Magistrado, P., Rask, T. S., Jespersen, J. S., Wang, C. W.,
Berger, S. S., Baraka, V. & Marquard, A. M. 2012. Plasmodium falciparum erythrocyte
membrane protein 1 domain cassettes 8 and 13 are associated with severe malaria in
children. Proceedings of the National Academy of Sciences, 109, E1791-E1800.

Lee, K. W, Lip, G. Y., Tayebjee, M., Foster, W. & Blann, A. D. 2005. Circulating endothelial
cells, von Willebrand factor, interleukin-6, and prognosis in patients with acute coronary
syndromes. Blood, 105, 526-532.

Leech, J. H., Barnwell, J. W., Miller, L. H. & Howard, R. J. 1984. Identification of a strain-
specific malarial antigen exposed on the surface of Plasmodium falciparum-infected
erythrocytes. The Journal of experimental medicine, 159, 1567-1575.

Lewallen, S., White, V. A., Whitten, R. O., Gardiner, J., Hoar, B., Lindley, J., Lochhead, J.,
Mccormick, A., Wade, K. & Tembo, M. 2000. Clinical-histopathological correlation of
the abnormal retinal vessels in cerebral malaria. Archives of Ophthalmology, 118, 924-
928.

Loscalzo, J. 2001. Nitric oxide insufficiency, platelet activation, and arterial thrombosis.
Circulation research, 88, 756-762.

Lyke, K., Burges, R., Cissoko, Y., Sangare, L., Dao, M., Diarra, 1., Kone, A., Harley, R., Plowe,
C. & Doumbo, O. 2004. Serum levels of the proinflammatory cytokines interleukin-1

beta (IL-1B), IL-6, IL-8, IL-10, tumor necrosis factor alpha, and IL-12 (p70) in Malian

79



children with severe Plasmodium falciparum malaria and matched uncomplicated malaria
or healthy controls. Infection and immunity, 72, 5630-5637.

Mackman, N. 2004. Role of tissue factor in hemostasis, thrombosis, and vascular development.
Arteriosclerosis, thrombosis, and vascular biology, 24, 1015-1022.

Macpherson, G., Warrell, M., White, N., Looareesuwan, S. & Warrell, D. 1985. Human cerebral
malaria. A quantitative ultrastructural analysis of parasitized erythrocyte sequestration.
The American journal of pathology, 119, 385.

Magowan, C., Wollish, W., Anderson, L. & Leech, J. 1988. Cytoadherence by Plasmodium
falciparum-infected erythrocytes is correlated with the expression of a family of variable
proteins on infected erythrocytes. The Journal of experimental medicine, 168, 1307-1320.

Makin, A. J., Blann, A. D., Chung, N. A., Silverman, S. H. & Lip, G. Y. 2004. Assessment of
endothelial damage in atherosclerotic vascular disease by quantification of circulating
endothelial cells. European heart journal, 25, 371-376.

Mcclung, J., Naseer, N., Saleem, M., Rossi, G., Weiss, M., Abraham, N. & Kappas, A. 2005.
Circulating endothelial cells are elevated in patients with type 2 diabetes mellitus
independently of HbAlc. Diabetologia, 48, 345-350.

Mebius, R. E. & Kraal, G. 2005. Structure and function of the spleen. Nature Reviews
Immunology, 5, 606-616.

Mercereau-Puijalon, O., Guillotte, M. & Vigan-Womas, |. 2008. Rosetting in Plasmodium
falciparum: a cytoadherence phenotype with multiple actors. Transfusion clinique et
biologique, 15, 62-71.

Metzger, W. G., Mordmiiller, B. G. & Kremsner, P. G. 1995. Malaria pigment in leucocytes.

Transactions of the Royal Society of Tropical Medicine and Hygiene, 89, 637-638.

80



Milner, D. A., Lee, J. J., Frantzreb, C., Whitten, R. O., Kamiza, S., Carr, R. A., Pradham, A.,
Factor, R. E., Playforth, K. & Liomba, G. 2015. Quantitative Assessment of Multiorgan
Tissue Sequestration in Fatal Pediatric Cerebral Malaria. Journal of Infectious Diseases,
jiv205.

Milner Jr, D. A., Whitten, R. O., Kamiza, S., Carr, R., Liomba, G., Dzamalala, C., Seydel, K. B.,
Molyneux, M. E. & Taylor, T. E. 2014. The systemic pathology of cerebral malaria in
African children. Frontiers in cellular and infection microbiology, 4.

Mohandas, N. & Chasis, J. Red blood cell deformability, membrane material properties and
shape: regulation by transmembrane, skeletal and cytosolic proteins and lipids. Seminars
in hematology, 1993. 171-192.

Mok, M., Yiu, K., Wong, C., Qiuwaxi, J., Lai, W., Wong, W., Tse, H. & Lau, C. 2010. Low
circulating level of CD133+ KDR+ cells in patients with systemic sclerosis. Clinical and
experimental rheumatology, 28, S19.

Monteiro, M. C., Oliveira, F. R., Oliveira, G. B., Roméo, P. R. T. & Maia, C. S. F. 2014.
Neurological and behavioral manifestations of cerebral malaria: An update. World J
Transl Med, 3, 9-16.

Mosnier, L. O., Zlokovic, B. V. & Griffin, J. H. 2007. The cytoprotective protein C pathway.
Blood, 109, 3161-3172.

Moxon, C. A., Chisala, N. V., Wassmer, S. C., Taylor, T. E., Seydel, K. B., Molyneux, M. E.,
Faragher, B., Kennedy, N., Toh, C.-H. & Craig, A. G. 2014. Persistent endothelial
activation and inflammation after Plasmodium falciparum infection in Malawian

children. Journal of Infectious Diseases, 209, 610-615.

81



Moxon, C. A., Grau, G. E. & Craig, A. G. 2011. Malaria: modification of the red blood cell and
consequences in the human host. British journal of haematology, 154, 670-679.

