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I. Abstract

Cerebral malaria (CM) is characterised by the adhesion and sequestration of Plasmodium
falciparum infected erythrocytes (IEs) in the human brain microvascular endothelial cells
(HBEC:S). IEs can adhere to immortalised human brain endothelial cells (hCMEC/D3) in vitro.
This provides a reliable model for the investigation of interactions between IEs and human
brain endothelium. Sequestration is mediated by interactions between members of the P.
falciparum erythrocyte membrane protein 1(PfEMP1) family and receptors on the endothelial
membrane. CM is associated with expression of specific PFEMP1 subtypes containing domain
cassettes (DCs) 8 and 13. However, the major endothelial receptor for parasites exhibiting these
ligands remains controversial but may include endothelial protein C receptor (EPCR) and
intercellular adhesion molecule 1 (ICAM1). Previous work suggests complement C1q binding
protein (C1QBP) as a potential binding partner for IEs, but this has rarely been studied. In this
thesis, I used a) HBECs and immunofluorescence assays to determine the cellular localisation
of C1QBP and b) adhesion assays to determine the role of CIQBP in IE (IT4VARI19,
HB3VARO03, 9197VAR27, and PfKE08) adhesion to hCMEC/D3.

Firstly, I validated the endothelial nature of hCMEC/D3 with specific endothelial cell markers
such as von Willebrand factor (vWF), PECAM1/CD31 (Platelet endothelial cell adhesion
molecule 1), Dil-Ac-LDL (Dil-Acetylated- low density lipoprotein), and SMA (Smooth muscle
actin). As expected hCMEC/D3 exhibited positive staining for vVWF, PECAM1/CD31, Dil-Ac-
LDL, and a negative staining for SMA. Therefore, I can use hCMEC/D3 as an endothelial cell
to determine the cellular localisation of CIQBP. Resting and TNFa-activated hCMEC/D3
showed intracellular staining for C1QBP, but cell surface staining was not observed. However,
after incubation with soluble C1QBP or normal human plasma (which contains soluble
C1QBP), hCMEC/D3 did exhibit positive surface membrane expression of C1QBP. In
addition, I observed that primary HBECs constitutively express C1QBP but not immortalised
HBECs. These results show that primary HBECs may exhibit different surface receptors
compared to immortalised HBECs.

Secondly, I investigated whether C1QBP can promote IE binding to hCMEC/D3. In static
binding assays to purified receptors, IT4VAR19-IE showed significant binding to C1QBP, TSP
(thrombospondin) and EPCR (endothelial protein C receptor). In adhesion inhibition assays, I

found that a monoclonal antibody (mAb) to human EPCR blocked the interaction between



ITAVAR19-IE and hCMEC/D3, whereas a mAb and polyclonal (pAb) antibody to human
C1QBP did not. HB3VARO3-IE did not interact with C1QBP and other potential endothelial
cell receptors, while 9197VAR27 and PFKEO8-IE did not also bind to C1QBP but significantly
adhered to EPCR. These data do not support a role for CIQBP as a major endothelial cell

cytoadhesion receptor for the four IEs lines studied here.

In conclusion, C1QBP is not constitutively expressed on the surface of immortalised HBECs
but can become associated with the cell surface membrane after exposure to normal human
plasma or recombinant C1QBP. C1QBP is not the major host receptor for IEs tested here but
may act in combination with EPCR. Since primary HBEC constitutively expressed C1QBP, IE
may have developed the capacity to interact with C1QBP to prevent the activation of the

classical pathway of the complement system and thus ensures its survival and transmission.



II. Lay Summary

CM is characterised by the accumulation of IEs within the cerebral microvasculature, leading
to vessel occlusion, and contributing to children becoming severely unwell, which can lead to
death. Currently, there is no adjunctive therapy which can prevent the accumulation of IEs
within children cerebral microvasculature. One strategy to reduce the number of children who
die from malaria infection would be to develop an effective adjunctive therapy to prevent

severe disease but not malaria infection.

The malaria parasite is capable of infecting and exploiting red blood cells, by modifying their
surface to express highly variable adhesive proteins. The parasite uses these adhesive proteins
to evade destruction via the spleen, by attaching IE to the lining of the blood vessels via diverse
molecules expressed by human endothelial cells. This binding is called sequestration. Previous
studies have identified a subset of parasite adhesive proteins involved in IEs sequestration.
However, the major human endothelial molecules for these adhesive proteins remains a matter
of debate but may include endothelial protein C receptor, and intercellular adhesion molecule
1. Previous works have proposed complement C1q binding protein as a potential endothelial
molecule for IEs sequestration, but this adhesion phenotype has received less attention. In my
research, I used an immortalised human endothelial cell and immunofluorescence assays to
characterise the cellular localisation of complement C1q binding protein, and adhesion assays

to determine the role of complement C1q binding protein in IE sequestration.

Firstly, I authenticated the endothelial nature of the immortalised human endothelial cell with
markers including von Willebrand factor, platelet endothelial cell adhesion molecule 1, Dil-
Acetylated- low density lipoprotein, and smooth muscle actin. As expected, I found that the
immortalised endothelial cell showed positive intracytoplasmic staining for von Willebrand
factor, Dil-Acetylated- low density lipoprotein, and positive surface staining for platelet
endothelial cell adhesion molecule 1, and negative staining for smooth muscle actin. These
results validate the endothelial nature of the immortalised human endothelial cell. Hence, 1
used the immortalised endothelial cell to investigate the cellular localisation of complement
Clq binding protein. Unexpectedly, I observed that resting and activated (i.e, preincubation of
the immortalised endothelial cell with TNF-a, a proinflammatory cytokine associated with
severe malaria and it can increase/decrease the expression of some endothelial molecules)

immortalised endothelial cell showed intracellular staining but not surface expression.



However, after incubation with soluble complement C1q binding protein or normal human
plasma (which contains soluble complement Clq binding protein), the immortalised
endothelial cell did display positive surface membrane expression of complement C1q binding
protein. In addition, I found that primary endothelial cells constitutively expressed complement
Clq binding protein but not immortalised endothelial cells. These results suggest that primary
endothelial cells may express different surface receptors compared to immortalised endothelial

cells.

Secondly, I assessed whether complement C1q binding protein plays an important role in IEs
sequestration. I used four laboratory adapted parasite lines associated with severe and cerebral
malaria in static adhesion assays with soluble proteins of endothelial molecules. I found that
one parasite line binds to complement C1q binding protein, thrombospondin, and endothelial
protein C receptor but the others did not bind to complement C1q binding protein. Therefore,
I tested the ability of antibodies (an immune defence molecule) and soluble molecule of
complement C1q binding protein and other soluble molecules to inhibit the interaction. I found
that antibodies and soluble molecules of complement C1q binding protein did not prevent the
interaction between IEs and the immortalised endothelial cell. However, antibodies and soluble
molecules of endothelial protein C receptor did prevent the interaction. These data indicate that

complement C1q binding protein is not the major endothelial molecule for IEs sequestration.

In summary, I have found that complement C1q binding protein is not constitutively expressed
by the immortalised endothelial cell but it can become associated with the surface membrane
of the immortalised endothelil cell when added exogenously or from normal human plasma.
Complement C1q binding protein is not the major endothelial molecule for IE sequestration
but it can act in association with endothelial protein C receptor. Because primary endothelial
cells constitutively expressed complement C1q binding protein, IEs may have developed the
ability to interact with complement Clq binding protein to prevent the activation of the

classical pathway of the complement system and thus ensures its survival and transmission.
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1. CHAPTERI: Introduction

A general introduction to malaria and the thesis rationale is highlighted here. A specific

introduction is also provided for each result chapters.

1.1.  Malaria- a general background

The global burden of malaria was estimated at 263 million cases in 2023, mostly in sub-Saharan
Africa (WHO, 2024). Malaria deaths were 597 000 worldwide, with 95% of deaths affecting
young children in Africa (WHO, 2024). Malaria is a mosquito-borne disease caused by an
Apicomplexan parasite belonging to the genus Plasmodium, of which Plasmodium falciparum
is the deadliest species (WHO, 2024). In malaria-endemic areas, many of the children who die
from malaria are infected with mature P. falciparum isolates that sequester (adhere to
endothelial cells) densely in the brain microvasculature, and death is preceded by coma; this is

recognised as CM (Molyneux, 1990).

In moderate and high malaria transmission settings, in the absence of clinical immunity, early
diagnosis and treatment of malaria are required to prevent severe disease and death. Antigen-
based rapid diagnostic tests (RDTs) for P. falciparum targeting the histidine-rich proteins 2 and
3 (HRP2 and HRP3) are widely deployed to establish an accurate diagnosis where the gold
standard blood-film examination by light microscopy is not available (WHO, 2024). Injectable
artesunate is the standard of care for the treatment of CM and is highly efficacious at killing
parasites (Dondorp et al., 2010; Kremsner et al., 2016). Despite this efficacy, 10-25% of
children affected by CM will die (Dondorp et al., 2010; Seydel et al., 2015). However, among
survivors at hospital discharge 41% will exhibit abnormal neurologic examinations. Having
more than 4 seizures during admission has been strongly associated with neurocognitive and
learning disabilities among children less than 5 years of age (Clark et al., 2023). These adverse
outcomes may occur because intravenous antimalarial drugs kill circulating parasites, but they

do not immediately reverse sequestration (Hughes et al., 2010).

Hence, the ability of mature stages of IE to sequester in HBECs (MacPherson et al., 1985;
Taylor et al., 2004) constitutes a threat for case management of patients with this life-
threatening disease. To mitigate this risk, it is imperative to better understand the

pathophysiology of CM and identify interventions to improve its clinical outcome. Other



current threats to effective management of malaria include deletions of the Pfhrp2 and Pfhrp3
genes in IE isolates resulting in false-negative diagnostic tests and the spread of artemisinin
resistance in Asian and African countries (Ashley et al., 2014; Balikagala et al., 2021; Uwimana

et al., 2020).

In this chapter, I summarise knowledge about severe malaria epidemiology, clinical
presentations of severe malaria, pathophysiology, immune protection mechanisms, the
molecular basis and current approaches used to study IE cytoadhesion. I also state the rationale

and aims of the thesis.

1.2. The epidemiology of severe malaria

In areas of intense and moderate transmission, children in the first 1-5 years of life are the most
affected group, whereas in areas of low transmission, the disease affects all age groups (White,
2018). In all endemic areas, infection and clinical disease are infrequent in children up to age
6 months due to passive immunity from maternal antibodies (Riley et al., 2001). The disease
presentations also differ with changes in the status of transmission, in areas of high
transmission, anaemia in young children is the main manifestation of severe malaria. In areas
with intermediate transmission, coma and metabolic acidosis in a wider age range of children
are the main complications observed. In places where the disease transmission is lowest, all
individuals are at risk of developing severe malaria (Snow et al., 1997) (Figure 1-1). Jaundice
and pulmonary oedema are common manifestations in adults, whereas anaemia,
hypoglycaemia and convulsions predominate in children. Moreover, recent work suggests that
acute kidney injury (AKI) is also common in children with severe malaria, and this was
unrecognised previously due to the use of inappropriate diagnostic test thresholds (Conroy et
al., 2023). Consequently, some African children with severe malaria experience an increase
level of uric acid associated with mortality and cognitive impairment (Bond et al., 2025). CM
and metabolic acidosis may occur at all age categories (Marsh et al., 1995; Marsh & Snow,
1997; Riganti et al., 1990). However, in region of intense transmission, adults continue to carry
malaria parasites, but the frequency of clinical disease is extremely reduced. This tolerance of
clinical disease in adults, known as clinical immunity, usually is never reached in low

transmission settings (Miller et al., 1994).
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Figure 1-1. Illustration of the relationship of severe falciparum malaria intensity to age at different levels
of malaria transmission Parasite rate or spleen rate has been used to define levels of malaria endemicity in
children aged 2-9 years, Holoendemic: constantly > 75% with a low adult spleen rate, parasite density decreases
rapidly between 2 and 5 years of age; hyperendemic: constantly > 50%; mesoendemic: 10- 50% and
hypoendemic: 0- 10% (WHO, 2021). A recent study showed that renal injury in also common in children with
severe malaria (Conroy et al, 2023). The figure is adapted from White, 2018 (White, 2018).

1.3.  Life cycle of Plasmodium falciparum

P. falciparum undergoes multiple development stages in both the human and mosquito hosts
(Figure 1-2). Following an infectious bite from an Anopheles mosquito, sporozoites migrate
into blood vessels and circulate in the blood until they infect liver cells. This interaction is
mediated by parasite circumsporozoite protein (CSP) and hepatocyte heparan sulfate
proteoglycans (HSPGs) (Herrera et al., 2015), with the contribution of thrombospondin-related
anonymous protein (TRAP) and apical membrane antigen-1 (AMA-1) released from the

parasite apical organelles (micronemes and rhoptries) (Cowman et al., 2016).

In the hepatocyte, sporozoites replicate asexually for 5-10 days to form exo-erythrocytic
merozoites, and maturation is concluded by hepatocyte rupture, releasing up to 40,000
membrane bound invasive merozoites (merosomes) into the bloodstream (Sturm et al., 2006).
Invasive merozoites rapidly colonise erythrocytes to escape the host immune responses using

a stepwise process including pre-invasion, active invasion and echinocytosis (Weiss et al.,



2015). Merozoites develop consecutively into ring-stage, early and late pigmented trophozoite-
stage and schizont-stage within the IEs. Pigmented trophozoite and schizont stages of P.
falciparum exhibit adhesion molecules on the surface of their IEs. These ligands allow the
mature stages of P. falciparum to adhere to the microvasculature of vital organs and lead to
their sequestration (MacPherson et al., 1985; Taylor et al., 2004; Tembo et al., 2014). The
clinical manifestation of malaria occurs during this erythrocytic phase. Parasites replicate
asexually inside the erythrocytes for 48 hours and the cycle is completed by bursting of the IEs
and release of 16-32 newly formed daughter merozoites into the blood, which can each invade
a new erythrocyte (Cowman et al., 2016). Upon each new round of the erythrocytic cycle,
parasites must choose between two developmental pathways, to continue to replicate asexually
and invade new erythrocytes, or, to commit to development into a sexual form, called
gametocytes, which differentiate into male and female forms. When mature gametocytes are
picked up by mosquitoes during a blood meal, they mate inside the mosquito gut to form a
zygote, which then undergoes meiosis and transforms into an ookinete that traverses the
mosquito midgut wall to form an oocyst. Continued rounds of asexual replication within the
oocyst forms sporozoites, which then move to the salivary glands and are released back into a

new human host when the mosquito takes a blood meal (Figure 1-2) (Cowman et al., 2016).
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Figure 1-2. Life cycle and pathogenesis of falciparum malaria. An illustration of the developmental specific
stages (from infection to transmission) and sequestration sites of Plasmodium falciparum. The cellular events and
molecular interaction determine the disease status. All human Plasmodium spp. invade erythrocytes by the same



mechanism, but only mature P. falciparum infected erythrocytes (IEs) adhere to endothelium, placenta and avoid
spleen dependent clearance mechanisms. The figure is taken directly from Miller et al 2002 (Miller et al., 2002).

1.4.  Clinical features of P. falciparum malaria

The clinical spectrum of P. falciparum infection ranges from asymptomatic to uncomplicated
malaria (UM), in which a subset of cases results in severe life-threatening complications such
as severe malaria anemia (SMAn), respiratory distress and CM (Miller et al., 2002).
Asymptomatic infection is characterised by the detection of malaria parasites in the peripheral
blood of a patient without any clinical symptoms of the disease. The clinical features of malaria
occur during the erythrocytic stage of the infection, when the parasite grows and multiplies in
cyclic manner within the host erythrocytes (Figure 1-2). Patients with malaria present
symptoms including fever, chills, headache, malaise, vomiting and mild diarrhoea. These
symptoms are representative of UM (White, 1996). However, severe malaria in African
children is classified into three major clinical types: SMAn, CM, and respiratory distress. All
three types, whether occurring alone or in combination, can kill rapidly or resolve quickly after
appropriate treatment (Newton et al., 1998). For research and clinical management purposes,
severe malaria is defined by the presence of an asexual parasitaemia and one of the following
clinical criteria: CM, altered consciousness (Blantyre Coma Score < 2) at least 1 hour after
termination of seizures and exclusion of other causes of encephalopathy; SMAn (packed cell
volume < 15% or hemoglobin < 5g/dL); acidosis or respiratory distress (lactate > 5 mM and/
or chest in-drawing or deep breathing); prostration (inability to sit or breastfeed in children old
enough to do so based on their age); hypoglycemia (blood glucose < 2.2 mM); multiple seizures
(= 2 convulsions in the preceding 24 hours); repeated vomiting or dehydration (= 3 vomiting
or inability to take oral medication) and hyperparasitaemia (more than 10% of erythrocytes

infected) (WHO, 2000).

1.5. Pathophysiological mechanisms of severe malaria

The key pathophysiological process underlying CM remains elusive and a constellation of
clinical, and pathological findings have been suggested such as the reduce deformability of
uninfected erythrocytes during severe malaria, destruction of IEs and release of parasite toxins
into the systemic area, interaction between IEs and uninfected erythrocytes, host immune

responses and the sequestration of IEs in human microvasculature. Some or all these



mechanisms may combine to play a critical role in the pathogenesis of severe malaria (Milner

et al., 2014; Taylor et al., 2004; WHO, 2000).