Moxon, C. A., Heyderman, R. S. & Wassmer, S. C. 2009. Dysregulation of coagulation in
cerebral malaria. Molecular and biochemical parasitology, 166, 99-108.

Moxon, C. A., Wassmer, S. C., Milner Jr, D. A., Chisala, N. V., Taylor, T. E., Seydel, K. B.,
Molyneux, M. E., Faragher, B., Esmon, C. T. & Downey, C. 2013. Loss of endothelial
protein C receptors links coagulation and inflammation to parasite sequestration in
cerebral malaria in African children. Blood, 122, 842-851.

Muro, S., Koval, M. & Muzykantov, V. 2004. Endothelial endocytic pathways: gates for
vascular drug delivery. Current vascular pharmacology, 2, 281-299.

Mutin, M., Canavy, I., Blann, A., Bory, M., Sampol, J. & Dignat-George, F. 1999. Direct
evidence of endothelial injury in acute myocardial infarction and unstable angina by
demonstration of circulating endothelial cells. Blood, 93, 2951-2958.

Nadar, S. K., Lip, G. H., Lee, K. & Blann, A. D. 2005. Circulating endothelial cells in acute
ischaemic stroke. THROMBOSIS AND HAEMOSTASIS-STUTTGART-, 94, 707.

Nakatani, K., Takeshita, S., Tsujimoto, H., Kawamura, Y., Tokutomi, T. & Sekine, 1. 2003.
Circulating endothelial cells in Kawasaki disease. Clinical & Experimental Immunology,
131, 536-540.

Nielsen, M. A., Staalsoe, T., Kurtzhals, J. A., Goka, B. Q., Dodoo, D., Alifrangis, M., Theander,
T. G., Akanmori, B. D. & Hviid, L. 2002. Plasmodium falciparum variant surface antigen
expression varies between isolates causing severe and nonsevere malaria and is modified

by acquired immunity. The Journal of Immunology, 168, 3444-3450.

82



Nmorsi, O., Isaac, C., Ukwandu, N. & Ohaneme, B. 2010. Pro—and anti—inflammatory cytokines
profiles among Nigerian children infected with Plasmodium falciparum malaria. Asian
Pacific Journal of Tropical Medicine, 3, 41-44.

Oduro, D. 2015. Endothelial progenitor cells and pathogenesis of cerebral malaria. Unpublished
doctoral dissertation, University of Ghana.

Ofori, M. F. 2002. Malaria-Induced Acquisition of Antibodies to Plasmodium falciparum
Variant Surface Antigens. Infection and Immunity, 70, 2982-2988.

Ofori, M. F., Dodoo, D., Staalsoe, T., Kurtzhals, J. A., Koram, K., Theander, T. G., Akanmori,
B. D. & Huviid, L. 2002. Malaria-induced acquisition of antibodies to Plasmodium
falciparum variant surface antigens. Infection and immunity, 70, 2982-2988.

Otto, O., Rosendahl, P., Mietke, A., Golfier, S., Herold, C., Klaue, D., Girardo, S., Pagliara, S.,
Ekpenyong, A. & Jacobi, A. 2015. Real-time deformability cytometry: on-the-fly cell
mechanical phenotyping. nature methods, 12, 199-202.

Palta, S., Saroa, R. & Palta, A. 2014. Overview of the coagulation system. Indian journal of
anaesthesia, 58, 515.

Parra, M. E., Evans, C. B. & Taylor, D. W. 1991. Identification of Plasmodium falciparum
histidine-rich protein 2 in the plasma of humans with malaria. Journal of clinical
microbiology, 29, 1629-1634.

Paulsson, M. 2008. Basement membrane proteins: structure, assembly, and cellular interactions.
Critical reviews in biochemistry and molecular biology.

Pichyangkul, S., Saengkrai, P. & Webster, H. K. 1994. Plasmodium falciparum pigment induces
monocytes to release high levels of tumor necrosis factor-alpha and interleukin-1 beta.

The American journal of tropical medicine and hygiene, 51, 430-435.

83



Pongponratn, E., Turner, G. D., Day, N. P., Phu, N. H., Simpson, J. A., Stepniewska, K., Mai, N.
T. H., Viriyavejakul, P., Looareesuwan, S. & Hien, T. T. 2003. An ultrastructural study
of the brain in fatal Plasmodium falciparum malaria. The American journal of tropical
medicine and hygiene, 69, 345-359.

Radbruch, A., Mechtold, B., Thiel, A., Miltenyi, S. & Pfluger, E. 1994. High-gradient magnetic
cell sorting. Methods Cell Biol, 42, 387-403.

Rask, T. S., Hansen, D. A., Theander, T. G., Pedersen, A. G. & Lavstsen, T. 2010. Plasmodium
falciparum erythrocyte membrane protein 1 diversity in seven genomes—divide and
conquer. PLoS computational biology, 6, e1000933.

Re, F., Zanetti, A., Sironi, M., Polentarutti, N., Lanfrancone, L., Dejana, E. & Colotta, F. 1994.
Inhibition of anchorage-dependent cell spreading triggers apoptosis in cultured human
endothelial cells. The Journal of cell biology, 127, 537-546.

Ricke, C. H., Staalsoe, T., Koram, K., Akanmori, B. D., Riley, E. M., Theander, T. G. & Huviid,
L. 2000. Plasma antibodies from malaria-exposed pregnant women recognize variant
surface antigens on Plasmodium falciparum-infected erythrocytes in a parity-dependent
manner and block parasite adhesion to chondroitin sulfate A. The Journal of Immunology,
165, 3309-3316.

Roberts, D. J., Pain, A., Kai, O., Kortok, M. & Marsh, K. 2000. Autoagglutination of malaria-
infected red blood cells and malaria severity. The Lancet, 355, 1427-1428.

Rockett, K., Awburn, M., Cowden, W. & Clark, 1. 1991. Killing of Plasmodium falciparum in
vitro by nitric oxide derivatives. Infection and Immunity, 59, 3280-3283.

Rowe, A., Obeiro, J., Newbold, C. I. & Marsh, K. 1995. Plasmodium falciparum rosetting is

associated with malaria severity in Kenya. Infection and immunity, 63, 2323-2326.

84



Rowe, J. A., Obiero, J., Marsh, K. & Raza, A. 2002. Short report: Positive correlation between
rosetting and parasitemia in Plasmodium falciparum clinical isolates. The American
journal of tropical medicine and hygiene, 66, 458-460.

Riegg, C., Yilmaz, A., Bieler, G., Bamat, J., Chaubert, P. & Lejeune, F. J. 1998. Evidence for
the involvement of endotheliai cell integrin aVB3 in the disruption of the tumor
vascuiature induced by TNF and IFN-y. Nature medicine, 4, 408-414,

Salanti, A., Staalsoe, T., Lavstsen, T., Jensen, A. T., Sowa, M., Arnot, D. E., Hviid, L. &
Theander, T. G. 2003. Selective upregulation of a single distinctly structured var gene in
chondroitin ~ sulphate  A-adhering  Plasmodium  falciparum  involved in
pregnancy-associated malaria. Molecular microbiology, 49, 179-191.

Sam-Yellowe, T. Y., Florens, L., Johnson, J. R., Wang, T., Drazba, J. A., Le Roch, K. G., Zhou,
Y., Batalov, S., Carucci, D. J. & Winzeler, E. A. 2004. A Plasmodium gene family
encoding Maurer's cleft membrane proteins: structural properties and expression
profiling. Genome research, 14, 1052-1059.

Scherf, A., Lopez-Rubio, J. J. & Riviere, L. 2008. Antigenic variation in Plasmodium
falciparum. Annu. Rev. Microbiol., 62, 445-470.

Schmider, E., Ziegler, M., Danay, E., Beyer, L. & Buihner, M. 2010. Is it really robust?
Methodology.

Schmidt-Lucke, C., Rossig, L., Fichtlscherer, S., Vasa, M., Britten, M., K&mper, U., Dimmeler,
S. & Zeiher, A. M. 2005. Reduced number of circulating endothelial progenitor cells
predicts future cardiovascular events proof of concept for the clinical importance of

endogenous vascular repair. Circulation, 111, 2981-2987.

85



Seydel, K. B., Fox, L. L., Glover, S. J., Reeves, M. J., Pensulo, P., Muiruri, A., Mpakiza, A.,
Molyneux, M. E. & Taylor, T. E. 2012. Plasma concentrations of parasite histidine-rich
protein 2 distinguish between retinopathy-positive and retinopathy-negative cerebral
malaria in Malawian children. Journal of Infectious Diseases, 206, 309-318.

Sherman, I. W., Eda, S. & Winograd, E. 2003. Cytoadherence and sequestration in Plasmodium
falciparum: defining the ties that bind. Microbes and Infection, 5, 897-9009.

Silamut, K., Phu, N. H., Whitty, C., Turner, G. D., Louwrier, K., Mai, N. T., Simpson, J. A.,
Hien, T. T. & White, N. J. 1999. A quantitative analysis of the microvascular
sequestration of malaria parasites in the human brain. The American journal of pathology,
155, 395-410.

Smadja, D. M., Gaussem, P., Mauge, L., Israél-Biet, D., Dignat-George, F., Peyrard, S.,
Agnoletti, G., Vouhg, P. R., Bonnet, D. & Lévy, M. 2009. Circulating endothelial cells a
new candidate biomarker of irreversible pulmonary hypertension secondary to congenital
heart disease. Circulation, 119, 374-381.

Snow, R. W., Gouws, E., Omumbo, J., Rapuoda, B., Craig, M., Tanser, F., Le Sueur, D. &
Ouma, J. 1998. Models to predict the intensity of Plasmodium falciparum transmission:
applications to the burden of disease in Kenya. Transactions of the Royal Society of
Tropical Medicine and Hygiene, 92, 601-606.

Solovey, A., Lin, Y., Browne, P., Choong, S., Wayner, E. & Hebbel, R. P. 1997. Circulating
activated endothelial cells in sickle cell anemia. New England Journal of Medicine, 337,
1584-1590.

Stuehr, D. J. & Griffith, O. W. 2006. Mammalian nitric oxide synthases. Advances in

Enzymology and Related Areas of Molecular Biology, Volume 65, 287-346.

86



Su, X.-Z., Heatwole, V. M., Wertheimer, S. P., Guinet, F., Herrfeldt, J. A., Peterson, D. S.,
Ravetch, J. A. & Wellems, T. E. 1995. The large diverse gene family var encodes
proteins involved in cytoadherence and antigenic variation of Plasmodium falciparum-
infected erythrocytes. Cell, 82, 89-100.

Taylor, T. E., Fu, W. J., Carr, R. A., Whitten, R. O., Mueller, J. G., Fosiko, N. G., Lewallen, S.,
Liomba, N. G. & Molyneux, M. E. 2004. Differentiating the pathologies of cerebral
malaria by postmortem parasite counts. Nature medicine, 10, 143-145.

Tebo, A. E., Kremsner, P. G., Piper, K. P. & Luty, A. J. 2002. Low antibody responses to variant
surface antigens of Plasmodium falciparum are associated with severe malaria and
increased susceptibility to malaria attacks in Gabonese children. The American journal of
tropical medicine and hygiene, 67, 597-603.

Theander, T., Elghazali, G., Nielsen, M., Adam, I., Troye-Blomberg, M., Elbashir, M. & Giha,
H. 2006. Determinants of variant surface antigen antibody response in severe
Plasmodium falciparum malaria in an area of low and unstable malaria transmission.
Scandinavian journal of immunology, 63, 232-240.