1.5.1. Risk factors associated with severe malaria

According to the World Health Organisation (WHO) in the absence of severe disease signs, a
child with a parasitaemia over 10% of the total body erythrocytes should be considered as
severe malaria case (WHO, 2014). The relation between the peripheral malaria parasitaemia
and severe disease presentation in different populations and age groups remains controversial.
CM in African children has showed a poor correlation between the density of peripheral
parasitaemia and the depth of coma (Molyneux, 1990). While postmortem studies have
demonstrated the presence of higher number of IE in the brain (Bernabeu et al., 2016) and other
vital organs of adults affected by CM (Ponsford et al., 2012). However, in Tanzania a birth
cohort of children experiencing severe malaria has shown that higher parasitaemia is associated
with CM but alone is not sufficient to explain the mechanism of CM (Goncalves et al., 2014).
The peripheral asexual stage parasitaemia did not always reflect the burden of mature P.

falciparum that sequestered in vital organs.

Plasma PfHRP2 has been proposed as an alternative to better estimate the total parasite load
within each tissue (Dondorp et al., 2005). HRP2 is a protein produced by P. falciparum and
secreted into the circulation at schizont rupture, thereby the quantity of PfHRP2 released is
proportional to the level of schizogony. Subsequent study conducted in high transmission
setting have found that PfHRP2 level is not correlated to severe disease in Papua New Guinea
children (Manning et al., 2011). However, later studies performed in different epidemiological
settings argue that PAHRP2 concentrations are associated with disease severity (Hendriksen et
al., 2013), and mortality in Tanzanian children (Rubach et al., 2012). A multicentric study in
Africa has found an association between PfHRP2 concentration and death in paediatric
population but not with the peripheral blood parasitaemia (Hendriksen et al., 2012). Using data
from 2649 paediatric and adults patients from four independent studies, the combination of
platelet count of <150,000/uL and a plasma PfHRP2 concentration of more than 21000 ng/mL
provided a good quantitative parameters to diagnose severe malaria (Watson et al., 2022). The

use of P/HRP2 level alone to diagnose severe malaria in high transmission setting remains a



matter of debate but the combination with platelet count can improve the diagnosis (Watson et

al., 2022).

Therefore, other studies have proposed examining patients for malaria retinopathy (ocular
fundus) to improve the diagnosis of CM (Lewallen et al., 2000; Taylor et al., 2004). WHO
recognised retinopathy positive malaria by the presence of retinal haemorraghes, classicaly
white-centred haemorraghes, or any retinal whitening, or any vessel colour change (orange or
white) in a patient with clinical CM (WHO, 2014). Other investigators supported the use of
malaria retinopathy to diagnose and study CM and thereby avoid incorrect inclusion of children
with incidental parasitaemia and coma due to other causes. They also underlined the use of
plasma P/HRP2 level and retinopathy positive for a better diagnosis (Kariuki et al., 2014;
MacCormick et al., 2014). Despite compelling approaches to discriminate CM from other
causes of severe diseases using retinopathy criteria, a study pointed out that plasma PfHRP2
concentrations may be more relevant to correctly diagnose CM than retinopathy positive (Park
et al.,, 2017). A more recent study has revealed that platelets and white blood cells counts
associated with retinopathy can substantially improve the diagnosis of CM (Lin et al., 2023).
Additionally, brain swelling detected by magnetic resonance image (MRI) has been associated
with increased risk of death in children with retinopathy positive CM in Malawi (Seydel et al.,
2015). However, the ocular fundus examination and MRI necessitate well-trained investigators,
and more investment to acquire and maintain the MRI. This can be a challenge in resources
limited settings where the disease is prevalent. Hence, another research group has proposed a
combination of P/HRP2 level, group A var gene transcript (which encodes severe malaria-
associated Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) adhesion
molecules), and lower platelet level as the best biological predictor to discriminate severe
malaria from other causes of severe illness (Sahu et al., 2021). In clinical practices, CM signs,
retinopathy positivity, and lower platelet level can be used at bedside to start CM cases

management and improve clinical outcome of the disease.

1.5.2. Destruction of erythrocytes

SMAn is one of the deadliest complications in children infected with IEs. Diverse pathogenic
mechanisms have been proposed to explain the reduction of circulating erythrocyte numbers

during malaria infection. The massive destruction of infected and uninfected erythrocytes,



insufficient erythropoiesis and bone marrow dyserythropoiesis have been incriminated to play
a role in the pathophysiological processes of SMAn (White, 2018). Other factors associated
with SMAn are vitamin A and B12 deficiencies, infectious diseases such as HIV, Epstein-Barr
virus, bacterial infections, hookworm, and host polymorphisms like G6PD deficiency (glucose
6 phosphate dehydrogenase) and single-nucleotide polymorphisms in the promoter region of

the gene encoding IL10 (Interleukin 10) (Calis et al., 2016).

Plasmodium spp. are obligatory intraerythrocytic parasites, therefore there is a destruction of
erythrocytes containing mature parasites at schizont rupture (Figure 1-2). In severe falciparum
malaria, high parasite burden is a risk factor for developing anaemia, but there is also
accelerated destruction of uninfected erythrocytes resulting in their shortened life span
compared to healthy patients and those with UM (Jakeman et al., 1999; Looareesuwan et al.,
1991). The plausible explanation for the decline in haematocrit concentration is the haemolysis
of infected and uninfected erythrocytes due to a complement-mediated immune response
(Woodruftet al., 1979). The surface of erythrocytes of children experiencing SMAn is modified
by the deposition of IgG (Immunoglobulin G) and alterations in levels of complement
regulatory proteins (Waitumbi et al., 2000). Another reason is the absorbtion of parasite
pigment (haemozoin) onto the surface of uninfected erythrocytes, where it fixes complement
and immunoglobulins such as IgG and IgM, and erythrocytes targeted by this immune process
are cleared in the spleen. This destruction contributes to the splenomegaly caused by
phagocytosis of infected and uninfected erythrocytes (Woodruff et al., 1979). Additionally, the
destruction of infected and uninfected erythrocytes during severe malaria may be linked with
oxidative damage (Casals-Pascual et al., 2006; Greve et al., 2000) and reduced a-tocopherol
reserve in the erythrocyte membrane, highlighting that local antioxidant depletion may

contribute to erythrocyte loss (Griffiths et al., 2001).

Dyserythropoiesis or ineffective erythropoiesis leading to SMAn is associated with
intramedullary deposition of malaria pigment in the bone marrow. Postmortem examination of
the bone marrow of African children who have died from malaria showed that pigmented
erythroid and myeloid cells are associated with abnormal development of erythroid precursors
(Casals-Pascual et al., 2006), and increased apoptosis of erythroid progenitor cells in vitro,
independently of inflammatory mediators (Lamikanra et al.,, 2009). However, other

investigators using an in vitro approach have demonstrated that the accumulation of P



falciparum haemozoin in the bone marrow inhibits erythropoiesis by acting both directly on
erythroid cells, and indirectly through inflammatory mediators such as TNF-a (tumour necrosis
factor-alpha) and nitric oxide (NO) produced by haemozoin-stimulated macrophages
(Awandare et al., 2011). Additional evidence describes independent pathways used by

haemozoin and TNF-a to inhibit erythropoiesis (Lamikanra et al., 2015).

More recent works have described the ability of IE to secrete extracellular vesicles that alter
the membrane of uninfected erythrocytes, facilitate their invasion and malaria parasite growth
(Dekel et al, 2021). The evaluation of plasma biomarkers in children with SMAn revealed that
higher 20S proteasome and lower insulin-growth factor (IGF) are associated with anaemia and
altered erythrocyte membrane properties (Mahamar et al, 2022). The 20S proteasome may play
a role in modifying the stiffness of erythrocyte membrane by targeting four phosphorylated
cytoskeletal proteins B-adducin, ankyrin-1, dematin and erythrocyte membrane protein band
4.1 (Dekel et al, 2021). While IGF, which is involved in erythroid maturation, might also

contribute to ineffective erythropoiesis (Mahamar et al, 2022).

1.5.3. Sequestration of infected erythrocytes

Accumulation of IEs within the human brain microvasculature is the pathological hallmark of
CM and it provides a plausible pathophysiological explanation for coma, related to
microvascular obstruction and hypoxia. Postmortem studies from patients dying with P.
falciparum infections have described cerebral venules and capillaries filled with mature IEs,
while cerebral sequestration is much sparser/absent in UM (MacPherson et al., 1985; Taylor et
al., 2004). Sequestration is caused by specific cytoadhesion interactions between parasite-
derived adhesion proteins exposed on the surface of IEs and host endothelial cell receptors
exhibited on the surface membrane of HBECs such as EPCR (Turner et al., 2013) and ICAM1
(Berendt et al., 1989). These host-parasite adhesion interactions are described more fully in

section 1.10.4.

Cytoadhesion can be substantially increased when adherent IEs bind to two or more uninfected
erythrocytes, this process is called rosetting (Rowe et al., 1997) or platelets, this is recognised
as platelet-mediated clumping (Pain et al., 2001). Rosetting is a parasite phenotype associated
with severe disease. In postmortem studies, rosette-like cluster of cells have been observed in

the microvasculature of fatal malaria cases (Barrera et al., 2018; Dondorp et al., 2004). Ex vivo



studies have also shown that rosettes occurred more commonly with parasites obtained from
patients with CM than patients experiencing UM (Carlson et al., 1990; Doumbo et al., 2009;
Rowe et al., 1995; Treutiger et al., 1992). Both cytoadherence (Rowe et al., 2009) and rosetting
(Ghumra et al., 2012; Juillerat et al., 2011; McLean et al., 2025; Rowe et al., 1997) are mediated
by the highly polymorphic protein PFEMP1 encoded by the var gene family. In vitro studies
have also demonstrated the ability of culture-adapted IEs expressing a rosette-mediating
PfEMP1 variant to cytoadhere to HBEC receptors after rosette disruption (Adams et al., 2014;
McLean et al., 2025). These results suggest the development of interventions targeting this dual

binding phenotype.

Platelet-mediated clumping is another P. falciparum cytoadherence phenotype. The formation
of clumps due to the interaction between laboratory lines of P. falciparum and platelets requires
the expression of the platelet surface glycoprotein CD36 (Pain et al., 2001), with some
evidences suggesting that P-selectin/CD62-P (Wassmer et al., 2008) and CIQBP (Biswas et
al., 2007) on platelets can also be considered as receptors for clumping. Using clinical samples,
in vitro platelet- mediated clumping has been associated with severe malaria (Mayor et al.,
2011). Additionally, an in vitro study showed that platelets can act as bridges to mediate IE
binding to CD36-deficient HBECs (Wassmer et al., 2004), while a postmortem study revealed
that platelet accumulation in the brain was significantly higher in CM patients than in those
with non-cerebral malaria (Grau et al., 2003). However, another study suggested that clumping
is related to high parasitaemia but not disease severity (Arman et al., 2007). The association
between platelet-mediated clumping and disease severity remains controversial. Further studies

are needed to understand the role of platelet-mediated clumping in CM.

Sequestration of IEs with uninfected erythrocytes and platelets within the cerebral vessels
impedes microvascular blood flow (Dondorp et al., 2008; Hanson et al., 2012; Hanson et al.,
2015; O'Brien et al., 2022). Furthermore, mature IEs become progressively less deformable so
that they have more difficulty transiting through the microvasculature. Studies of Thai adults
(Dondorp et al., 1999; Dondorp et al., 1997), and Kenyan children (Dondorp et al., 2002) have
shown strong association between reduced erythrocyte deformability and fatal malaria
outcome. However, in Kenyan children reduced erythrocyte deformability can be restored by
blood transfusion (Dondorp et al., 2002). Major consequences of IE cytoadhesion during CM
are reduction in delivery of oxygen to the brain and the development of cerebral hypoxia

leading to anaerobic glycolysis and death (Dondorp et al., 2008; Warrell et al., 1988).
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1.6. Coagulopathy

Adherent IEs have been shown to induce tissue factor (TF) production by endothelial cells in
vitro and stimulate the extrinsic coagulation pathway (Francischetti et al., 2007). The secreted
parasite product P/HRP2 also contributes to a procoagulant environment by blocking the
activity of antithrombin III (Ndonwi et al., 2011). Additionally, the parasite’s EPCR binding
ligand, cysteine-rich interdomain region a 1.4 (CIDR a1.4) domain of PTEMP1, prevents the
generation of activated protein C (APC) (Gillrie et al., 2015), the major anticoagulant protein.
These in vitro observations and the demonstration of fibrin deposition in more than 85% of
cerebral microvessels in children who died from CM (Moxon et al., 2013) corroborate the

potential pathological significance of microvascular thrombosis in paediatric CM.

An important molecule between the malaria parasite and the human coagulation system is
thrombin, which coordinates the balance between an anticoagulant state by the activation of
protein C and a procoagulant state by fibrin formation (Mosnier et al., 2007). Binding of
thrombomodulin (a glycoprotein constitutively expressed on the surface of human endothelial
cells) to the thrombin exosites I and II forms the complex thrombin-thrombomodulin. This
complex interacts with the protein C- EPCR complex and triggers the activation of protein C.
APC in association with the protease-activated receptor-1 (PAR1) provides a cytoprotective
effect on endothelial barrier function (Figure 1-3). However, in the presence of IEs
cytoadhering to EPCR, the direct interaction between thrombin exosite I and PAR1 can induce
proinflammatory effects, increasing endothelial cell apoptosis and blood brain barrier

dysfunction (Figure 1-3) (Gillrie et al., 2016).
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Figure 1-3. Illustration of EPCR role in protein C activation and severe malaria pathophysiology. Protein
C (PC) activation involves the endothelial cell receptor, EPCR, and the complex thrombomodulin (TM)- thrombin
(ITa). Binding of PC to EPCR induces the activation of protein C (APC). PC and APC have the same affinity to
EPCR. APC exerts its anticoagulant activity when bound to the endothelial cell membrane and cooperates with
diverse lipoproteins (Protein and lipid cofactors). As an anticoagulant, APC cleaves the activated cofactors Va
(fVa) and VIlla (fVIIIa) to generate the inactivated cofactors fVi and fVIIIi. Physiological activities of APC
involve its interaction with EPCR and protease-associated receptor-1 (PAR-1). These activities include APC-
mediated alteration of gene expression, anti-inflammatory activities, anti-apoptotic activities, and protection of
endothelial barrier function. Together, these activities referred to as APC’s cytoprotective effects. During cerebral
malaria, P. falciparum infected erythrocytes (IE) bind to EPCR and sequester in the brain microvasculature. This
interaction compromises the secretion of APC and facilitates the adhesion between Ila and PAR-1. Collectively,
these interactions lead to inflammation, coagulation and blood brain barrier disruption. The figure is adapted from

(Mosnier et al., 2007).

1.7. Host inflammatory responses

The plasma concentration of TNF-a, a proinflammatory cytokine, is elevated in acute malaria
and is particularly high in children with profound coma (Kwiatkowski, 1990). However, TNF-
o, concentrations in uncomplicated Plasmodium vivax infections are as high as those found in
CM patients (Karunaweera et al., 1992). Therefore, if TNF plays a role in CM pathogenesis, it
may be at local tissue level, where the schizogony of a mature IE occurs and the parasite toxins
that induce TNF production are released. For instance, TNF has been shown to upregulate the
expression of ICAM1 (Weksler et al., 2005; Xiao et al., 1996; Zougbede et al., 2011) a host

endothelial cell receptor involved in IE cytoadhesion and sequestration, and also TNF and other
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cytokines increase cytoadhesion of IE in vitro (Xiao et al., 1996; Zougbede et al., 2011). It is
therefore possible that TNF and other proinflammatory cytokines contribute to malaria severity

by promoting IE cytoadhesion and sequestration.

1.8.  Host erythrocyte polymorphisms and severe malaria

The importance of cytoadhesion in severe malaria is supported further by the increased
prevalence of malaria-protective point mutations in the haemoglobin gene within human
populations living in areas where malaria is endemic: e.g., haemoglobin C (HbC) and
haemoglobin AS (HbAS). The mechanism of protection against severe malaria of these
haemoglobinopathies is due, at least in part, to abnormal display of PFEMP1 on the surface of
IEs, which reduces their ability to adhere to endothelial cells (Fairhurst et al., 2005; Fairhurst
et al., 2012; Petersen et al., 2021; Sanchez et al., 2019) and to form rosettes (Opi et al., 2014) .
Furthermore, P. falciparum rosetting is also reduced in blood group O erythrocytes compared
with group A, B, and AB, providing an explanation for the malaria protective effect of blood
group O (Opi et al., 2023; Rowe et al., 1995; Rowe et al., 2007). These observations clearly
support the hypothesis that reducing cytoadherence and rosetting decreases the risk of
developing severe malaria. Hence, reduction or reversal of parasite adhesion interactions with

host cells can be considered a plausible therapeutic option for improving clinical outcomes.

1.9. Immunity to severe malaria

Placental malaria is a good model for future studies on immunity to severe malaria. Women
during their first pregnancy are vulnerable to malaria infection of their placenta leading to
anaemia in women and low birthweight in newborn babies (Desai et al., 2007). However,
immunity develops quickly during consecutive pregnancies. This immunity is mediated by
antibodies that inhibit the interaction between the conserved PfEMP1 variant VAR2CSA (a
member of PfEMP1 variant expressed on the surface of IEs) and the placental receptor
chondroitin sulphate A (CSA). The anti-VAR2CSA antibodies block adhesion of
geographically diverse parasites in a strain-independent manner (Fried et al., 1998). This result
paves the way for development of an effective intervention against pregnancy-associated
malaria (Gamain et al., 2021). If similar global strain-transcending adhesion-blocking

antibodies are demonstrated against PfEMP1 variants associated with severe paediatric
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malaria, this would provide strong rationale for similar development of an intervention to

reduce malaria deaths in children.

Antibodies to the IE surface (most likely to PFEMP1) can prevent the interaction between IEs
and HBECs (Reyes et al., 2024; Udeinya et al., 1983). PfEMP1 diversity and antigenic
variation may help to explain the slow and gradual development of clinical immunity in areas
of intense transmission (Griffin et al., 2015; Obeng-Adjei et al., 2020; Tessema et al., 2019). It
has been suggested that the first malaria infections in infants and young children are dominated
by parasites expressing group A and B/A PfEMPIs (described in more detail in section 1.10
below) (Cham et al., 2010; Cham et al., 2009). Then, infants and children acquire immunity
(e.g. antibodies) to these virulence-associated PFEMP1 types after a few infections (Goncalves
et al., 2014; Gupta et al., 1999) and immunity to severe disease is essentially complete by the
age of five years. Furthermore, the fact that significant immunity to severe malaria develops
after a relative low number of infections, suggests that some component of immunity can
transcend the difference between parasites isolates. This could be, at least in part, related to the
acquisition of strain-transcending antibodies to PFEMP1 (Ghumra et al., 2012; McLean et al.,
2024). A more recent study also claims the discovery of broadly reactive inhibitory monoclonal
antibodies to CIDRal, the PFEMP1 domain that interacts with human EPCR (Reyes et al.,
2024) . However, the Reyes et al. study focuses on PfEMP1 recombinant proteins instead of
IEs expressing native PFEMP1 proteins. Therefore, it remains crucial to assess the ability of
these antibodies to inhibit and reverse the binding of heterologous laboratory-adapted parasite

lines and freshly collected field isolates from CM patients to HBEC.

1.10.  Molecular basis of cytoadhesion

The cytoadhesion of IE to HBECs plays an important role in the occurrence of CM.
Sequestration happens due to the molecular interaction between parasite adhesion ligands
expressed on the surface of IE and host receptors exposed on the surface of HBECs (Rowe et
al., 2009). The use of in vitro panning assays (to enrich P. falciparum strains for adhesion to
HBEC) allows selection of IEs to become more adhesive to HBECs (Claessens & Rowe, 2012).
This has enabled the identification of DC8 and DC13 containing PfEMP1 variants as major
parasite HBEC-binding molecules linked to severe malaria (Avril et al., 2012; Claessens et al.,
2012). The selected IE can also facilitate the identification of host endothelial proteins that are
putative receptors to which they bind (Turner et al., 2013). An effective intervention against

CM could potentially be developed but our current understanding remains incomplete.
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1.10.1. PFEMP1 structure and classification

PfEMPI1 is a highly polymorphic protein, encoded by the var gene family, that is involved in
binding interactions between IEs and host cells (Baruch et al., 1995; Smith et al., 1995; Su et
al., 1995). Each parasite genome encodes approximately 60 different variants of PfEMPI
(Gardner et al., 2002; Kraemer & Smith, 2003) and by mutually exclusive expression, only one
var gene is transcribed per cell (Voss et al., 2006; Zhang et al., 2022).Var genes are encoded
in two exons. The first exon encodes the diverse extracellular binding region and the
transmembrane domain (Figure 1-4). The second exon is more conserved and encodes the
acidic terminal segment (ATS) domain that is intracellular and postulated to anchor PfEMP1

at knobs (Mayer et al., 2012).

PfEMP1 extracellular domains comprise: the N-terminal segment (NTS) located at the amino
terminus of all PfEMPI1, the Duffy Binding-like (DBL) domains and the Cysteine-rich
Interdomain Region (CIDR). DBL domains have seven sequence classes (a, B3, v, 9, C, € and
pam) and CIDR domains possess five distinct sequence classes (a, B, v, 6 and pam) (Figure 1-
4). Consensus motifs are described for the different DBL and CIDR types. These sequence
classes can be divided further into numerical subclasses (Rask et al., 2010). While the total
number of DBL and CIDR domains varies between different PfEMP1 variants, PfEMP1
domain architecture is not randomly arranged, because certain tandem domain associations are
commonly seen, such as DBLaCIDRa and DBLSCIDRB/y (Otto et al., 2019; Rask et al., 2010;
Smith et al., 2000; Su et al., 1995).

Vargene 2YIRI"NTs | Exon 1

Var mRMNA Exon 1 | Exon 2 |

PIEMP1 + Other
domains
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Figure 1-4. Illustration of a var gene encoding P. falciparum erythrocyte membrane protein 1(PfEMP1).
The gene is composed of two exons, exon 1 in red and exon 2 in purple, and one intron. The main types of PFEMP1
head structure and domains are indicated. NTS = N-terminal segment; DBL = Duffy binding like; CIDR =

Cysteine-rich interdomain region; TM = Transmembrane domain; ATS = Acidic terminal segment.

Var genes can be classified into three major groups (group A, B and C) based on chromosome
location, transcriptional orientation and the upstream sequence (Ups). All UpsA (group A) and
most UpsB (group B) var genes are found in the chromosomal sub-telomeric regions. UpsC
(group C) var genes are found towards the centre of chromosomes (Gardner et al., 2002;
Kraemer & Smith, 2003), while two intermediate groups, B/A and B/C, represent transitions
between the three major groups (Lavstsen et al., 2003). Later classification of PFEMP1 based
on tandem sets of domain subclasses that occur together in multiple parasite genomes, named

domain cassettes (DCs), may represent functionally conserved units (Rask et al., 2010).

1.10.2. PFEMP1 and disease phenotypes

The differential expression of PFEMP1 groups is linked to disease phenotype. IE selected in
vitro for adhesion phenotypes associated with paediatric children severe malaria preferentially
expresses PFEMP1 encoded by group A and B/A var genes (Jensen et al., 2004). Evidence from
naturally infected children from endemic areas shows that parasites causing severe disease
express high levels of group A and B/A var genes, whereas those causing UM mainly express
group B and C var genes (Kyriacou et al., 2006; Warimwe et al., 2012). Additionally, IE that
bind to uninfected erythrocytes to form rosettes express predominantly group A var genes
(Ghumra et al., 2012; McLean et al., 2025; Rowe et al., 1997; Vigan-Womas et al., 2012).
Structural and functional grouping of PfEMPI1 into DCs has enabled researchers to link IE
expressing DC8 and DC13 with severe and CM (Auvril et al., 2012; Claessens et al., 2012;
Lavstsen et al., 2012). Recently, PFEMP1 DC11, DC15 and DC8 have been shown to mediate
rosetting (McLean et al., 2025) and are associated with severe malaria (Duffy et al., 2019;

Tonkin-Hill et al., 2018).

1.10.3. PfEMP1 binding domains

Previous work showed that DC8 and DC13 containing PfEMP1 variants are expressed by

parasites selected on HBECs and are associated with severe malaria including SMAn and CM
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(Avril et al., 2012; Claessens et al., 2012; Lavstsen et al., 2012). DC8 consists of 4 domains
(DBLa2- CIDRal.1- DBLB12-DBLYy4/6) and DC13 is composed of 2 domains (DBLal.7-
CIDRa1.4) (Figure 1-5). DC8 and DC13 expressing parasite lines interact with diverse cerebral
and non-cerebral endothelial cells (Avril et al.,, 2013; Ortolan et al., 2022). A screening
approach using an array of human plasma membrane proteins showed that the CIDRa1 domain
in DC8, DC13 and a subpopulation of group A and B/A variants bind EPCR (Turner et al.,
2013). DC13 expressing parasites have been also found to present dual binding specificity for
EPCR and ICAM1 (Lennartz et al., 2017). ICAMI1 binding in DC13 has been mapped to the
first DBLP domain following the PfEMPI1 head structure (Avril et al., 2016)(Figure 1.5).
Whereas CD36 binding is restricted to group B and C head structures containing CIDRa2 to
CIDRa6 domains (Hsieh et al., 2016; Turner et al., 2013; Yipp et al., 2007). Previous evidence
also revealed that the DBLB12 domain of 3D7 PDF0020c exhibiting PfEMP1 DC8 variant
interacts with C1QBP (Magallon-Tejada et al., 2016). A computational modelling analysis of
the DBLB12 domain has predicted that the C1QBP binding site differs from the ICAM1
binding site found in other DBLJ} subclasses (Bakri et al., 2021). Additional binding partners
for other DC8 and DC13 domains remain to be identified (Avril et al., 2013). However, CM
research field’s intense focus on EPCR has meant that other host receptors contributing to brain

sequestration are currently receiving little attention.

EEEEEEN EEEEEEN Domainbinding
phenotype

mm EPCR
== |CAM-1

mm CigBP

Figure 1-5. Illustration of some PFEMP1 HBEC binding domain architectures. IT4VAR19 is predicted to
interact with C1QBP through its domain DBLB12 (Magallon-Tejada et al., 2016). HB3VARO3 is also predicted
to interact with ICAMI1 (Janes et al., 2011; Lennartz et al., 2017). 3D7_PFD0020c, PfKEO0S8, and PC0053-C. G96
(also known as 9197VAR27) are DC8-like PfEMP1 variants. The domain DBLB12 of 3D7 PDF0020c is known
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to bind C1QBP (Magallon-Tejada et al., 2016), while the PFEMP1 domains CIDRal.1 and DBLB12 with an
asterisk are predicted to bind EPCR and C1QBP respectively. Computational analysis has predicted that DBL[12
binding site on C1QBP (Black) differs to ICAM1 binding site (green) present in other DBLJ subclasses (Bakri et

al., 2021). Some parasite lines expressing these PFEMP1 variants are studied in this thesis.

1.10.4. Host receptors involved in cytoadhesion

The identity of the major host endothelial receptor involved in CM remains controversial but
may include EPCR (Turner et al., 2013) alone or in combination with ICAMI1 (Avril et al.,
2016; Berendt et al., 1989; Lennartz et al., 2017; Lennartz et al., 2019). Other endothelial cell
receptors such as CD36 (Barnwell et al., 1985), P-selectin (CD62-P) (Udomsangpetch et al.,
1997), Thrombospondin (TSP) (Roberts et al., 1985), PECAMI (Platelet Endothelial Cell
Adhesion Molecule 1) (Treutiger et al., 1997), E-selectin (CD62-E) and VCAM1 (Vascular
Cell Adhesion Molecule 1) (Ockenhouse, Tegoshi, et al., 1992), Fractalkine (Hatabu et al.,
2003), Integrin avp3 (Siano et al., 1998), CSA (Chondroitin Sulphate A) (Rogerson et al.,
1995), NCAM (Neural Cell Adhesion Molecule) (Pouvelle et al., 2007) and CIQBP (Biswas
et al., 2007) may also play a role in IE sequestration in diverse endothelial niches (Rowe et al.,
2009). Host endothelial cell receptors, ECPR, ICAMI1 and CD36 are the most extensively
studied, while the others remain neglected. These three major receptors are described below,

followed by the subject of this thesis, CIQBP.

1.104.1. EPCR

EPCR encoded by the endothelial protein C gene (PROCR) is a surface protein of human
endothelial cells involved in anticoagulation and endothelial cytoprotective pathways through
its interaction with protein C (PC) and activated protein C (APC) (Figure 1-3) (Mosnier et al.,
2007). EPCR has been suggested as the major endothelial cell receptor for IE sequestration in
the brain (Turner et al., 2013) and may act in conjunction with ICAM1 (Avril et al., 2016;
Bernabeu & Smith, 2017; Lennartz et al., 2017; Lennartz et al., 2019). The N-terminal domain
CIDRal of PfEMP1 has been identified as the binding partner of EPCR (Turner et al., 2013)
and their interaction site predicted from X-ray crystallography structures using recombinant
proteins (Lau et al., 2015). This interaction prevents the physiological function of EPCR in
activation and maintaining endothelial barrier integrity, which induces coagulopathy,

inflammation and vascular leakage contributing to severe malaria syndromes (Figure 1-3)
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(Gillrie et al., 2015; Moxon et al., 2013; Sampath et al., 2015). Since the breakthrough
discovery of Turner et al (Turner et al., 2013), the cerebral malaria research field has focused
on EPCR, while other potential receptors are receiving little attention. Meanwhile, in vitro work
has cast doubt on the physiological relevance of EPCR (Azasi et al., 2018) and the precise role
of EPCR in adhesion to HBEC remains controversial, with results of adhesion assay differing
between research groups (Azasi et al., 2018; Bernabeu & Smith, 2017; Gillrie et al., 2015;
Storm et al., 2019; Turner et al., 2013). One possible explanation for these discrepancies has
been demonstrated by the presence of complement Cls, a protease in the human serum that
breaks PfEMP1 at interdomain conserved sites and inhibits cytoadherence of IE-EPCR (Azasi
et al., 2021). It seems therefore possible that additional host receptors for IEs sequestration in

the brain remain to be identified.

1.104.2. ICAM1

ICAMI1 is a member of the immunoglobulin like superfamily, a 90-115 kDa glycosylated
glycoprotein composed of an extracellular domain containing five tandemly arranged
immunoglobulin-like domains, a transmembrane region, and a cytoplasmic domain (Staunton
et al., 1988). ICAMI surface expression can be stimulated both in vitro and in vivo on
endothelial cells by TNF, interleukin-1 and gamma interferon (Avril et al., 2019). ICAM1
mediates the contact with leucocyte integrin, LFA-1 (Lymphocyte function-associated antigen
1) and Mac-1 (Macrophage-1 antigen) (Diamond et al., 1990) to facilitate the transmigration
of lymphoid and myeloid blood cells through the vascular endothelium in response to tissue
injury. I[CAM1 is also a cellular receptor for the major human rhinoviruses (HRV) (Staunton et
al., 1989), and a soluble form of ICAM1 binds to HRV and inhibits Rhinovirus infection
(Marlin et al., 1990). Previous studies have demonstrated the ability of IEs to bind the first N-
terminal domain of human ICAM1 (Berendt et al., 1992; Berendt et al., 1989; Ockenhouse,
Betageri, et al., 1992). ICAMI1 binding is mediated by a diverse set of DBL[ domains (Janes
et al., 2011), which belong to PFEMP1 group A associated with severe malaria or group B and
C linked to UM (Gullingsrud et al., 2013; Lennartz et al., 2017; Lennartz et al., 2019; Oleinikov
et al., 2009). The cytoadhesion of IE to ICAM1 and the disease outcome remains a matter of
controversy in the literature (Rowe et al., 2009). However, ICAMI1 binding is associated with
CM in some studies (Lennartz et al., 2017; Ochola et al., 2011) and more importantly it can act
in combination with EPCR in in vitro and ex vivo studies (Awvril et al., 2016; Lennartz et al.,

2017; Lennartz et al., 2019; Tuikue Ndam et al., 2017). Specific monoclonal antibodies against
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ICAM1 domain 1 and 2 competitively reduce cytoadherence of IEs (Davis et al., 2013;
Madkhali et al., 2014). A more recent investigation used a well characterised parasite line
associated with rosetting (PfKEO0S), expressing a DC8-like PFEMP1, and binding to ICAM1 in
static adhesion assay (McLean et al., 2025). In general, ICAM1 binding is associated with

severe malaria (Newbold et al., 1997).

1.10.4.3. CD36

CD36 is a scavenger receptor found on various host cells such as endothelium, monocytes, and
platelets (Barnwell et al., 1989), but expressed at very low level or absent in the HBECs (Awvril
et al., 2013). This receptor has diverse functions including platelet adhesion (Biswas et al.,
2007; Pain et al., 2001), participation in the fatty acid metabolic pathways, cell membrane
trafficking systems and human innate immunity (Febbraio et al., 2001). Adhesion of IE to
CD36 is mediated by CIDRa2-6 domains which belong to PfEMP1 group B, C and are
associated with UM (Hsieh et al., 2016; Yipp et al., 2007). IE binding to CD36 is a common
host-parasite cytoadhesion interaction, and 85% of PfEMP1 variants contain a CIDRa2-6
CD36-binding domain (Hsieh et al., 2016). Pediatric IEs isolates from UM cases have
significantly higher levels of adhesion to CD36 compared to children with severe malaria cases
(Ochola et al., 2011). In recombinant protein binding assays, IE selected on HBECs and
predominantly expressing PFEMP 1variants associated with severe malaria do not interact with
soluble CD36 (Azasi et al., 2018). In general, CD36 binding is linked to UM (Newbold et al.,
1997).