Timpl, R. 1989. Structure and biological activity of basement membrane proteins. European
Journal of Biochemistry, 180, 487-502.

Turner, G. D., Morrison, H., Jones, M., Davis, T. M., Looareesuwan, S., Buley, I. D., Gatter, K.
C., Newbold, C. I., Pukritayakamee, S. & Nagachinta, B. 1994. An immunohistochemical
study of the pathology of fatal malaria: evidence for widespread endothelial activation
and a potential role for intercellular adhesion molecule-1 in cerebral sequestration. The

American journal of pathology, 145, 1057.

87



Turner, L., Lavstsen, T., Berger, S. S., Wang, C. W., Petersen, J. E., Avril, M., Brazier, A. J.,
Freeth, J., Jespersen, J. S. & Nielsen, M. A. 2013. Severe malaria is associated with
parasite binding to endothelial protein C receptor. Nature, 498, 502-505.

Tuteja, N., Chandra, M., Tuteja, R. & Misra, M. K. 2004. Nitric oxide as a unique bioactive
signaling messenger in physiology and pathophysiology. BioMed Research International,
2004, 227-237.

Van Der Heyde, H. C., Nolan, J., Combes, V., Gramaglia, |. & Grau, G. E. 2006. A unified
hypothesis for the genesis of cerebral malaria: sequestration, inflammation and
hemostasis leading to microcirculatory dysfunction. Trends in parasitology, 22, 503-508.

Vasa, M., Fichtlscherer, S., Aicher, A., Adler, K., Urbich, C., Martin, H., Zeiher, A. M. &
Dimmeler, S. 2001. Number and migratory activity of circulating endothelial progenitor
cells inversely correlate with risk factors for coronary artery disease. Circulation
research, 89, el-e7.

Vestergaard, L. S., Lusingu, J. P., Nielsen, M. A., Mmbando, B. P., Dodoo, D., Akanmori, B. D.,
Alifrangis, M., Bygbjerg, I. C., Lemnge, M. M., Staalsoe, T., Hviid, L. & Theander, T. G.
2008. Differences in human antibody reactivity to Plasmodium falciparum variant
surface antigens are dependent on age and malaria transmission intensity in northeastern
Tanzania. Infect Immun, 76, 2706-14.

Vijaykumar, M., Nak, R. S. & Gowda, D. C. 2001. Plasmodium
falciparumGlycosylphosphatidylinositol-induced TNF-a Secretion by Macrophages Is
Mediated without Membrane Insertion or Endocytosis. Journal of Biological Chemistry,

276, 6909-6912.

88



Visser, M., Vercellotti, G., Mccarthy, J., Goodman, J., Herbst, T., Furcht, L. & Jacob, H. 1989.
Herpes simplex virus inhibits endothelial cell attachment and migration to extracellular
matrix proteins. The American journal of pathology, 134, 223.

Wang, C., Li, H., Fu, P., Zhang, S. & Xiu, R. 2005. Serum C-reactive protein and circulating
endothelial cells in patients with acute myocardial infarction. Clinical hemorheology and
microcirculation, 32, 287-296.

Wassmer, S. C., Lépolard, C., Traoré, B., Pouvelle, B., Gysin, J. & Grau, G. E. 2004. Platelets
reorient Plasmodium falciparum—infected erythrocyte cytoadhesion to activated
endothelial cells. Journal of Infectious Diseases, 189, 180-189.

Wassmer, S. C., Taylor, T., Maclennan, C. A., Kanjala, M., Mukaka, M., Molyneux, M. E. &
Grau, G. E. 2008. Platelet-induced clumping of Plasmodium falciparum-infected
erythrocytes from Malawian patients with cerebral malaria—possible modulation in vivo
by thrombocytopenia. Journal of Infectious Diseases, 197, 72-78.

Weiss, G., Thuma, P. E., Biemba, G., Mabeza, G., Werner, E. R. & Gordeuk, V. R. 1998.
Cerebrospinal fluid levels of biopterin, nitric oxide metabolites, and immune activation
markers and the clinical course of human cerebral malaria. Journal of Infectious
Diseases, 177, 1064-1068.

Weiss, N. A. & Weiss, C. A. 2008. Introductory statistics, Pearson, Addison-Wesley.

Wellems, T. E. & Howard, R. J. 1986. Homologous genes encode two distinct histidine-rich
proteins in a cloned isolate of Plasmodium falciparum. Proceedings of the National
Academy of Sciences, 83, 6065-6069.

Who 2000. Severe falciparum malaria. Transactions of the Royal Society of Tropical Medicine

and Hygiene, 94, 1-90.

89



Who 2014. World malaria report 2013, World Health Organization.

Who 2015. World malaria report 2014, World Health Organization.

Winter, G., Kawai, S., Haeggstrom, M., Kaneko, O., Von Euler, A., Kawazu, S.-1., Palm, D.,
Fernandez, V. & Wahlgren, M. 2005. SURFIN is a polymorphic antigen expressed on
Plasmodium falciparum merozoites and infected erythrocytes. The Journal of
experimental medicine, 201, 1853-1863.

Woywodt, A., Streiber, F., De Groot, K., Regelsberger, H., Haller, H. & Haubitz, M. 2003.
Circulating endothelial cells as markers for ANCA-associated small-vessel vasculitis. The

Lancet, 361, 206-210.

90



APPENDICES

Appendix A: Consent form

A. Consent for children with malaria

Adapted from the study entitled: Circulating endothelial cells and the pathogenesis of

malaria

Principal Investigator: Ben A. Gyan, PhD

Address: Department of Immunology, NMIMR, Box LG 581, Legon

Information: (To be read or translated to parents/guardians in their own mother tongue)

Dear Volunteer,

This consent form contains information about the research entitled Circulating endothelial cells
and the pathogenesis of malaria. In order to be sure that you are informed about being in this
research, we are asking you to read (or have read to you) this Consent Form. You will also be
asked to sign it (or make your mark in front of a witness). We will give you a copy of this form.
This consent form might contain some words that are unfamiliar to you. Please ask us to explain

anything you may not understand.

Why this study is planned

Your child is being asked to participate in the above study in order to find out factors in the
blood that may be of risk to severe malaria. Malaria is caused by a germ that is passed from one
person to the other by the bite of a mosquito that carries the malaria germ. Malaria is a very

serious health problem in Ghana, as it is in many African countries. We do not know why some
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children become severely ill from malaria or why some of those children die from malaria. To
understand this problem we need to study children who come to the hospital with severe malaria
and compare them to children who have less severe malaria, and to other children who are
feeling well. The purpose of the study is to find out what factors they already have in their blood
that may make them severely sick when they have malaria. If we can find the answer to this
question, we hope to be able to suggest new ways of controlling such severe sicknesses in

malaria.

General Information and your part in the study

For a child to qualify to be part of this study that child should be between the ages of 1 and 12
years. If your child/ward agrees to be in the study, we will collect venous blood sample for
laboratory diagnosis and 2 ml (teaspoonful) for our research at the time of admission, 7 days and
14 days after recovery. If you miss a scheduled follow-up visits (7 days and 14 days after
recovery), we may contact you at home by phone, or in person to schedule another visit and to
see if you still want to take part in the research. When this contact is made you will not be

identified as being in this research.

Possible Benefits

There are no direct benefits to your child from this study. However, his/her participation may
help us develop better malaria treatment. He/she will not be paid for participation in this study
but you will be reimbursed with an amount of fifteen Ghana cedis for your time and travel

during the follow up visits.
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Possible Risks

The amount of blood collected is harmless, although there may be a slight pain and bruising at
the bleeding site. All subjects will receive appropriate treatment as necessary. Sterile techniques

and disposable, single-use equipment will be used at all times.

Withdrawal from study

We would like to stress that this study is strictly voluntary. Should the child decide not to
participate; it will have no consequences for him/her. Should the volunteer, at any point during
the study, decide that he/she do not wish to participate any further, you are free to terminate the
participation, effective immediately. Any such decision will be respected without any further

discussion. Your decision will not affect the health care you would normally receive.

Visits

If the child misses a scheduled visit, we may contact you at home by phone, or in person to
schedule another visit and to see if you still want to take part in the research. When this contact

is made you will not be identified as being in this research.

Confidentiality

All information gathered would be treated in strict confidentiality. We will protect information
about your child taking part in this research to the best of our ability. The child will not be
named in any reports. However, the staff of [list all groups that may access the research records]
may sometimes look at his/her research records. If you have any questions, please feel free to

ask the physician in charge. Someone from the IRB or Ethical Committee might want to ask you
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questions about being in the research, but you do not have to answer them. A court of law could

order medical records shown to other people, but that is unlikely.

Contacts: If you ever have any questions about the research study or study-related problems,
you may contact Dr. Mame Yaa Nyarko at Prince Marie Louise Hospital (Tel: 0244 018888) or
Dr.Ben Gyan of the Noguchi Memorial Institute for Medical Research (0244 726016) at any
time. For questions about the ethical aspects of this study or your rights as a volunteer, you may
contact Dr. Samuel Ayete-Nyampong, Chairman, Institutional Review Board, NMIMR,
University of Ghana (021 501178/9) or Chairman of the Ghana Health Service Ethical

Committee (Tel. 021 681109)

Your rights as a participant

This research has been reviewed and approved by the NMIMR IRB and Ghana Health Service
Ethical Committee. An IRB or Ethical Committee is a committee that reviews research studies
in order to help protect participants. If you have any questions about your rights as a research
participant you may contact [Dr. Samuel Ayete-Nyampong, Tel 21-501-178/179 or Chairman of

the Ghana Health Service Ethical Committee (Tel. 021 681109)

VOLUNTEER AGREEMENT

The above document describing the benefits, risks and procedures for the research title
Circulating endothelial cells and the pathogenesis of malaria has been read and explained to
me. | have been given an opportunity to have any questions about the research answered to my

satisfaction. | agree my child/ward to participate as a volunteer.
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Date Signature or Thumbprint of volunteer

If volunteer’s Parent/Guardian cannot read the form themselves, a witness must sign here:

| was present while the benefits, risks and procedures were read to the volunteer. All questions

were answered and the volunteer’s Guardian/Parent has agreed to take part in the research.

Date Signature or Thumbprint of witness

| certify that the nature and purpose, the potential benefits, and possible risks associated with

participating in this research have been explained to the above individual.

Date Signature Person who obtained Consent

95



B. Consent for healthy controls

Adapted from the study entitled: Circulating endothelial cells and the pathogenesis of malaria

Principal Investigator: Ben A. Gyan, PhD

Address: Department of Immunology, NMIMR, Box LG 581, Legon

Information: (To be read or translated to parents/guardians in their own

mother tongue)

Dear Volunteer,

This consent form contains information about the research entitled Circulating endothelial cells
and the pathogenesis of malaria. In order to be sure that you are informed about being in this
research, we are asking you to read (or have read to you) this Consent Form. You will also be
asked to sign it (or make your mark in front of a witness). We will give you a copy of this form.
This consent form might contain some words that are unfamiliar to you. Please ask us to explain

anything you may not understand.

Why this study is planned

Your child is being asked to participate in the above study in order to find out factors in the
blood that may be of risk to severe malaria. Malaria is caused by a germ that is passed from one
person to the other by the bite of a mosquito that carries the malaria germ. Malaria is a very
serious health problem in Ghana, as it is in many African countries. We do not know why some
children become severely ill from malaria or why some of those children die from malaria. To
understand this problem we need to study children who come to the hospital with severe malaria

and compare them to children who have less severe malaria, and to other children who are
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feeling well. The purpose of the study is to find out what factors they already have in their blood
that may make them severely sick when they have malaria. If we can find the answer to this
question, we hope to be able to suggest new ways of controlling such severe sicknesses in

malaria.