1.10.4.4. C1QBP

1.10.4.4.1. Structure of C1QBP

C1QBP also known as gC1gR (globular head domain of C1q receptor), HABP1 (Hyaluronan
binding protein 1), p32 or p33 is encoded by a 6 kb gene named C/QBP and is composed of 6
exons and 5 introns localised at the short arm of chromosome 17 at position 17p13.3 (Guo et
al., 1997). C1QBP protein migrates at 33 KDA on SDS-page (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) with a molecular weight of 97.2 KDA by gel filtration
suggesting that the molecule is a trimer of three identical chain (Ghebrehiwet et al., 1994).

Further, this finding was confirmed by the crystal structure of the mature form of CIQBP and
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depicted to be a doughnut-shape homotrimer (Jiang et al., 1999) (Figure 1-6).

(A)

Other Names ClqBP,p33,p32, HABP

SDS-PAGE 33kDa

Gel filtration 97.2kDa

Amino acids 24.3
Isoelectric point 4.15

Gene structure
Exons 6
Introns 5

gC1gR trimer: Peptide backbones

Chromosome location 17p13.3 (Jiang et al. PNAS, 1999).

Figure 1-6: Molecular and biochemical feature of C1QBP. A-) Description of the molecular and
biochemical properties of C1QBP. B-) Shows the peptide backbones as well as the contacts between
N- and C-termini in each monomer, which are critical for trimer formation. The figure is taken directly

from (Ghebrehiwet et al., 2019).

The CI1QBP protein is highly conserved in diverse species and shown 89.9% similarity of
amino acid sequence between human and rodent (Guo et al., 1997). C1QBP contains 282 amino
acid residues and contains a mitochondrial-targeting motif, the NH2 terminus of the mature
protein isolated from Raji cell membranes starts at residue 74. Therefore, the hypothesis that
the mature cell surface protein, spanning residues 74- 282 is a cleavage product of the pre-pro
mitochondrial protein (i.e, the full length produced from mRNA translation containing both a
signal peptide (pre) and an inactive sequence (pro)) residues 1-282 amino acid residues, which
is translocated to the cell surface after post-translational modification without the first 74 amino

acid residues (Ghebrehiwet et al., 2019; Ghebrehiwet et al., 1994).
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1.10.4.4.2. C1QBP localisation and function

C1QBP is the physiological receptor for Cl1q, an important component of the complement
system. The presence of receptor for C1q was first suggested on leucocytes in 1972 (Dickler
& Kunkel, 1972) and demonstrated later with gC1q (globular head of C1q) binding with high
affinity to C1QBP on diploid fibroblasts (Bordin et al., 1983). C1QBP is expressed on diverse
human cells such as B cells (Ghebrehiwet et al., 1994), monocytes (Tenner & Cooper, 1981),
macrophages (Malhotra & Sim, 1989), neutrophils (Eggleton et al., 1995), platelets
(Peerschke & Ghebrehiwet, 1987), and endothelial cells (Andrews et al., 1981; Daha et al.,
1988; Ghebrehiwet et al., 1994). However, the precise cellular localisation of C1QBP
remains disputed in the literature. Multiple C1QBP cellular localisations may explain its

broad assigned function (Figure 1-7).
o Intracellular localisation of C1QBP and function

Previous works found that the fluorescence of resting HUVEC cells labelled for C1QBP
detection was minor but when HUVEC were permeabilised before staining more bright
fluorescence was detected by flow cytometry. However, fixed HUVEC cells confirmed the
predominant intracellular localisation of C1QBP using IFA (Dedio & Muller-Esterl, 1996; van
den Berg et al., 1997).

C1QBP is a multicompartmental cellular protein C1QBP has multiple functions
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Figure 1-7: C1QBP multiple localisations and functions. Role of C1QBP in infection, inflammation,
immune modulation, cancer, and diverse locations in cell compartment such as mitochondria,
cytoplasm, cell surface and extracelluar environment are shown. C1QBP can interact with pathogens
such as bacteria (Staphylococcus aureus, Listeria monocytogenes), virus (human immunodeficiency
virus (VIH), hepatitis C virus (HCV), covid-19, and parasite (P.falciparum). C1QBP is a receptor for
HK and induces the activation of the kinin kallikrein system (KKS) leading to the release of bradykinin,
a potent vasoactive molecule known to cause angioedema. C1QBP in extracellular milieu can
upregulated the expression of the inducible bradykinin receptor 1 (B1R). The figure is taken from
(Ghebrehiwet et al., 2024).

The main intracellular site of C1QBP is in the mitochondrial matrix where it involves in
oxidative phosphorylation (Muta et al., 1997). C1QBP facilitates dendritic cell metabolism and
maturation, and acts in combination with pyruvate dehydrogenase to ensure the maturation of
dendritic cells in vitro and in vivo (Gotoh et al., 2018). Development of malignant cells require
substantial energy, knockdown of C1QBP has been shown to shift tumour cells metabolism
from oxidative phosphorylation to glycolysis indicating that tumour cells use C1QBP to
regulate the balance between oxidative phosphorylation and glycolysis (Fogal et al., 2010).

Another example of intracellular function of C1QBP is the protein ability to interact with
Epstein-Barr virus (EBV) antigen called EBNA-1. This interaction allows the latent virus to
use the host cellular machinery to transcribe his genetic material and facilitates viral infection
(Wang et al., 1997). Intracellular C1QBP is known to interact with other viral protein to apply
the same process such as HIV-1 Tat (human immunodeficiency virus) (Yu et al., 1995), HIV-

1 Rev (Luo et al., 1994), and Herpes simplex virus (Bruni & Roizman, 1996).
e Surface localisation and function

Numerous studies have depicted C1QBP as a surface receptor (Andrews et al., 1981; Eggleton
et al., 1995; Ghebrehiwet et al., 1994). However, in contrary to the classical cell surface
receptors, CIQBP is missing a consensus motif for a transmembrane domain and a GPI
(Glycosylphosphatidylinositol) anchor (Ghebrehiwet et al., 1994). Therefore, it is possible to
attach to the cell surface from soluble C1QBP (Ghebrehiwet et al., 2014).

C1QBP has been shown to interact with multiple plasma protein like high molecular weight
Kininogen (HK), Hageman factor (FXII) (Dedio & Muller-Esterl, 1996; Herwald et al., 1996;

Joseph et al., 1996), multimeric vitronectin (Lim et al., 1996), fibrinogen and thrombin (Lu et
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al., 1999) and contributes to both the intrinsic and extrinsic coagulation pathways. The
significance of C1QBP as a cell surface mediator is targeted by bacterial and parasitic antigens

to interact/ invade host cells (Ghebrehiwet et al., 2019).

C1QBP was first identified as a potential receptor for IEs by Biswas et al in 2007. They found
that C1QBP is exhibited on the surface of endothelial cell using flow cytometry (Biswas et al.,
2007). They have also demonstrated that clinical isolates and laboratory adapted parasite line
(3D7_PFDO0020c) selected on soluble C1QBP showed higher binding to recombinant C1QBP
and HBECs than did non-selected clinical isolates and 3D7 PFD0020c parasites in spot and
static HBEC adhesion assays. They used the selected IE (clinical isolates and 3D7 PFD0020c)
in a HBEC-binding inhibition assay. Biwas et al found that monoclonal antibody to human
C1QBP and recombinant C1QBP significantly reduced in a dose dependent manner the
interaction between IEs and HBEC (Biswas et al., 2007). These results support the role of
C1QBP as a potential receptor for IE sequestration in CM.

A subsequent study found that clinical isolates showing IE adhesion to C1QBP are associated
with severe malaria presentation such as SMAn and multiple seizures, but the association with
CM was not investigated due to insufficient number of samples (Mayor et al., 2011). Additional
studies using laboratory adapted parasite lines showed that the selection of IT4VAR19-1E on
immortalised HBEC (cell line HBEC-51) led to the upregulation of the DC8-PfEMP1 variant
IT4VAR19 and an increase in C1QBP binding in static adhesion assays (Claessens et al., 2012).
Azasi et al also showed that IT4VARI19-IE binding to C1QBP in static adhesion assays is

significantly increased in presence of 10% normal human serum (Azasi et al., 2018).

A complementary study also found that IE field isolates from Mozambican children
experiencing severe malaria had a high transcript level of DC8 PfEMP1 and showed higher
binding to recombinant C1QBP than children with UM (Magallon-Tejada et al., 2016). They
also identified the DBLB12 domain of the 3D7 PDF0020c as the main ligand that mediates
IE adhesion to C1QBP (Magallon-Tejada et al., 2016). Further computational analysis has
identified specific amino acids within DBLB12 domain of 3D7 PDF0020c that are predicted
to bind to C1QBP, but this has not yet been confirmed by experimental data (Bakri et al., 2021).
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Detailed study on the role of CIQBP in cytoadhesion of IEs selected for HBEC binding is
lacking and more data on laboratory and clinical isolates are needed to support previous

findings. This thesis addresses the role of C1QBP in IE cytoadhesion to HBEC.

1.10.5. Current strategies to investigate P. falciparum cytoadhesion

The use of new approaches to dissect the pathophysiology of CM have improved our
understanding of the molecular interactions underlying the disease (Avril et al., 2012; Bernabeu
et al., 2019; Claessens et al., 2012; Turner et al., 2013). In vitro models of cytoadherence of IE
have been studied using target cells such as human umbilical vein endothelial cells (HUVECsS)
(Udeinya et al., 1981), C32 amelanotic melanoma cells (Schmidt et al., 1982), Chinese hamster
ovary (CHO) cells (Oquendo et al., 1989), COS cells (Udeinya, 1990) transfected with genes
coding for potential target receptors, and human dermal microvascular endothelial cells
(HDMEC:) (Siano et al., 1998). These cells are not brain endothelial cells but shared the ability
to bind IE. Immortalised HBECs (Dorovini-Zis et al., 1991; Smith et al., 1992; Weksler et al.,
2005) and primary HBECs have also been used (Avril et al., 2013; Avril et al., 2012; Biswas
et al., 2007; Claessens et al., 2012; Claessens & Rowe, 2012).

Brain endothelial cells constitute the interface between intravascular and extravascular
compartments and act as a selective barrier for the diffusion of cells and macromolecules
between these two compartments and form with other cells the brain blood barrier (BBB)
(Weksler et al., 2005). The endothelial cells that line the microvasculature of the brain share
some features with endothelial cells from other organs, such as their capacity to modulate
adhesion molecules in response to proinflammatory cytokines (Wassmer et al., 2006; Zougbede
et al., 2011). However, HBECs also differ constitutively to those from other organs in the
expression of tight junction molecules including claudin, occludins and ZO-1 (Wolburg &
Lippoldt, 2002). Therefore, it is preferable to use human brain-derived endothelial cells to
investigate IE cytoadherence to better characterise the ligand-receptor interaction that may

occur in the brain during CM (Avril et al., 2012; Claessens et al., 2012).

Isolation of primary endothelial cells from human brain tissue is laborious, time-consuming,
easily contaminated by fibroblasts and it is difficult to obtain sufficient cells with adequate
confluency and viability (Navone et al., 2013). Consequently, immortalised HBECs such as
HBEC-5i (Dorovini-Zis et al., 2011) and hCMEC/D3 (Weksler et al., 2005) were generated
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and used as appropriate models for studying the biology of human brain endothelium in the
context of neuroinflammatory or infectious diseases receptors based on cytoadherence, and for
large-scale screening of CNS (Central Nervous System) drug candidates (Weksler et al., 2013;
Weksler et al., 2005). They offer several advantages including continuous culture through at
least 35 passages, and the ability to cryopreserve viable cells at different passages for later
thawing and continuous culture (Weksler et al., 2005). Cells from all passages grow well and
reach confluency in 2 to 3 days after thawing or splitting, with no contamination by fibroblasts,
and they retained the normal phenotypic characteristic of HBEC such as exhibiting intracellular
positive staining to vVWF and negative staining to SMA (Navone et al., 2013; Weksler et al.,
2005). However, the transduction of foreign genes (human telomerase and SV40 large T
antigen) required for immortalisation may affect the expression of antigenic determinants, cell

surface molecules, metabolic properties, and permeability functions (Navone et al., 2013).

Researchers have used a variety of different cell lines to identify the endothelial receptors
involved in IE cytoadherence. In all cases it is essential to characterise the endothelial nature
of the primary or immortalised HBECs prior to investigate IE cytoadhesion. Numerous studies
have validated the endothelial nature of HBECs by staining cells with specific endothelial cell
markers such as vVWF, PECAM1/CD31, Dil-Ac-LDL, and SMA before further investigations
(Avril et al., 2013; Azasi et al., 2018; Navone et al., 2013; Wassmer et al., 2006; Weksler et al.,
2005).

The detection of surface expression of putative cytoadhesion receptors on HBECs was assessed
after the confirmation of HBECs endothelial origin. Researchers have performed
immunofluorescence assay (IFA)/ flow cytometry/ ELISA (Enzyme linked Immunosorbent
Assay) (Avril et al., 2012; Biswas et al., 2007; Claessens et al., 2012; Wassmer et al., 2011;
Xiao et al.,, 1996) to localise candidate receptors. Activated HBECs stimulated with
proinflammatory cytokines such as TNF-a were compared with resting HBECs to evaluate the
change in expression of specific receptors (Navone et al., 2013; Weksler et al., 2005; Xiao et
al., 1996; Zougbede et al., 2011). In general, ICAM1 was upregulated and EPCR dowregulated
after HBECs activation with TNF-o. (Simmonds & Lane, 1999; Wassmer et al., 2006;
Zougbede et al., 2011)
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Binding of laboratory culture-adapted parasite lines and field isolates on HBECs has been
investigated with cytoadherence assays under static conditions and using flow-based
experiments that attempt to reproduce constant shear forces like those experienced in vivo
(Azasi et al., 2018; Claessens & Rowe, 2012; Cojean et al., 2008; Mahamar et al., 2017,
Ponsford et al., 2012; Siano et al., 1998; Udeinya et al., 1981). The development and use of
three-dimensional (3D) cell culture system have offered the possibility to investigate the
molecular mechanisms of IEs cytoadhesion using engineered 3D microvessels (Bernabeu et
al., 2019). In this model, 3D microvessels are seeded with primary HBEC in a microfluidic
network and perfused to generate a wide range of physiologically relevant blood flow shear
forces. When the HBECs are confluent, the device is perfused with IEs, EPCR and ICAMI1-
mediated binding of culture-adapted parasite lines have been demonstrated (Bernabeu et al.,
2019). The combination of endothelial cells, pericytes and or astrocytes into a co-culture model
has been used to investigate IE cytoadhesion for a better characterisation of host-parasite
interaction during CM (Storm et al., 2020). Other group used a 3D spheroid BBB model to
show that IE exhibiting dual binding to EPCR and ICAMI can cross the BBB (Adams et al.,
2021).

Cytoadhesion assays have also been widely used in a panning strategy (to enrich P. falciparum
strains for adhesion to HBEC) with multiple rounds of selection (Avril et al., 2012; Claessens
et al., 2012). Selected parasite lines can be used for the molecular characterisation of host-
parasite adhesion interactions (Claessens et al., 2012). Cytoadhesion inhibition assays can also
be carried out, in which specific antibodies to candidate host receptors are added to HBEC
cultures before the addition of IEs and compared with a control without the addition of specific
antibodies, to estimate the specific blocking effect on cytoadhesion (Avril et al., 2016; Avril et
al.,2013; Avril et al., 2012; Azasi et al., 2018; Biswas et al., 2007; Claessens et al., 2012; Turner
et al., 2013; Xiao et al., 1996). In addition, for inhibition of specific putative surface receptors,
HBECs can be transfected with a siRNA (silencing RNA) or an irrelevant siRNA (scramble
siRNA) to reduce expression of the receptor on the surface of HBECs, followed by
cytoadhesion assay and assessment of binding intensity (Azasi et al., 2018). The goal of such
studies is to identify endothelial cell receptors involved in IE cytoadhesion mechanisms, and

examples of some of these assays will be given later in the thesis.
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1.11.  Rationale for studying the role of C1QBP in adhesion to HBEC

This background chapter highlights a particular concern about the role of EPCR as the only
major host endothelial receptor for IE sequestration in CM. IE binding to EPCR via the
CIDRal domain of some PfEMP1 has been associated with severe and CM in children
(Lavstsen et al., 2012; Turner et al., 2013). However, a major study found that in the presence
of normal human serum, the interaction between IE and EPCR is disrupted. This finding cast
doubt on the physiological relevance of EPCR as the main endothelial receptor for IEs during
CM (Azasi et al., 2018). Therefore, this research looks for another potential host receptor.
Previous studies have identified CIQBP as a potential candidate that can promote IE adhesion
to HBEC (Biswas et al., 2007; Magallon-Tejada et al., 2016; Mayor et al., 2011). However,
there are very few studies on CIQBP and malaria in the literature, and it remains unknown
whether IE selected on HBEC adhesion to CIQBP plays a role in CM. This thesis uses the
immortalised HBEC (hCMEC/D3) (Weksler et al., 2005) to investigate the role of host CIQBP

in [E sequestration.

1.12.  Hypothesis and aims

The hypothesis to be investigated is that CIQBP is an endothelial receptor for P. falciparum
IE cytoadhesion to HBEC. This will be tested in vitro using laboratory culture-adapted parasite
lines and immortalised HBEC. The aims of the study are:

1. To determine whether C1QBP is expressed by HBECs.
2. To determine whether HBEC-selected P. falciparum 1Es expressing the “domain
cassette 8” type of PFEMP1 use C1QBP as a cytoadhesion receptor.
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2. Chapter II: Materials and Methods

This chapter describes the materials and general methods for parasite and cell culturing,
binding assays, immunofluorescent staining of HBECs and IEs, selection of parasites for
binding to HBECs and HBEC inhibition assays. I also describe an ELISA for soluble C1QBP
detection and quantification in normal human plasma. The methods for data visualisation and

graphing and statistical approaches used for data analysis are also described.

2.1.  Ethical permissions

The pooled human serum and blood used in this study were obtained from the Scottish National
Blood Transfusion Service (SNBTS), Edinburgh, UK, with ethical permission reference
number 19~08 and 22~11.

2.2, Immortalised and primary human endothelial cell lines

To examine IE cytoadherence, I used the immortalised HBEC line hCMEC/D3 (Sigma,
SCCO066) as a model for understanding the parasite adhesin-host receptor interactions that may
occur in the human brain microvasculature during IE infection. hCMEC/D3 is an immortalised
microvascular HBEC line isolated from temporal lobectomy procedures on an adult female
with epilepsy (Weksler et al., 2005). To become immortalised, these endothelial cells were
transduced by lentiviral vectors incorporating human telomerase or SV40T antigen. After
sequential dilution cloning of the transduced cells, one was selected for expansion due to
expression of normal human endothelial markers, such as CD31, VE cadherin, and vWF, the
most specific marker for endothelial cells. This endothelial cell line grew normally after 35
passages without any phenotypic dedifferentiation (Weksler et al., 2005), and is used
throughout this thesis. Other human endothelial cell lines such as the immortalised HBEC line,
HBEC-5i (Dorovini-Zis et al., 1991), primary lung microvascular endothelial cell (HPMEC),
primary HDMEC, and primary brain microvascular endothelial cell (HBMEC) were also used
to characterise the cellular localisation of CIQBP. All work with HBECs was performed in a
class II biological safety cabinet under sterile conditions. All materials used for culturing were

sterile and solutions were warmed to 37°C before use.

2.2.1. hCMEC/D3 culturing

hCMEC/D3 cells were grown in 1% collagen (Merck Millipore, 08-115)-coated vented tissue
culture flasks (Corning®, 430168). The flasks were coated with collagen by adding 3 mL of
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1% (v/v) collagen in PBS (Phosphate Buffer Saline) (Sigma, P4417) into a 25 cm? vented flask
and incubating the flask at 37°C for at least 30 minutes. After incubation, the collagen solution
was removed by aspiration. Incomplete DMEM (Dulbecco’s Modified Eagle’s Medium)/F-12
Ham medium (Sigma, D6421) containing 15 mM Hepes and 15 mM sodium bicarbonate was
used, and was supplemented with 2 mM L-glutamine (Gibco, 25030) and 1%
penicillin/streptomycin 100x (ScienCell, 0503). To obtain complete DMEM/F-12 medium,
incomplete medium was supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(ScienCell, 0025) and 1% (v/v) endothelial cell growth supplement (ScienCell, 1052). Cells
were grown at 37°C under 5% CO; in air, and the medium was replaced every two days. The
cells were lifted at a confluency between 80 to 100% as assessed using an inverted microscope

at 20X (Olympus, Ck2).

Reagents used to grow HBEC-51 were the same as for hCMEC/D3 culture. However, for
primary human endothelial cells, endothelial cell medium (ECM) (ScienCell, 1001) instead of
DMEM/ F-12 Ham with additives as above was used, as recommended by the supplier.

2.2.2. hCMEC/D3 lifting

The confluent hCMEC/D3 cells (80-100%) were detached after twice washing with incomplete
DMEM medium. The washing solution was swirled over the cells and removed by aspiration.
Two mL of 0.25% trypsin-EDTA solution (ScienCell, 0103) for a 25 cm? flask was added and
incubated for 3 minutes at 37°C. After incubation, the flask bottom was hit to detach adherent
cells, and 10 mL of complete medium was added to inhibit the trypsin activity. The mixture
was transferred into a Falcon 15 mL tube for centrifugation at 650 x g for 4 minutes. If done
properly, the bottom of the flask should be clear when viewed under an inverted microscope.
The pellet of cells was resuspended thoroughly in 10 mL complete medium and returned to
culture after a further 1:5 dilution in complete medium (10 mL into a 25 cm? flask or 25 mL

into a 75 cm? flask).

The same methods described above were performed for other endothelial cell lines,

immortalised HBEC-51 and primary endothelial cells (HBMEC, HPMEC, and HDMEC).

2.2.3. hCMEC/D3 freezing

To cryopreserve hCMEC/D3 cells, confluent hCMEC/D3 cells were trypsinised as described
above. After washing once with 10 mL of complete medium, hCMEC/D3 cells were
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resuspended in cell freezing medium (Sigma, C6164) to obtain around 1 x 10° cell /mL. This
was determined by placing 10 pL of resuspended cells in complete medium on a
haemocytometer (Neubauer improved, BS.748 Blaubrand). Cells were counted in 2 large
squares and determined the average number of cells denoted as Z. The number of cells was
calculated using the following formula, the number of cells = Z x 10* cell/ mL. Cells were
diluted in cell freezing medium, mixed well and frozen approximately at 1 x 10° cell/ mL into
a Nunc cryogenic vial at -70°C for a short-term, before being transferred to liquid nitrogen for

long-term storage.
The same cell freezing procedures were applied to other endothelial cells studied.

2.24. hCMEC/D3 thawing

A vial of frozen hCMEC/D3 was thawed in a 37°C water bath, then the cells were resuspended
in 10 mL complete medium and centrifuged at 650 x g for 4 minutes. The supernatant was
removed, and cells were resuspended in 10 mL complete medium placed in a small flask (25
cm?) with a vented lid in a 5% CO2 incubator. It is important to resuspend the cells by pipetting
up and down to avoid the cells forming clumps on the bottom of the flask instead of being

properly distributed.

The same cell thawing methods were carried out for immortalised (HBEC-51) and primary

endothelial cells (HBMEC, HPMEC, and HDMEC).

2.3. hCMEC/D3 cell surface characterisation using immunofluorescence assay
(IFA)
To stain for receptors on the surface of hCMEC/D3 cells, I performed an immunofluorescence
assay (IFA). IFA involves the combination of labelling proteins using a first specific antibody,
followed by a secondary antibody specific to the isotype of the first antibody and linked to a

fluorescent dye.

hCMEC/D3 cells suspension (500 pL/ per well) were seeded at 2.5-5 x 10* cell/ mL in 8 well
chamber slides (Thermo Fisher Scientific, 15494) precoated with 1% rat tail collagen I (Merck
Millipore, 08-115) and grown to 80-100% confluence for 2-3 days. After 24-48 hours, the
chamber slide medium was discarded and cells were washed once with 500 pL of PBS (Sigma,
P4417). Half of the wells were stimulated with TNF-o (R&D systems, 210-TA) at 100 ng/mL

for 24 hours in cell culture medium and the remaining half wells contained only cell culture
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medium. After 24 hours incubation, cells were washed once with 500 uL of PBS and fixed
with PBS/1% paraformaldehyde (Thermo Fisher Scientific, 28908) for 15 minutes at RT
(Room Temperature) and washed once again with 500 uL of PBS. Cells were blocked with
500 pL of 5% goat serum (Capricorn Scientific, GOA-1B) for 30 minutes at RT, then washed
once with 500 uL of PBS. Cells were incubated for 1 hour at RT with 200 uL of PBS/1% BSA
(Bovine serum albumin) (Sigma, A8577) containing specific primary antibody at a
concentration recommended by the manufacturer (Table 2-1). Stained cells were washed three
times with 500 pL of PBS and incubated with 200 pL of PBS/1% BSA containing an
appropriate secondary antibody at 1:500 final concentration (Alexa Fluor 488 goat anti-mouse
IgG (Thermo fisher Scientific, A11029) or Alexa Fluor 488 goat anti-rat IgG (Molecular
probes, A11006) or Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen, A11034) or Alexa Fluor
488 goat anti-human IgM (Invitrogen, A21215); and 1 pg/mL DAPI (4',6 diamidino-2-
phenyllindole) (Molekula, M70277046) for 45 minutes in the dark. Cells were washed three
times with 500 uL of PBS and well chambers removed. A drop of fluoromount (Sigma, F4680)
was added to each well and the slide was covered with a 22 x 50 mm coverslip (Scientific

Laboratory Supplies, MIC3226).

The slide was left to set at 4°C in the dark until the next day. Omission of the primary antibody
and an appropriate irrelevant IgG served as negative controls in these experiments. The slides
were viewed with a fluorescent microscope (Leica, DM LB 2 or Zeiss, Axioskop 2 plus) using
the 40X or 100X objective. Images were acquired with a DFC300FX digital camera (Leica,
DM LB 2) or Retiga 2000R (Zeiss, Axioskop 2 plus) using the same exposure time and camera
setting for all samples and negative controls. Images were saved in TIFF format as unprocessed
pictures and were imported into image J (https://imagej.net/ij/ ) to perform images analysis

as described below.

- Image = adjust = brightness/ contrast

- Image = color = merge channels

- Analyze = tool = scale bar (20 um)
All setting adjustments were applied identically to stained wells and negative controls.
Analysed images were saved as processed pictures in TIFF format. The presence or absence of
fluorescent signal was determined visually and given a score from «-» (no signal) to «+»
positive signal. Staining with specific antibody was compared to that of the two negative

controls.
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To test the ability of soluble C1QBP (Sino Biological, 11874) to become attached to the surface

membrane of hCMEC/D3 and other endothelial cells, HBEC cells were preincubated with

soluble C1QBP at 2.5 pg/mL in cell culture medium for 2 hours before IFA as described above.

To test also the biological relevance of this finding, hCMEC/D3 cells were preincubated with

10% normal human plasma in complete DMEM/F-12 medium for 24 hours before IFA as

described above.

Table 2-1. Antibodies to endothelial cell markers and candidate cytoadhesion receptors used

in [FAs
Antigen Clone Supplier/ Isotype Clonality Initial Manufacturer
order number concentration | concentration
for IFA
Control MOPC-21 | Abcam/ Mouse | Monoclonal | 0.5 mg/mL 20 pg/mL
mouse 18443 IgG1
IgG1
ICAMI1 15.2 Santa  Cruz | Mouse | Monoclonal | 1 mg/mL 20 pg/mL
(CD54) Biotechnolog | IgG1
y/ 107
CD36 FA6- 152 | Hycult Mouse | Monoclonal | 0.1 mg/mL 20 pg/mL
Biotechnolog | IgG1
y/ HM2122
Smooth B4 Santa Cruz | Mouse | Monoclonal | 0.2 mg/mL 20 ug/mL
Muscle Biotechnolog | IgG1
Actin y/ 53142
(SMA)
PECAM1 | WM59 Biolegend/ Mouse | Monoclonal | 1 mg/mL 10 pg/mL
(CD31) 303102 IgG1
VCAMI1 | STA Biolegend/ Mouse | Monoclonal | 0.5 mg/mL 20 pg/mL
305802 IgG1
(CD106)
C1QBP MMO09 Sino Mouse | Monoclonal | 1 mg/mL 25 pg/mL
Biological/ IgGl
11874
E-selectin | P2H3 Abcam/ Mouse | Monoclonal | 1 mg/mL 10 pg/mL
(CD62E) 24723 IgG1
E-selectin | CLB- Immunotech/ | Mouse | Monoclonal | 0.5 mg/mL 10 ug/mL
(CD62P) | Thromb/6 IgG1
IM1315
Integrin AMEF7 Immunotech/ | Mouse | Monoclonal | 0.2 mg/mL 20 pg/mL
av IgGl
IM0770
(CD51)
Integrin 468255 Abcam/ Rabbit | Polyclonal 0.5 mg/mL 20 pg/mL
[0A% 55991 IgG
(CD51)
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Fractalkin | AXV02 R&D Goat Polyclonal 0.1 mg/mL 10 pg/mL
e systems/ IgG
CX3CL1 AF365
Thrombos | A6.1 Invitrogen/ Mouse | Monoclonal | 0.5 mg/mL 20 pg/mL
pondin 399300 IgGl
(TSP)
NCAM MEM- Biolegend/ Mouse | Monoclonal SuL per100 uL
(CD56) 188 304604 IgG2a, k staining
volume
CSA CS56 Sigma/ Mouse | Monoclonal | 1.7 mg/mL 5 ug/mL
C8035 IgM
Control R&D Rabbit | Polyclonal 1 mg/mL 10 pg/mL
systems/ AB- | IgG
rabbit IgG 108-C
VWF DAKO/ Rabbit | Polyclonal 1 mg/mL 10 pg/mL
A0082 IgG
C1QBP RPO1 Abcam/ Rabbit | Polyclonal 1 mg/mL 5 ug/mL
101267 IgG
Control RTK2071 | Biolegend/ Rat Monoclonal | 0.5 mg/mL 20 pg/mL
IgG rat 400402 I1gG1
o EPCR | RCR-252 | BD Rat Monoclonal | 0.5 mg/mL 20 pug/mL
(CD201) pharmingen/ | IgGl
552500
o EPCR | RCR- 252 | Hycult Rat Monoclonal | 0.1 mg/mL 20 pg/mL
biotech/ IgGl
HM2145
Control Biolegend/ Mouse | Monoclonal | 0.5 mg/mL 20 pg/mL
mouse 400202 IgG2a,
IgG2a, K | MOPC- K
173
Dil- Ac- Life 1 mg/mL 15 pg/mL
LDL technology/
13484

C1QBP: Complement C1q binding protein; CSA: Chondroitin sulfate A; Dil-Ac-LDL: Dil acetylated low density
lipoprotein; EPCR: Endothelial protein C receptor; ICAMI1: Intercellular adhesion molecule 1; NCAM: Neural
cell adhesion molecule; PECAMI: Platelet endothelial cell adhesion molecule 1; SMA: Smooth muscle actin;
TSP: Thrombospondin; VCAM1: Vascular cell adhesion molecule 1; vWF: von Willebrand factor.

2.4. Sandwich enzyme linked immunosorbent assay for C1QBP detection and

quantification

To determine whether soluble C1QBP is present in normal human plasma, I used a commercial

ELISA test kit (FineTest, Wuhan fine Biotech, EH1080).

2.4.1. Principle of the assay

ELISA kit test (FineTest, Wuhan fine Biotech, EH1080) used capture antibody pre-coated onto
96 well plates and biotin conjugated antibody was used as antibody detection. Standards, test

samples, and biotin conjugated antibody detection were subsequently added to wells and
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washed with washing buffer. HRP-streptavidin (horseradish peroxidase conjugated
streptavidin) was added, and unbound conjugates were washed away with washing buffer.
TMB (tetramethylbenzidine) substrates were used to visualize HRP enzymatic reaction. TMB
was catalysed by HRP to produce a blue color product that changed into yellow after adding
sulfuric acid (H2SOs) stop solution. The density of yellow color is proportional to the target
amount of sample captured on the plate. Read OD (optical density) absorbance at 450 nm in a

microplate reader, and then the concentration of targeted sample can be calculated.

Table 2-2: Kit components and storage

No. Item Specifications | Storage
(967)

E001 ELISA microplate (Dismountable) | 8x12 2-8°C/ -20°C

E002 Lyophilised standard 2 vials 2-8°C/ -20°C

E039 Sample dilution buffer 20 mL 2-8°C

E003 Biotin-labeled antibody 120 uL 2-8°C (avoid direct light)
(Concentrated, 100X)

E040 Antibody dilution buffer 10 mL 2-8°C

E034 HRP- streptavidin ~ conjugate | 120 uL 2-8°C (avoid direct light)
(SABC, 100X)

E049 SABC dilution buffer 10 mL 2-8°C

E024 TMB substrate 10 mL 2-8°C (avoid direct light)

E026 Stop solution 10 mL 2-8°C

E038 Wash buffer (25X) 30 mL 2-8°C

E006 Plate sealer 5 pieces

2.4.2. Samples collection, storage, and dilution

I collected whole blood with tube containing ACD as an anticoagulant (BD vacutainer,
366645). I centrifuged tube at 1000 x g at 2-8°C within 30 minutes of blood collection. I
collected supernatants (plasma) and I conducted the assay immediately. Supernatants can also

be aliquoted and stored at -20°C or -80°C for future assay.

35



2.4.3. Samples dilution

I selected a proper dilution factor to make the diluted C1QBP concentration fall in the optimal
detection range of the kit (0.156-10 ng/mL). I diluted samples with the provided dilution buffer
(E039). I mixed samples very well with the dilution buffer. I prepared standard curve and test
samples before the experiment. If samples had very high concentration, I diluted samples with

PBS first and secondly with dilution buffer.