General Information and your part in the study

For a child to qualify to be part of this study that child should be between the ages of 1 and 12
years. If your child/ward agrees to be in the study, we will collect venous blood sample for
laboratory diagnosis and 2 ml (teaspoonful) for our research initially and 7 days and 14 days
later. If you miss a scheduled follow-up visits (7 days and 14 days) in your school, we may
contact you at home by phone, or in person to schedule another visit and to see if you still want
to take part in the research. When this contact is made you will not be identified as being in this

research.

Possible Benefits

There are no direct benefits to your child from this study. However, his/her participation may
help us develop better malaria treatment. He/she will not be paid for participation in this study
but you will be reimbursed with an amount of fifteen Ghana cedis for your time and travel

during the follow up visits.

Possible Risks

The amount of blood collected is harmless, although there may be a slight pain and bruising at
the bleeding site. All subjects will receive appropriate treatment as necessary. Sterile techniques

and disposable, single-use equipment will be used at all times.
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Withdrawal from study

We would like to stress that this study is strictly voluntary. Should the child decide not to
participate; it will have no consequences for him/her. Should the volunteer, at any point during
the study, decide that he/she do not wish to participate any further, you are free to terminate the
participation, effective immediately. Any such decision will be respected without any further

discussion. Your decision will not affect the health care you would normally receive.

Visits

If the child misses a scheduled visit, we may contact you at home by phone, or in person to
schedule another visit and to see if you still want to take part in the research. When this contact

is made you will not be identified as being in this research.

Confidentiality

All information gathered would be treated in strict confidentiality. We will protect information
about your child taking part in this research to the best of our ability. The child will not be
named in any reports. However, the staff of [list all groups that may access the research records]
may sometimes look at his/her research records. If you have any questions, please feel free to
ask the physician in charge. Someone from the IRB or Ethical Committee might want to ask you
questions about being in the research, but you do not have to answer them. A court of law could

order medical records shown to other people, but that is unlikely.

Contacts: If you ever have any questions about the research study or study-related problems,
you may contact Dr. Mame Yaa Nyarko at Prince Marie Louise Hospital (Tel: 0244 018888) or

Dr.Ben Gyan of the Noguchi Memorial Institute for Medical Research (0244 726016) at any
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time. For questions about the ethical aspects of this study or your rights as a volunteer, you may
contact Dr. Samuel Ayete-Nyampong, Chairman, Institutional Review Board, NMIMR,
University of Ghana (021 501178/9) or Chairman of the Ghana Health Service Ethical

Committee (Tel. 021 681109)

Your rights as a participant

This research has been reviewed and approved by the NMIMR IRB and Ghana Health Service
Ethical Committee. An IRB or Ethical Committee is a committee that reviews research studies
in order to help protect participants. If you have any questions about your rights as a research
participant you may contact [Dr. Samuel Ayete-Nyampong, Tel 21-501-178/179 or Chairman of

the Ghana Health Service Ethical Committee (Tel. 021 681109)

VOLUNTEER AGREEMENT

The above document describing the benefits, risks and procedures for the research title
Circulating endothelial cells and the pathogenesis of malaria has been read and explained to
me. | have been given an opportunity to have any questions about the research answered to my

satisfaction. | agree my child/ward to participate as a volunteer.

Date Signature or Thumbprint of volunteer
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If volunteer’s Parent/Guardian cannot read the form themselves, a witness must sign here:

| was present while the benefits, risks and procedures were read to the volunteer. All questions

were answered and the volunteer’s Guardian/Parent has agreed to take part in the research.

Date Signature or Thumbprint of witness

| certify that the nature and purpose, the potential benefits, and possible risks associated with

participating in this research have been explained to the above individual.

Date Signature Person who obtained Consent
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Appendix B: Ethical Clearance

UNIVERSITY OF GHANA
SCHOOL OF MEDICINE AND DENTISTRY

S ™
Ref. No.:.. MS-AA/C.2/Vol.18% .. ... 12" February 2015

Mr. Gideon Obeng
Mphil, Department of Microbiology
SBAHS

ETHICAL CLEARANCE

Protocol Identification Number: MS-Et/M.5 — P 3.2/2014-2015

The Ethical and Protocol Review Committee of the School of Medicine and Dentistry on 11"
February 2015 unanimously approved your research proposal.

TITLE OF PROTOCOL: “Microvascular Damage in Cerebral Malaria: The Role of Plasmodium
Faciparum Erythrocyte Membrane Protein 1 (PfEMP 1)”

PRINCIPAL INVESTIGATOR: Mr. Gideon Obeng

This approval requires that you submit six-monthly review reports of the protocol to the
Committee and a final full review to the Ethical and Protocol Review Committee at the
completion of the study. The Committee may observe, or cause to be observed, procedures and
records of the study during and after implementation.

Please note that any significant modlﬁcatlon of this project must be submitted to the Committee
for review and approval before its ti

to this study to the. Ethical and
'and fourteen (14) days in writing.

You are required to report all se
Protocol Review Committee withil

to review the ethical aspects of any
therefore be required to furnish the

As part of the review process, it i
manuscript that may be produced f
Committee with any manuscript

This ethical clearance is vali

Please always quote the protocol identification nu ber in all future correspondence in relation

to this protocol. €
Saned: s 2\

PRQ ESSOR ANDREW A. ADJEI
(FOR: CHAIRPERSON ICAL’ANTD"PRBTOCOL REVIEW COMMITTEE)

cc: Dean, SMD

Head of Department
Research Office
COLLEGE OF HEALTH SCIENCES
* P O. Box GP4236, Accra, Ghana. * Telephone: +233 (0) 302 666 987/8 * Fax: +233 (0) 302 663 062
* Email: smd@chs.ug.edu.gh * Website: www.chs.ug.edu.gh
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Appendix C: Preparation of reagents

Parasite Freeze Mix

100 ml preparation

Sorbitol solution (4.2 % sorbitol in 0.9 % NaCl).........ccceveviieii i 72 ml
(€1 Yol o ] USSP 28 ml
Procedure

Sorbitol solution and glycerol were measured separately using a calibrated measuring cylinder
and the mixture constituted in a flask. The mixture was aliquoted into 50 ml falcon tubes and

stored at 4°C.