I randomly selected the human plasma samples from those used in a recent study (McLean et
al., 2024) and were collected as part of protocols approved by the University of Edinburgh,
School of Biological Sciences Ethical Review Panel (arowe002) and Ghana Health Service
Review Committee ID No. GHS-ERC: 03/05/14 and Noguchi Memorial Institute for Medical
Research-IRB study# 020/13-14.

2.4.4. Reagents preparation and storage

I kept all reagents and samples at RT for 20 minutes before the assay.

- Washing buffer (25X)

I diluted concentrated washing buffer (25X) with distilled water to obtain (1X). for example, I
diluted 30 mL concentrated washing buffer with distilled water to have 750 mL. I stored the

rest of washing buffer solution at 2-8°C.

- Standards

I centrifuged a standard tube for 1 minute at 10000 x g, and labeled it as zero tube. I added
standard dilution buffer (1 mL) into one lyophilised standards tube, I tightened the standards
tube cap and let it stand for 2 minutes at RT. I inverted the tube several times to mix gently. I
centrifuged the tube for 1 minute at 1000 x g, making the liquid towards the bottom of the tube

and removing possible bubbles.

To dilute the standard, I labeled seven Eppendorf tubes as 1/2, 1/4, 1/8, 1/16, 1/32, 1/64, and
blank respectively. I added 0. 3 mL of the sample dilution buffer into each tube. Then, I added
0.3 mL of the above standard dilution buffer labeled as zero tube into tube labeled 1/2 and

mixed thoroughly. I transferred 0.3 mL from 1/2 tube into 1/4 tube and mixed vigorously. I
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transferred 0.3 mL from 1/4 tube into 1/6 tube and mixed strongly, so on till 1/64 tube. Blank
tube only contained 0.3 mL of sample dilution buffer. The standard concentration from zero
tube to blank tube is 10 ng/mL, 5 ng/mL, 2.5 ng/mL, 1.25 ng/mL, 0.625 ng/mL, 0.312 ng/mL,
0.156 ng/mL, and 0 ng/mL (Figure 2-1).

I stored the zero tube with dissolved standard at 2-8°C and used within 12 hours. I used other

diluted working solutions containing standard in 2 hours.

0.3ml 0.3ml 0.3ml 0.3ml 0.3ml

E=

[ &

blank
Zero tube 112 1/4 1/8 1/16 1/32 1/64

Figure 2-1: Preparation of standard dilution. The figure is taken directly from www.fn-test.com.

- Preparation of biotin-labeled antibody working solution

I prepared the working solution within 30 minutes before the assay and can’t be stored after
the assay. I calculated the total volume of the working required solution: 100 uL/well x quantity
of wells. I centrifuged the working solution for 1 minute at 1000 x g in low speed and bring
down the concentrated biotin-labeled antibody to the bottom of tube. I diluted the biotinylated
detection antibody with antibody dilution buffer at 1:99 and mixed vigorously (e.g. Add 10 uL
concentrated biotin-labeled antibody into 990 uL antibody dilution buffer.)

- Preparation of HRP-streptavidin conjugate (SABC) working solution

I prepared the working solution within 30 minutes before the assay and can’t be stored after
the assay. I calculated the total volume of working solution required: 100 pL/well x quantity
of wells. I centrifuged the working solution for 1 minute at 1000 x g in low speed and bring

down the concentrated SABC to the bottom of tube. I diluted the concentrated SABC with
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SABC dilution buffer at 1:99 and mixed vigorously (e.g. Add 10 uL concentrated SABC into
990 uL SABC dilution buffer.).

2.4.5. Assay procedure

Firstly, I designed the assay plate (Table 2-3) and set standard, samples, and control (blank)
wells on the pre-coated plate in duplicate. I aliquoted 100 uL of serial diluted standards
(described above) in corresponding wells. I also added 100 puLL sample dilution buffer into the
control (blank) wells. Then, I prepared 100 pL plasma samples of unknown C1QBP
concentration neat and at 1/2 and 1/4 dilution in sample dilution buffer as above. I sealed the
plate and incubated for 90 minutes at 37°C (Table 2-3). After the incubation, I removed the
plate cover, aspirated the liquid in the plate, and added 350 pL wash buffer into each well
without immersion. I discarded the liquid in the well and tap on the absorbent paper. I repeated
the washing step twice. After the washing step, I added 100 uL biotin-labeled detection
antibody working solution in each well, sealed the plate, and incubated for 60 minutes at 37°C.
After aspiration and washing three times as described above , I incubated wells with 100 uL of
HRP-streptavidin conjugate (Secondary antibody conjugate) for 30 minutes at 37°C. Then, I
washed wells five times as above, and I detected bound antibody by incubation for 15 minutes
at 37°C with the substrate for HRP, 3,3°,5,5’-Tetramethylbenzidine dihydrochloride hydrate
(TMB). I stopped the reaction by adding 50 pL of stop solution (H2S04) in each well and
immediately, I read the OD (optical density) absorbance at 450 nm in a microplate reader

(FluoStar Omega, BMG Labtech GmbH, Germany).
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Table 2-3. Design ELISA plate assay

1 2 3 4 5 6 7 8

A Blank Blank Blank Blank AHO12 | 1/4 AHO032 | 1/4

B 0.156 0.156 AHO12 | 1/2 AHO032 |12
ng/mL ng/mL

C 0.312 0.312 AHO11 | 1/4 AHO030 | 1/4
ng/mL ng/mL

D 0.625 0.625 AHO11 | 1/2 AHO030 |12
ng/mL ng/mL

E 1.25 1.25 AHO009 | 1/4 AHO027 | 1/4
ng/mL ng/mL

F 2.5 2.5 AHO009 | 172 AHO027 | 1/2
ng/mL ng/mL

G S5ng/mL | 5 ng/mL AHO006 | 1/4 AHO025 | 1/4

H 10 10 AHO006 | 1/2 AHO025 |12
ng/mL ng/mL
Standard Normal human | Infected patients’ | Infected patients’

plasma plasma plasma

- : Normal human plasma collected freshly
- : Normal human plasma collected and stored at 4°C for three weeks
- : Normal human plasma collected and stored at -70°C for three weeks

AHO00: Identification number of plasma collected from patient infected with P. falciparum.
Sample dilution factor 1/2

Sample dilution factor 1/4

24.1. ELISA analysis of soluble C1QBP concentration

To assess quantitatively soluble C1QBP in normal human and P. falciparum infected patients’
plasma, I imported the raw data of OD absorbance at 450 nm generated by FluorStar microplate

reader in an Excel format (Table 6-1, appendix). I calculated the average of OD absorbance for
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each standard, sample, and blank, then the corrected OD absorbance for each standard and
sample (e.g. corrected OD of a specific sample = average OD value of that sample — average
value of the blank) (Table 6-1, appendix). I used GraphPad Prism version 9.5.1 to generate the
standard curve and determine the concentration of unknown samples. I plotted the standard
curve as the corrected OD absorbance 450 nm of each standard solution (y axis) versus CIQBP
concentration (x axis). [ extrapolated the concentration of each sample from the standard curve,
if sample was diluted, I multiplied the concentration read from the standard curve by the

dilution factor.

2.5. P falciparum strains

Four culture-adapted parasite strains, IT4, HB3, PfKEOS (also known as 9605VAR2) and
PC0053-C.G96 (also known as 9197VAR27) were used. IT4 was originally isolated from a
malaria patient in Brazil in 1979 (Udeinya et al., 1983). However, the existing IT4 parasite line
used globally for malaria research is thought to be a product of cross contamination with a
fast-growing southeast Asian strain (Mu et al., 2005; Roberts et al., 1992; Robson et al., 1993;
Trager, 1993). HB3 was isolated from a patient in Honduras in 1980 (Bhasin & Trager, 1984).
IT4 and HB3 have been previously selected for binding to HBEC-51 (Claessens & Rowe,
2012), and respectively expressed the PFEMP1 variants IT4VAR19 (PFIT 010005000, DCS8)
and HB3VARO03 (PFHB3 130080100, DC13) (Azasi et al., 2018; Claessens et al., 2012)
(Figure 1-5). PfKEO8 and PC0053-C.G96 were isolated from malaria patients in Kenya
(McLean et al., 2025). These parasite lines (PfKE0O8 and PC0053-C.G96) were used in this
study for their ability to express the DC8 PfEMP1 variants illustrated in Figure 1-5.

2.5.1. P falciparum culture

All work with P. falciparum was performed under biosafety level 3 with derogations. Culturing
was carried out in a Class II biological safety cabinet under sterile conditions. All materials
used for culturing were sterile and solutions were warmed up in a water bath at 37°C before

use.

2.5.2. P falciparum in vitro culturing

Parasite lines were cultured in group O" erythrocytes (SNBTS, Edinburgh, Scotland) at 2%
haematocrit (Ht) in a complete RPMI (Roswell Park Memorial Institute) medium. Incomplete

RPMI medium consisting of RPMI 1640 containing sodium bicarbonate (Lonza, BE12-167F),
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supplemented with 16 mM glucose (Scientific Laboratory Supplies, CHE1806); 2 mM L-
glutamine (Gibco, 2530-081); 25 mM Hepes (Lonza, BE17-737E); 25 ug/mL gentamycin
sulfate (Lonza, 17-518Z); and adjusted to pH 7.2-7.4 with 1 M NaOH. To obtain complete
RPMI medium, incomplete medium was supplemented with 0.25% Albumax II lipid-rich
bovine serum albumin (BSA) (Thermo Fisher, 11021037); and 5% pooled normal human
serum (SNBTS). The parasite cultures were maintained in sterile non-vented flasks of diverse
sizes: 25 cm? (Corning®, 430168); 75 cm? (Corning®, 430720); and 150 cm? (Corning®,
430825) for maximum culture volume of 15 mL; 40 mL; and 100 mL respectively. The culture

flasks were gassed with 1% Oz, 5% CO; and 96% N2 (BOC, 280648-L) and incubated at 37°C.

The culture medium was changed daily by centrifuging the culture suspension in a Falcon tube
at 1000 x g for 5 minutes, and the supernatant aspirated. The parasite pellet was then
resuspended in fresh complete medium to achieve a 2% Ht. The parasite replication, growth
and specific stage of maturity was assessed by examination of a Giemsa-stained (VWR,
352603R) thin blood smear. The parasite cultures were diluted with uninfected O" fresh
erythrocytes at the trophozoite stage to allow for reinvasion and to obtain the expected

parasitaemia levels within the range of 2 — 10%.

2.5.3.  Erythrocytes for P. falciparum culturing

Whole blood from donors was obtained every two weeks from the SNBTS. The white blood
cells were removed by draining the blood through a leucodepletion filter attached to the blood
pack, aliquoted into 15 mL or 50 mL Falcon tubes and stored at 4°C. In some cases, the whole
blood was drawn from volunteers in acid-citrate-dextrose tubes (Becton-Dickinson, 366645).
In this case, erythrocytes were prepared by diluting the whole blood with an equal volume of
incomplete RPMI. Then 10 mL of the diluted blood was layered over 5 mL of Lymphoprep
solution (Stemcell Technologies, 07801) in a 15 mL tube. The tube was then centrifuged at
2400 x g speed for 15 minutes, and the supernatant was aspirated. In both cases, the filter
erythrocytes were washed twice in 10 mL incomplete RPMI, by centrifugation at 2400 x g for
10 minutes. After the final wash, the erythrocyte pellet was resuspended up to 50% Ht with

incomplete RPMI medium for use and stored at 4°C for a maximum of two weeks.

2.54. P falciparum Giemsa staining

To determine parasitaemia and assess the different parasite development stages,

approximatively 200 uL of the parasite culture was taken every day into an Eppendorf tube
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and centrifuged for 30 seconds at 13,000 x g. The supernatant was partially removed; the
remaining supernatant was used to resuspend the cells at about 40% Ht and 10 pL smeared at
an angle of about 45° on a clean labeled glass slide. The thin smear was air dried with a hair
dryer. The slide was fixed with methanol from a sealed glass bottle for at least 20 seconds, then
dried again as described above. The slide was stained with freshly made, filtered 10% Giemsa
(VWR, 352603R) in Giemsa buffer (Merck, 1.09468) (phosphate buffer tablets in distilled
water pH 7.2) for 20 minutes. The slide was rinsed with tap water, dried with a hair dryer, and
read under a light microscope (100X objective, with a drop of immersion oil). Parasitaemia
was estimated after counting at least 500 erythrocytes in at least 3 random fields. Parasitaemia

was defined as the percentage of IEs relative to the total number of erythrocytes counted.

2.5.5. P falciparum ethidium bromide staining

To assess the rosette frequency, an aliquot of 200 pL of the mature pigmented-trophozoite
stage culture was transferred into a 1.5 mL Eppendorf tube and incubated with ethidium
bromide (Sigma-Aldrich, E1510) (25pg/ mL) for about 2 minutes at 37°C. After incubation,
the cells were mixed well by gentle flicking the tube and then 1.4 pL of each stained culture
suspension placed onto four spots of a labeled multispot microscope slide (Hendley-Essex, PH-
165) and smoothly covered with a coverslip (22 x 22 mm) (Thermo Fisher, 12392108) to gently
spread the stained culture suspension over the slide. The slide was immediately visualized with
brightfield and uv light at x400 magnification on a Leica DM 2000 fluorescent microscope. A
total of 200 IEs were counted to assess rosette frequency (RF) (100 in each spot), with a rosette
defined as the ability of an IE to bind two or more uninfected erythrocytes. RF was determined

by the proportion of rosettes within the total counted IEs.

2.5.6. P, falciparum sorbitol synchronization of ring stage parasites

To establish synchrony of a specific parasite stage, synchronization was carried out with 5%
D-Sorbitol solution (Sigma, S-3889) when ring stage parasites were abundant (at least 5%
parasitemia) (Lambros & Vanderberg, 1979). Parasite cultures were transferred into a 15 mL
Falcon tube, centrifuged at 1000 x g for 5 minutes and the supernatant discarded. The parasite
pellet was resuspended in 7 mL of 5% D-Sorbitol and incubated at 37°C for 15 minutes with
inversion of the tube at intervals. Only parasitized cells more than ~20 hours post-invasion are
permeable to sorbitol. Therefore, they can be lysed and leaving young ring forms and

uninfected erythrocytes. After incubation, the mixture was centrifuged and washed twice with
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13 mL of incomplete RPMI. The pellet of cells was resuspended in complete medium, gassed,

and incubated at 37°C.

2.5.7. P falciparum synchronization of mature knob positive non-rosetting IEs

To obtain synchrony of knob positive IE, cultures with at least 6% parasitaemia at mature stages
were concentrated with plasmagel solution (3% succinylated gelatin in normal saline) (Pasvol
et al., 1978). Parasite cultures were transferred into a 15 mL Falcon tube, centrifuged at 1000
x g for 5 minutes and the supernatant discarded. The parasite pellet volume was estimated and
incomplete RPMI added to obtain a Ht of ~50%. An equal volume of plasmagel was added and
mixed, then the tube containing the solution was incubated at 37°C in upright position for 15
minutes or until two separate layers were clearly visible. After incubation, the top layer
containing the non-rosetting mature parasites were collected in a new 15 mL Falcon tube, then
washed once with 13 mL of incomplete medium and once in 13 mL of complete medium. The
parasitaemia was quantified, concentrated mature IE were resuspended in complete medium

and fresh uninfected blood were added to obtain 2% Ht, then gassed and incubated at 37°C.

2.5.8. P falciparum cryopreservation

To cryopreserve IEs, parasite culture to be frozen was transferred into a 50 mL Falcon tube and
centrifuged at 1000 x g for 5 minutes. Parasite were preserved in glycerolyte solution (45.25 g
glycerolyte; 0.1 M sodium lactate (NaC3Hs03); 4 mM potassium chloride (KCI); 0.1 M sodium
phosphate (NaH>POa); pH 6.8). After centrifugation, the supernatant was aspirated and the
pellet resuspended with glycerolyte solution (ratio of 5 volumes of glycerolyte to 3 volumes of
packed cells) added dropwise, while gently swirling the tube. After adding the first volume of
glycerolyte solution, the cells were allowed to equilibrate for 5 minutes at room temperature
(RT) before adding the remaining volumes. The cell suspensions were dispensed into Nunc
cryogenic vials (Thermo Fisher Scientific, 366656) and immediately stored at -70°C freezer for

short-term storage and later transferred into liquid nitrogen for long-term storage.

2.5.9. P falciparum thawing

Frozen IEs were thawed at 37°C and transferred into a 50 mL Falcon tube. To 1 mL volume of
thawed suspension, 200 pL of sterile 12% NaCl (w/v) was added dropwise and slowly, while
gently swirling the tube for at least 2 minutes. The suspension was left to stand at RT for 5

minutes. After which, 10 mL of 1.8% NaCl (w/v) was added dropwise and slowly with gently
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agitation, the first 2 mL taking at least 2 minutes. Then, 10 mL of 0.9% NaCl (w/v) and 0.2%
glucose (w/v) in the same manner. The suspension was centrifuged at 1000 x g for 4 minutes
and the resulting pellet of cells washed with 20 mL of incomplete RPMI. The cells were
resuspended in complete RPMI at 2% Ht and 2 drops of fresh erythrocytes added. The flask

was gassed and incubated at 37°C.