Parasite Thawing Mix

100 ml preparation

Yoo T8 T O o] [o T o PP PRSSUSIS 3.5¢
DEIONIZEO WWALET ... . et nnnnan 100 ml
Procedure

Salt was weighed with a balance and dissolved in water. The mixture was sterilized by filtering
through 0.22 um pore filter. The sterilized product was aliquoted into 50 ml falcon tubes and

stored at 4°C.
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Parasite Washing Medium

500 ml preparation

RPIMI LB40......coeeeeeeee ettt ettt ettt et e e et nan e be e e 493.5 ml
GentamicCin 10 MQ/ML......ooriee e 2.5ml
- GIUBBIMIENE. 1.tttk e e nnes 4.0 ml
Procedure

From the 500 ml commercially constituted RPMI 1640, 6.5 ml was taken and stored in a 15ml
falcon tube. Gentamicin and L-Glutamine was added to make the mixture up to 500 ml. The

preparation was stored at 4°C and used within 30 days.

Albumax

Hypoxantine.................. ] S 0 U 00 LA (N SR, .................... 0.2¢g
RPIMI LB40......c etttk etk ekt ekt e et 2R e e e Rn ekt e ettt e anneennne s 10L
AlDUMAX......ocoveee e lhiatl e Rl B 509
Procedure

Hypoxantine was dissolved in the RPMI 1640. This was followed by the addition of albumax.
The mixture was filtered using a 0.22 um filter after which it was aliquoted into 50 ml falcon

tubes and stored at -20°C
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Complete Parasite Medium (CPM)

500 ml preparation

RPIMI LB40......coeeeeeeee ettt ettt ettt et e e et nan e be e e 433.5 ml
GentamicCin 10 MO/ML......ooii e 2.5 ml
- GIUBBIMIENE. 1.kttt b et b e s 4.0 ml
Albumax........ccocoeeee..... SRV . FFTRNINSRIE R . . S SR . SO ... 50 mi
Normal Human Serum (O POSITIVE).......ccueiuiiieeieiieiteeieseesteesiesseesraessessassseesreessesaessaeneens 10 ml
Procedure

From 500 ml commercially prepared RPMI 1640, 66.5 ml was aliquoted into a separate tube.
Gentamicin, L-Glutamin, and Albumax were added sequentially to the 433.5 ml RPMI 1640.
Normal human serum was filtered with a 0.8 um filter, after which the product was added to the
initial medium to obtain a complete parasite medium. The medium was stored at 4°C and was

stable for 7 days.

Giemsa Stain (Working solution)

WOrKing GIEmMSa DUTTET ..o 45 ml

Stock GIeMSA (FIHErEA).....ccueeiiee e 5ml
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Washing of human RBCs (O Rhesus D positive)

Blood was collected in a vacutainer containing citrate phosphate dextrose (CPD) and stored for
48 hours before further processing. Following 48 hours of storage, blood was transferred into a
50 ml falcon tube and centrifuged for 10 minutes at 2000 rpm. The resulting supernatant was
aspirated and discarded. Parasite washing medium (PWM) was then added to make the mixture
up to 40 ml. The mixture was thoroughly mixed and centrifuged for 10 minutes at 2000rpm. The
resulting supernatant was aspirated and discarded as done previously. Again, PWM was added,
the mixture centrifuged and the supernatant aspirated and discarded. An equal volume of PWM
was added to the RBC pellets thereafter. Washed blood was stored at 4°C and used within two

weeks.

Special mix gas

Balanced Nitrogen.... .. | SEu_—_—— ., ... 92.5 %
OXYQEN...correrrereenee..... R T SRR, .......................... 2%
(OF: o To] 0o [10) ([ [T S SR PO PP 5.5%
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Appendix D: Details of Logistic Regression Analysis

Logistic regression analysis of healthy control subjects likelihood of developing CM
Overall model evaluation

Pearson Chi-square Statistic: 39.808 (P = 0.304)

Likelihood Ratio Test Statistic: 10.889 (P = 0.012)

-2*Log (Likelihood) = 44.748

Goodness-of-fit test

Hosmer-Lemeshow Statistic: 5.195 (P = 0.736)

Threshold probability for positive classification: 0.500
Classification Table:

Predicted Reference  Predicted Totals
Positive
Actual Reference Responses 21 3 24
Actual Positive Responses 8 9 17
Totals 29 12 41

Details of the Logistic Regression Equation

Predictor Coefficient Standard Error Wald Statistic P value
Constant -0.220 0.398 0.304 0.581
Anti-VSAcm 0.592 0.409 2.094 0.148
CEC 1.274 0.725 3.090 0.079
EPC -0.606 0.396 2.339 0.126
Predictor Odds Ratio 5% Conf. Lower 95% Conf. Upper
Constant 0.803 0.368 1.752
Anti-VSAcm1 1.808 0.811 4.031

CEC 3.574 0.864 14.785

EPC 0.546 0.251 1.186

Positive response (1): CM
Reference response (0): HC
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Logistic Regression analysis of healthy control subject’s likelihood of developing CM
Overall model evaluation

Pearson Chi-square Statistic: 34.940 (P = 0.423)

Likelihood Ratio Test Statistic: 11.251 (P = 0.010)