2.6. Mycoplasma contamination detection

Parasite and cell cultures were discarded if any contamination (yeast, bacteria, fungi) was
observed in the culture flask or through the microscope. Mycoplasma contamination is not
visible on Giemsa smears therefore a PCR detection kit (Minerva Biolabs, 11.1100) was used
to regularly check for possible contamination. 100 pL aliquot of medium was briefly
centrifuged. A total volume of 25 puL per tube was composed of 2 uL of medium, 15.3 pL
dH»0, 2.5 pL primer-nucleotide mix, 2.5 mL 10x buffer (200 mM Tris-HCI pH 8.5, 500 nM
KCl, 30 mM MgCl), 2.5 pL internal control, and 0.2 uL Tag DNA polymerase (Promega,
M708B). A PCR reaction was run with the following program: 2 minutes at 94°C; 35 x (30 s
at 94°C, 30 s at 55°C, 30 s at 72°C); and 4°C forever. A positive control DNA sample and a
negative control (H20) were used. PCR products were run on a 1% agarose gel. A successful

PCR was indicated by a 350 bp (base pairs) product, whereas Mycoplasma positive cultures
had an additional band at 280 bp.

2.7.  Flow cytometry to detect PFEMP1 expressed by mature IE

PfEMP1 is expressed on the surface of mature IE (pigmented-trophozoites and schizonts). To
determine the percentage of IEs exhibiting a specific PFEMP1 variant, it is important to
discriminate the mature IE population from the uninfected and ring populations in a mixed
culture. To do this, staining was performed with a combination of DNA and RNA dyes as
previously described (Ch'ng et al., 2016; Malleret et al., 2011) with Vybrant DyeCycle Violet
™ (VV) (Thermo Fisher Scientific, V35003, 1/2500 final dilution) and Ethidium Bromide
(EtBr) (Sigma-Aldrich, E1510, 20 ug/mL final concentration). Vybrant DyeCycle Violet ™
stains DNA, while EtBr stains both DNA and RNA. Both rings and mature pigmented
trophozoites possess the same amount of DNA, but mature parasites contain more RNA,
allowing their differentiation. Schizonts are distinguished by having increased DNA staining
and high RNA staining. The PfEMP1 positive population was detected with staining with
primary antibodies against specific PFEEMP1 domains (Claessens 2012; McLean 2025; Azazi
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refs) and Alexa Fluor™ 647-conjugated anti-rabbit IgG secondary antibody (Thermo Fisher
Scientific, A-21245).

Mature [Es (IT4AVAR19 and HB3VARO3) with a parasitaemia between 5-10% at 2% Ht were
used for flow cytometry analysis. An aliquot of 500 uL of each parasite culture into 1.5 mL
Eppendorf tube was centrifuged (5 seconds in a microfuge) and the cell pellets were washed
once with 750 uL of PBS/1% BSA. After washing, cell pellets were made up to 2% Ht in
PBS/1% BSA and dispensed in 4 aliquots of 49 uL in 1.5 mL Eppendorf tubes labelled as
follows (no primary antibody, non-immunized rabbit IgG control, specific PFEMP1 variant
antibody, non-specific PFEMP1 variant antibody). The following antibodies (stock are 1 mg/
mL) were added non-immunized rabbit IgG (negative control), no primary antibody (negative
control), rabbit 20941 polyclonal anti-IT4VAR19 DBLa IgG1 and rabbit 6358 polyclonal anti-
HB3VARO3 DBLa IgGl1 at 1 puL in one specific tube to obtain a final concentration of 20
pg/mL in 50 pL.

The samples were incubated on ice for 1 hour and resuspended by gently flicking the tubes
every 15 minutes. After incubation, cells were washed twice with 750 puL of cold PBS and 50
pL of the mixture secondary antibody prepared with a total volume of 500 L. PBS/1%BSA +
1 uL Alexa 647-goat anti-rabbit IgG (Thermo Fisher Scientific, A-21245) at 1 pug/ mL in
PBS/1%BSA + 0.2 puL of vibrant violet (Thermo Fisher, V35003, 1/2500 final concentration)
+ 1 pL Ethidium bromide (Sigma -Aldrich, E1510, 10mg/ml stock, 20ug/mL final
concentration) was added in each tube and incubated on ice for 45 minutes in the dark and
processed as above every 15 minutes. After the second incubation, cells were washed twice
with 750 pL of cold PBS, then washed once in 200 uL of PBS/ 0.5% paraformaldehyde (PFA)
to fix the cells. The cells were resuspended in 1 mL FACS buffer (PBS/0.1% BSA) in FACS
tubes (Falcon 5 mL round bottom polypropylene tubes) (Corning®, 352058) and covered with
foil to protect from light. Samples were run on the flow cytometer (Fortessa) as soon as

possible, or within 24 hours to preserve the quality of the samples.

2.7.1. Flow cytometry analysis and gating strategy

The acquisition of 100,000 events was analysed using FlowJo software (v.10.8.2). The data
was first displayed in a bivariate plot, using side scatter (SSC-A) versus forward scatter (FSC-
A). This allowed gating on the erythrocyte population and exclusion of debris (Figure 2-2 A).

I then gated to discriminate IEs from uninfected erythrocytes, and to differentiate rings from
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pigmented trophozoites and schizonts. Within the erythrocyte population, pacific blue (VV)
versus phycoerythrin (PE) (EtBr) was plotted to allow gating on the mature IEs (Vybrant
DyeCycle Violet™ high and ethidium bromide high) (Figure 2-2 B). Subsequently, within the
mature parasite sub-population, the fluorescence intensity in the APC channel was used to
identify antibodies bound to PfEMP1 (Figure 2-2 C). The surface expression level of PFEMP1
was quantified using the median fluorescence intensity (MFI). The MFI data were normalized

by dividing the MFI of the test sample by the MFI of the negative control.
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Figure 2-2. Illustration of the gating strategy. (A) RBC (red blood cell)/erythrocyte population is first gated by
side scatter (SSA), forward scatter (FSC) to exclude debris. (B) Gating of distinct cell populations: uninfected
RBCs/erythrocytes (uURBCs); rings and mature infected erythrocytes (pRBC, i.e., pigmented-trophozoites and
schizonts). The discrimination of parasite stages was determined through simultaneous staining with Vybrant
DyeCycle Violet™, which stains DNA (pacific blue channel) and ethidium bromide, which stains both DNA and
RNA (Phycoerythrin (PE) channel). Mature infected erythrocytes (pigmented-trophozoites and schizonts) have
more RNA than rings. (C) IE stained with 20 mg/mL of antibody (e.g. rabbit 20941 polyclonal anti-IT4VAR19
DBLa IgG1) (blue) or an isotype rabbit IgG-negative control (Orange) followed by Alexa Fluor 647-goat anti-
rabbit IgG at Img/mL were detected and quantified.

2.8. IFA to detect PFEMP1 expressed by mature IEs

The procedure used to stain mature IEs using IFA is like the flow cytometry analysis described
above until the end of the primary incubation. After the primary incubation, cells were washed
twice with 750 uL of cold PBS. The secondary antibody prepared in a total volume of 500 uL
of PBS/1% BSA containing 1 pL of Alexa 488-goat anti-rabbit IgG (Thermo Fisher, A-11034)
and DAPI (Molecular, M70277046) at 1pg/mL. 50 uL of the mixture was added to each tube,
incubated on ice for 45 minutes in the dark, and resuspended by gently flicking the tubes every

15 minutes. After the incubation time, stained cells were washed three times, twice with 750
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pL of cold PBS and once with 750 pL of cold PBS/1% BSA. The cells were resuspended at
40% Ht in PBS/1% BSA and smears were made for each test sample. The smears were air dried
and a drop of fluoromount (Sigma, F4680) was added to each smear and covered with a 22 x
22 mm coverslip. Nail varnish was used to seal edges of the coverslip and smears were stored
at 4°C overnight and viewed the next day with a fluorescence microscope (Leica, DM LB 2)
using a 100X objective. The percentage of DAPI positive IEs with punctate fluorescence of

PfEMP1 staining out of 100 erythrocytes in a minimum of 4 fields were scored.

2.9. Selection by panning of P. falciparum on hCMEC/D3

Culture-adapted IEs usually only bind at low level to HBECs in vitro, unlike the high-density
IE sequestration described in postmortem cerebral malaria cases (MacPherson et al., 1985;
Milner et al., 2015; Seydel et al., 2006). Therefore, it is important to select various IE strains
for adhesion to HBECs to increase the IE population’s binding capabilities (Claessens & Rowe,
2012). The selection process, known as the panning method, is carried out by incubating IEs

with HBECs as described below.

Cytoadherence assays with hCMEC/D3 were performed in 60 x 15 mm petri dishes (BD,
351005) coated with 1% of collagen in PBS. Cells in complete DMEM/F-12 medium were
grown in each petri dish to reach 80- 90% confluency after 48 or 72 hours. The day of the
assay, dishes, and mature IEs (5- 10% parasitemia and 30 pL packed cell volume) were washed
twice with incomplete DMEM binding medium (bicarbonate-free DMEM/ F-12 Ham with L-
glutamine and 15 mM Hepes (Sigma, D8900)). Then 1.5 mL of IE resuspended in complete
binding medium (1.5 mL of incomplete DMEM bicarbonate-free medium plus 1% BSA per
dish) at 2% Ht were added in a dish containing a layer of confluent h\CMEC/D3. Dishes were
incubated at 37°C for 75 minutes with gentle agitation after 30 and 60 minutes to resuspend
non-adherent cells. Unbound IE and uninfected erythrocytes were removed by gentle hand
washing (at least 5 washes) with 3 mL of incomplete binding medium per wash and the
monitoring of adherent cells was carried out by viewing with an inverted microscope. After
washing, fresh uninfected erythrocytes were added to the few IE adhering to hCMEC/D3,
dishes were placed in a gassed parasite culture chamber and incubated overnight at 37°C.
Schizont stage parasites burst, merozoites reinvaded uninfected erythrocytes and these ring
stage parasites were collected the following day. These parasites were washed once in 10 mL
incomplete medium, resuspended in 5 mL complete culture medium, gassed for 15 seconds,

and incubated at 37 °C. Parasites were cultured till enough mature stage parasites are obtained
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(between 3 to 4 weeks and less after 2 to 3 rounds of selection) and a new round of selection

can be carried out.

2.10.  Static adhesion assays to receptor molecules immobilised on plastic

To identify specific receptors used by mature IE to interact with hCMEC/D3, I carried out
static binding assays using soluble proteins absorbed onto plastic. A maximum of twelve circles
were drawn on the back of the 60 x 15 mm untreated plastic petri dishes (BD, 351005). 3 uL
of recombinant proteins (Table 2-4) were spotted in duplicate and in a radial manner at an equal
distance from the centre, and at a concentration of 50 pg/mL in PBS per receptor: CSA, integrin
avp3, TSP, VCAM-1, ICAM-1, EPCR, C1QBP, CD31, and 25 pug/mL for CD36 used as
positive control, and PBS as negative control. Dishes were incubated in a humidified chamber
overnight at 4°C to allow proteins to adsorb on the plastic surface. The next day, the soluble
protein solutions were aspirated off using a P1000 pipette tip attached to a vacuum pump, and
dishes were blocked for 2 hours at 37°C with PBS/2% BSA called “blocking buffer”. After the
blocking step, dishes and IEs (5-10% parasitemia) were washed twice in incomplete binding
medium (bicarbonate-free RPMI 1640 containing glucose, Hepes and L-glutamine (Gibco,
13018-031)) prior to adding 1.5 mL of IE resuspended in complete binding medium
(incomplete bicarbonate-free RPMI medium plus 1% BSA) at 2% Ht. Dishes were incubated
at 37°C for 75 minutes with gentle resuspension every 12 minutes. Unbound infected and
uninfected erythrocytes were removed by gentle hand washing (at least 5 washes) with 3 mL
of incomplete binding medium per wash (checking of adherent cells was carried out with an
inverted microscope). Adherent IEs were fixed using PBS/2% glutaraldehyde for at least 30
minutes, followed with extensive washing with tap water, and stained with 5% Giemsa for 10
minutes. IE binding levels were quantified with an inverted microscope (Yenway, XD30) at
40X, and results were expressed as the number of IE bound per spot (randomly count in at least
3 fields for each radial spot). In each experiment, two identical dishes were used per parasite

line.
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Table 2-4. Recombinant proteins and biomolecules used in spot binding assays

Candidate | Supplier, Type Stock Test In 15ul
proteins Catalog number concentration | concentration
CD36 R&D System, Recombinant | 100 pg/mL 25 pg/mL 3.75uL +
1955-CD 11.25uL
of 1xPBS
C1QBP Sino Biological, Recombinant | 1 mg/mL 50pg/mL 0.75uL +
11874 14.25uL
of 1xPBS
TSP Calbiochem, Purified 250 pg/mL 50 pg/mL 3ul +
605225 12uL  of
1xPBS
ICAM1 R&D System, Recombinant | 200 pg/mL 50 pg/mL 3.75uL +
720-1C 11.25uL
of 1xPBS
PECAM1 | R&D System, | Recombinant | 330 pg/mL 50 pg/mL 2.3ul  +
ADP6 12.7uL of
1xPBS
VCAM1 R&D System, Recombinant | 50 pg/mL 50 pg/mL
862-VC
EPCR Sino Biologicals, | Recombinant | 250 pg/mL 50 pg/mL 3ul +
12uL of
13320-HO2H IXPBS
Integrin Chemicon, Purified 215 pg/mL 50 pg/mL 3.5uL  +
aVp3 AG265 11.5uL of
1xPBS
CSA Sigma, 27042 Bovine 1 mg/mL 50 pg/mL 0.75uL  +
trachea 14.25puL
of 1xPBS
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2.11.  Staining of bound IE from static adhesion assay

To determine whether IEs interacting with specific receptors immobilised on plastic dishes are
expressing the PFEMP1 variant of interest, I stained bound IE with rabbit polyclonal antibodies
to IT4AVAR19 DBLa. The static adhesion assay was performed as above until the end of the
washing steps. Dishes were rinsed once with 3 mL of PBS and spots were delimited with the
IFA pen (PAP Pen, DAI-PAP-S), then 20 pL of 20 png/mL rabbit polyclonal IgG to IT4VAR19
DBLa in PBS/1%BSA was added on each spot and allowed to incubate for 30 minutes in a
humid box at 37°C. After this incubation step, dishes were washed with 5 mL of PBS, and the
wash was removed with a plastic Pasteur pipette. Another 5 mL of PBS was then added and
left for 5 minutes. The wash solution was then removed as above, and 50 pL of 1:500 Alexa-
488 goat anti-rabbit IgG secondary antibody in PBS/1% BSA plus 1ug/mL of DAPI was added
on each spot and allowed to incubate for 30 minutes in a humid box at 37°C. After this step,
dishes were washed as above. The wash solution was removed, and a drop of fluoromount
(Sigma, F4680) and round coverslip was added to each spot. Dishes were stored at 4°C in the
dark and viewed the next day under fluorescence microscopy with a 100X objective. Images

were processed, analysed and saved as described above in section 2.3.

2.12.  Static HBEC-binding assay, inhibition assays with antibodies and
recombinant proteins
To test the inhibitory effect of antibodies and recombinant proteins, hCMEC/D3 cells were
grown with 10% normal human plasma to allow soluble C1QBP to associate with the cell
surface membrane in 1% collagen precoated 30 x 15 mm petri dishes (BD, 3100). The day of
the assay, confluent \CMEC/D3 complete medium was removed, cells were washed twice with
2 mL incomplete medium or PBS. Resting hCMEC/D3 cells were incubated with 50 ng/mL
mouse monoclonal and rabbit polyclonal antibodies to human C1QBP (Sino biological, MMO09
and RPOI1 respectively), 30 ug/mL of rat monoclonal antibody to human EPCR (Hycult,
HM2145), or 20 pg/mL of mouse monoclonal antibody to human ICAMI1 (Santa Cruz
Biotechnology, 107) in 400 puL of complete cell culture medium for 1 hour at 37°C with smooth
agitation after 30 and 60 minutes to resuspend non-adherent antibodies. To test the inhibitory
effect of recombinant proteins, mature IEs were resuspended at 2% Ht with 50 pg/mL of

soluble C1QBP (Sino Biological, 11874), 20 ug/mL of soluble EPCR (Sino Biological, 13320-
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HO2H), or 20 pug/mL of soluble ICAM1(R&D system, 720-IC) in 500 pL of IE complete

culture medium for 1 hour at 37°C.

In both cases, after incubation, the complete medium was removed without washing step and
the binding assay performed as described in section 2.9, with 500 pL of IEs in binding medium
at 2% Ht per dish (Azasi et al.,, 2018). Dishes containing only confluent and resting
hCMEC/D3, with binding medium only considered as control dishes.