-2*Log (Likelihood) = 40.719

Goodness-of-fit test

Hosmer-Lemeshow Statistic: 7.845 (P = 0.449)

Threshold probability for positive classification: 0.500
Classification Table:

Predicted Reference  Predicted Totals
Positive
Actual Reference Responses 21 3 24
Actual Positive Responses 7 8 15
Totals 28 11 39

Details of the Logistic Regression Equation

Predictor Coefficient Standard Error Wald Statistic P value
Constant -0.234 0.412 0.322 0.570
Anti-VSAcwm2 0.998 0.564 3.130 0.077
CEC 1.256 0.709 3.133 0.077
EPC -0.679 0.407 2.786 0.095
Predictor Odds Ratio 5% Conf. Lower 95% Conf. Upper
Constant 0.791 0.353 1.775
Anti-VSAcm? 2.713 0.898 8.198

CEC 3.510 0.874 14.095

EPC 0.507 0.228 1.126

Positive response (1): CM
Reference response (0): HC
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Logistic Regression analysis of healthy control subjects likelihood of developing CM
Overall model evaluation
Pearson Chi-square Statistic: 36.204 (P = 0.412)

Likelihood Ratio Test Statistic: 12.689 (P = 0.005)
-2*Log (Likelihood) = 41.152

Goodness-of-fit test
Hosmer-Lemeshow Statistic: 12.172 (P = 0.144)

Threshold probability for positive classification: 0.500
Classification Table:

Predicted Reference  Predicted Totals
Positive
Actual Reference Responses 22 2 24
Actual Positive Responses 9 7 16
Totals 31 9 40

Details of the Logistic Regression Equation

Predictor Coefficient Standard Error Wald Statistic P value
Constant -0.324 0.401 0.652 0.419
Anti-VSAcms 1.041 0.684 2.313 0.128
CEC 0.847 0.646 1.718 0.190
EPC -0.553 0.425 1.699 0.192
Predictor Odds Ratio 5% Conf. Lower 95% Conf. Upper
Constant 0.723 0.329 1.588
Anti-VSAcwms 2.831 0.740 10.823

CEC P332 0.657 8.274

EPC O54S 0.250 1.321

Positive response (1): CM
Reference response (0): HC
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Logistic Regression analysis of uncomplicated malaria patient’s likelihood of developing
CM

Overall model evaluation

Pearson Chi-square Statistic: 16.439 (P = 0.562)
Likelihood Ratio Test Statistic: 12.597 (P = 0.006)
-2*Log (Likelihood) = 15.670

Goodness-of-fit test

Hosmer-Lemeshow Statistic: 6.896 (P = 0.548)

Threshold probability for positive classification: 0.500
Classification Table:

Predicted Reference  Predicted Totals
Positive
Actual Reference Responses 4 3 7
Actual Positive Responses 1 15 16
Totals 5 18 23

Details of the Logistic Regression Equation

Predictor Coefficient Standard Error Wald Statistic P value
Constant 3.120 1.606 3.774 0.052
Anti-VSAcw1 0.752 0.688 1.197 0.274
CEC 5.023 3.224 2.427 0.119
EPC -2.783 1.311 4.509 0.034
Predictor Odds Ratio 5% Conf. Lower 959% Conf. Upper
Constant 20163 7 0.972 526.941
Anti-VSAcm1 piap U551 8.170

CEC 151.924 0.274 84342.534

EPC 0.0618 0.00474 0.807

Positive response (1): CM
Reference response (0): UM
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Logistic Regression analysis of uncomplicated malaria patient’s likelihood of developing
CM

Overall model evaluation

Pearson Chi-square Statistic: 14.878 (P = 0.460)
Likelihood Ratio Test Statistic: 8.243 (P = 0.041)
-2*Log (Likelihood) = 16.192

Goodness-of-fit test

Hosmer-Lemeshow Statistic: 9.762 (P = 0.282)

Threshold probability for positive classification: 0.500
Classification Table:

Predicted Reference  Predicted Totals
Positive
Actual Reference Responses 3 3 6
Actual Positive Responses 1 13 14
Totals 4 16 20

Details of the Logistic Regression Equation

Ind. Variable Coefficient Standard Error Wald Statistic P value
Constant 2.557 1.558 2.692 0.101
Anti-VSAcm2 0.695 1.009 0.474 0.491
CEC 3.883 2.952 1.730 0.188
EPC -2.248 1.165 3223 0.054
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper
Constant 12.898 0.608 273.610
Anti-VSAcm? 2.003 0.277 14.487

CEC 48.560 0.149 15801.417

EPC 0.106 0.0108 1.036

Positive response (1): CM
Reference response (0): UM
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Logistic Regression analysis of uncomplicated malaria patient’s likelihood of developing
CM

Overall model evaluation

Pearson Chi-square Statistic: 14.408 (P = 0.638)
Likelihood Ratio Test Statistic: 11.592 (P = 0.009)
-2*Log (Likelihood) = 15.930

Goodness-of-fit test

Hosmer-Lemeshow Statistic: 9.246 (P = 0.322)

Threshold probability for positive classification: 0.500
Classification Table:

Predicted Reference  Predicted Totals
Positive
Actual Reference Responses 4 3 7
Actual Positive Responses 2 13 15
Totals 6 16 22

Details of the Logistic Regression Equation

Predictor Coefficient Standard Error Wald Statistic P value
Constant 2.643 1.584 2.783 0.095
Anti-VSAcwms 1.172 1.512 0.601 0.438
CEC 3.825 2.600 2.164 0.141
EPC -2.442 1.201 4.136 0.042
Predictor Odds Ratio 5% Conf. Lower 959% Conf. Upper
Constant 14.060 0.630 313.768
Anti-VSAcwms Syl 0.167 62.537

CEC 45.840 0.280 7491.951

EPC 0.0870 0.00827 0.915

Positive response (1): CM
Reference response (0): UM
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