After washing, adherent IE cells were fixed with PBS/2% glutaraldehyde (Sigma, G6257) for
at least 30 minutes, then washed extensively with tap water (to remove excess of
glutaraldehyde, avoid masking of surface cellular components, and reduce background
interference) and stained with 5% Giemsa for 10 minutes. IE binding levels were quantified
with an inverted microscope at 40X, and results were expressed as the number of IE bound per
100 hCMEC/D3 (Azasi et al., 2018). All cytoadherence assays were carried out in duplicate
(i.e. two dishes per condition). Images were acquired with a DFC300FX digital camera fixed
to the fluorescence microscope (Leica, DM LB 2). Images were processed, analysed and saved

as described above in section 2.3.

2.13.  Statistical analyses

Statistical analyses and graphing of binding assay data were done using GraphPad Prism
version 9.5.1. For each binding assay type, at least 3 independent experiments were carried out
on different days to provide biological replicates (n=3 or more in all analyses). Within each
independent experiment there were technical replicates (duplicate spots, dishes or wells which
were averaged to give a single value for each condition in each experiment). Raw data were
Log transformed to normalize the data distribution. For comparison between the means of two
groups, a two-tailed t test with Holm-Sidak multiple comparisons test was used. For
comparison between the means of three or more groups, an ordinary one-way ANOVA was
used with Dunnett’s posthoc test. P values < 0.05 will be significant, asterisks indicate *P <
0.05, **P<0.01, ***P<0.001, and ****P <(0.0001, and ns indicates no statistical significance
(P >0.05).
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3. Chapter III: Investigation of C1QBP expression by human endothelial cells

3.1. Abstract

CM is characterised by the massive adhesion of IEs in the human brain microvasculature. IEs
have been shown to interact with HBEC in vitro. In a prevous study, this adhesion phenotype
was reduced by a monoclonal antibody against CIQBP and recombinant C1QBP in dose-
dependent fashion. These results suggested C1QBP is a potential host endothelial cell receptor
for IE cytoadherence during CM. However, despite this adhesive interaction being described,
the cellular localisation of host CIQBP remains a matter of debate in the literature. The main
aims of this chapter were to identify the cellular localisation of C1QBP using an immortalised
HBEC line, hCMEC/D3, and to determine whether the same staining pattern applied to other
human endothelial cells (HBEC-5i, primary HBMEC, primary HPMEC, and primary
HDMEC). The cellular localisation of C1QBP as well as other putative receptors on
hCMEC/D3 was investigated using IFA and fluorescence microscopy. Both immortalised
HBEC lines (hCMEC/D3 and HBEC-5i) in resting and TNFa-activated conditions showed
intracellular staining for C1QBP, but cell surface staining was not observed. However, after
preincubation with soluble C1QBP, both immortalised lines did exhibit positive surface
membrane expression of C1QBP in resting and activated conditions. In contrast, primary
HBECs from brain, lung and skin (HBMEC, HPMEC, and HDMEC) showed constitutive
positive surface membrane staining for C1QBP. hCMEC/D3 cells also displayed positive
surface membrane staining for other known P. falciparum adhesion receptors including
ICAM1, VCAMI, PECAMI1 and EPCR in both conditions. Whereas other putative IE receptors
such as CD36, CSA, NCAM, fractalkine, thrombospondin, selectin E and selectin P were not
detected. These findings highlighted that C1QBP is constitutively expressed on the surface of
primary HBECs, and could therefore play a role in sequestration during CM. The immortalised
cell lines used for in vitro studies do not express surface C1QBP initially, but it can become
associated with the cell surface from human plasma or if added exogenously. These findings
suggest the importance of validating immortalised human cell lines used for cytadhesion
research by comparing expression of receptors of interest with the relevant primary human

endothelial cells.
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3.2. Introduction

The characteristic feature of P. falciparum infection is the sequestration of mature forms of IEs
within the microvasculature of major organs of the body, such as the brain, gastrointestinal
tract, heart, lung, kidney and skin (MacPherson et al., 1985; Milner et al., 2015). Sequestration
involved molecular interactions between antigens located on the surface of IEs and host
receptors expressed on the surface of endothelial cells (Rowe et al., 2009). In CM, the
sequestration of IEs leads to microvascular obstruction, metabolic acidosis, hypoxia, coma and
often death (Miller et al., 2002). IE cytoadherence can also trigger an inflammatory response
in the brain, leading to tissue damage (Zougbede et al., 2011). Soluble mediators such as
cytokines are known to regulate adhesion molecule expression and thus may modulate

cytoadherence (Xiao et al., 1996; Zougbede et al., 2011).

The sequence of events leading to CM, starting either with the accumulation of IEs in the brain
microvasculature and/or with the rupture of mature IEs and the release of parasite-derived
toxins (Zougbede et al., 2011) can only be determined by in vivo approach. However, ethical
and cultural constraints have hampered the detailed investigation of the pathophysiology of
human CM. Researcher have therefore developed three major approaches to define the
pathogenesis of CM. Firstly, postmortem studies of CM are limited to histopathological
analysis of fatal CM cases with non-CM cases (Dorovini-Zis et al., 2011; MacPherson et al.,
1985; Taylor et al., 2004). These studies demonstrate the direct interaction between IE and the
host endothelial cells. Meanwhile, postmortem studies cannot describe the natural history of
the disease or compare fatal cases with those who survive after treatment. The difficulties in
obtaining postmortem samples due to social and cultural reasons are also evident barriers to
undertake this type of study. Secondly, the mouse model (also called “experimental cerebral
malaria”) is widely used due to many advantages. This model allows study of the parasite
development stages from infection to transmission and the dissection of molecular interactions
that are difficult to study in humans (de Souza et al., 2010). However, P. falciparum is totally
dependent to Homo sapiens and is unable to infect rodents. Therefore, the rodent models use
malaria parasites such as P. chabaudi, P. berghei or P. yoelli. Hence this model does not

perfectly resemble human disease.

Thirdly, in vitro models have been used to perform cytoadhesion studies. These are based on

diverse cell types including HUVEC (human umbilical vein endothelial cells) (Udeinya et al.,
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1981), C32 amelanotic melanoma cells (Schmidt et al., 1982), CHO (Chinese hamster ovary
cells) (Oquendo et al., 1989), COS-7 cells (Udeinya, 1990), and HDMEC (Siano et al., 1998).
These cells do not originate from human brain endothelial cells, but they can interact with IE.
To overcome this limitation, more relevant endothelial cells from human brain origin have been
developed and used, such as immortalised HBECs, HBEC-51 (Dorovini-Zis et al., 1991), and
hCMEC/D3 (Weksler et al., 2005). These human endothelial cell lines can be frozen, thawed,
expanded many times and maintained their viability, adhesiveness and particular endothelial
cell features such as showing positive intracellular staining to vWF and negative staining for
SMA. Mature IE adhere specifically to these cultured HBEC (Awvril et al., 2013; Avril et al.,
2012; Claessens et al., 2012). Key findings from studies of cytoadherence using immortalised
and primary HBEC are contributing to our understanding of the molecular basis of CM (Avril
etal., 2012; Azasi et al., 2018; Claessens et al., 2012). Therefore, the use of in vitro endothelial

cell models constitutes a suitable alternative to investigate the molecular pathogenesis of CM.

Previous studies claim C1QBP as an important receptor for IE adhesion during severe malaria
(Biswas et al., 2007; Magallon-Tejada et al., 2016; Mayor et al., 2011). However, conflicting
evidence exist about the cellular localisation of CIQBP (Dedio et al., 1998; Dedio & Muller-
Esterl, 1996; Eggleton et al., 1995; Ghebrehiwet et al., 1994; Peerschke et al., 1996). This
thesis chapter aims to determine the cellular localisation of host C1QBP using human

endothelial cells from diverse tissues.
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3.3.  Objectives of this chapter

This chapter will aim:
1.  To determine whether C1QBP is constitutively expressed by human endothelial cells
using two types of endothelial cells:
a) Immortalised human brain endothelial cells (hCMEC/D3 and HBEC-51)
b) Primary human endothelial cells (HBMEC, HPMEC, and HDMEC)
2. To characterise the known P. falciparum receptors expressed by hCMEC/D3
3. To test whether recombinant C1QBP is adsorbed onto the surface of hCMEC/D3
4.  To determine if soluble C1QBP is detectable in normal human plasma, and plasma

from patients infected with P. falciparum

3.4. Methods

Routine HBEC culture, IFA and fluorescence microscopy (Figure 3-1), and ELISA

approaches are described in chapter 2.

Confluent hCMEC/D3 Seed detached hCMEC/D3 Staining of live/ fixed
Cells grow in a culture flask Cells in an 8 chambers slide hCMEC/D3 cells
. [ ee
ﬂ 3 o @® @
N e NOC
)  —— . > N W
P/ Trypsinisation I H ] H ‘ ——  —

—

@ Visualisation of stained
hCMEC/D3 cells

Figure 3-1. Illustration of hCMEC/D3 surface receptors characterisation using IFA. hCMEC/D3 cells are
grown in a culture flask. Confluent Cells are detached by trypsinisation and reseeded in an 8 chambers slide.
Adherent h\CMEC/D3 cells are fixed and stained with specific antibody anti-human C1QBP/other receptors.

Stained hCMEC/D3 cells are visualise using a fluorescence microscope. The diagram is generated with

BioRender.com.
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3.5. Results

To determine the cellular localisation of host CIQBP, I used an immortalised HBEC line
isolated and characterised to exhibit human endothelial cell nature, termed hCMEC/D3
(Weksler et al., 2005). Few studies have used hCMEC/D3 to elucidate mechanisms of IE
cytoadherence (Jambou et al., 2010; Zougbede et al., 2011). Firstly, I authenticated the
endothelial cell identity of hCMEC/D3 by staining with antibodies to endothelial cell markers.
I then characterised the cellular localisation of C1QBP, and other potential receptors known to
play a role in IE sequestration. I determined the presence/absence of positive
immunofluorescent staining with specific antibodies for human endothelial cell receptors
visually, and compared to suitable isotype controls such as rabbit and goat polyclonal

antibodies, and mouse and rat monoclonal antibodies.

3.5.1. C1QBP is not constitutively expressed by hCMEC/D3 in
immunofluorescence assays.
To authenticate the endothelial origin of hCMEC/D3, the cells were labelled with antibodies
for human endothelial cell markers including vWF, PECAM1/ CD31, Dil-Ac-LDL, and a
negative control SMA which is a marker for fibroblasts. Fixed and permeabilised resting
hCMEC/D3 were incubated with rabbit polyclonal antibody to human vWEF. The staining
showed positive intracytoplasmic granules signal compared to negative controls, which did not
show any signal (Figure 3-2, rows 1, 2 and 3 from the top). Fixed hCMEC/D3 cells were stained
with mouse monoclonal antibody to human PECAMI1/ CD31 and to human SMA. The
hCMEC/D3 cells surface membrane showed positive immunofluorescent staining for the
endothelial marker PECAM1/CD31, unlike to their negative controls (Figure 3-2, rows 4, 5
and 6 from the top), while the anti-human SMA did not show any immunofluorescence (Figure
3-2, rows 4, 5 from the top and row 3 from the bottom). The PECAM1/CD?31 staining is a good
example of the appearance of surface membrane staining, with green fluorescence over the
entirety of the endothelial cell body and a clear cell outline (Figure 3-2, row 6 from the top).
In the presence of Dil-Ac-LDL in the culture medium, live hCMEC/D3 cells internalised the
Dil-Ac-LDL, which was seen as red punctuate particles with a perinuclear distribution (Figure
3-2, row | from the bottom). These characteristics did not appear in the absence of Dil-Ac-
LDL in the hCMEC/D3 cell culture medium (Figure 3-2, row 2 from the bottom). Collectively,
these results validate the human endothelial nature of hCMEC/D3 in this study and confirm

that there is no fibroblast contamination of this endothelial cell line.
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Figure 3-2. Authentication of hCMEC/D3 as a human endothelial cell line. hCMEC/D3 cells were fixed with
1% paraformaldehyde, blocked with 5% goat serum then stained with primary antibody according to
manufacturer’s instructions for vWF, PECAMI1, SMA, and their respective negative controls.
Immunofluorescence was detected by an appropriate secondary isotype antibody Alexa fluor 488 conjugated and
read with FITC filter (green) and counterstained the cell nuclei with DAPI (Blue). Live hCMEC/D3 were
incubated with Dil-Ac-LDL and without Dil-Ac-LDL (negative control) in the cell culture medium for 4 hours at
37°C, then fixed with 1% paraformaldehyde and stained the cell nuclei with DAPI (Blue). The uptake of Dil-Ac-
LDL by hCMEC/D3 was read with rhodamine filter (red) and the cell nuclei with DAPI (Blue). Independent
experiments were conducted at least twice for each marker and the images shown are representative. All pictures

were taken at x400 magnification with a scale bar of 20pum.

I further performed IFA on resting, TNFa-activated, and fixed hCMEC/D3 cells to determine
the precise cellular localisation of C1QBP and other known endothelial cells receptors involved
in IE sequestration such as ICAMI1, CD36, VCAMI, selectin E and P, Fractalkine, CSA,
NCAM, integrin avp3, TSP, PECAMI1/CD31 and EPCR. Some of these endothelial cell
surface membrane proteins can be upregulated/ dysregulated by pro-inflammatory cytokines
like TNF-o.. TNF-a is a cytokine that has been incriminated to play a role in the pathogenesis

of CM (Kwiatkowski, 1990).
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Resting, TNF-a activated, and fixed hCMEC/D3 cells surface membrane were incubated with
rabbit and goat polyclonal antibodies to human C1QBP, human integrin aovB3, and human
fractalkine respectively (Figure 3-3). Resting and TNF-a activated hCMEC/D3 cells do not
show surface membrane staining for CIQBP. The cells display intracellular peri-nuclear
immunofluorescent staining for C1QBP in both conditions (resting and activated) compared to
their negative controls (Figure 3-3, rows 1 to 6 from top). hCMEC/D3 cells do not exhibit
positive surface membrane staining, but cells show peri-nuclear staining for integrin avp3 in
resting and activated conditions, while their negative controls show only background staining
(Figure 3-3, rows 1 to 4 from top and rows 3 to 4 from the bottom). Resting and TNF-a
activated hCMEC/D3 cells did not display any staining for fractalkine, appearing like their

negative controls (Figure 3-3, rows 1 to 4 from top and rows 1 to 2 from bottom).
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Figure 3-3. Characterisation of hCMEC/D3 with rabbit and goat polyclonal antibodies. Rabbit antibodies
investigated were against human CIQBP and integrin avf3. Goat antibodies studied were against human
fractalkine. In both conditions, cells were fixed with 1% paraformaldehyde, blocked with 5% goat serum then
stained with primary antibody according to manufacturer’s instructions. Immunofluorescence was detected by an
appropriate secondary antibody Alexa fluor 488 conjugated and read with FITC filter (green) and counterstained
the cell nuclei with DAPI and read with DAPI filter (Blue). Independent experiments were conducted at least
twice for each candidate receptors and the images shown are representative. All pictures were taken at x400

magnification with a scale bar of 20pm.

Resting and TNF-a activated fixed hCMEC/D3 cells were stained with mouse monoclonal
antibodies to human ICAM1, PECAM1/CD31, VCAMI1, CSA, CD36, NCAM, TSP, selectin
E and P respectively (Figure 3-4). In both conditions (resting and activated), hCMEC/D3 cells
show positive immunofluorescent surface membrane staining for ICAM1, PECAM1/CD31,
and VCAM1 differently from their negative controls (Figure 3-4, rows 1 to 12 from the top).
Whereas CSA, CD36, NCAM, TSP, selectin E and P selectin do not show any clearly positive

fluorescent signal and are comparable to their negative controls (Figure 3-4, rows 1 to 10 from
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the bottom and rows 1 to 4 from the top). Activation of hCMEC/D3 cells with TNF-a results
in an increase of ICAM1 expression (Figure 3-4, rows 2, 4 and 6 from the top), but has no

marked effect on staining for any other receptor (Figure 3-4).
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Figure 3-4. Characterisation of hCMEC/D3 with mouse monoclonal antibodies. Proteins assessed were
ICAM1, PECAMI1, VCAMI, CSA, CD36, NCAM, TSP, E and P selectin. In resting and activated conditions,
hCMEC/D3 cells were fixed with 1% paraformaldehyde, blocked with 5% goat serum then stained with primary
antibody according to manufacturer’s instructions. Immunofluorescence was detected by an appropriate secondary
antibody Alexa fluor 488 conjugated and read with FITC filter (green) and counterstained the cell nuclei with
DAPI and read with DAPI filter (Blue). Independent experiments were conducted at least twice for each candidate
receptors and images shown are representative. All pictures were taken at x400 magnification with a scale bar of

20um.

Resting and activated hCMEC/D3 cells surface were incubated with rat monoclonal antibody
to human EPCR (Figure 3-5). In both conditions, hCMEC/D3 cells displayed positive
immunofluorescent staining for EPCR distinct to their negative controls (Figure 3-5, rows 1 to

6 from top). However, activated hCMEC/D3 cells resulted in a decrease of EPCR expression



(Figure 3-5, rows 2, 4 and 6 from the top) as has been noted previously (Simmonds & Lane,

1999) .
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Figure 3-5:Characterisation of hCMEC/D3 with rat monoclonal antibody to human EPCR. In
resting and activated conditions, cells were fixed with 1% paraformaldehyde, blocked with 5% goat

serum then stained with primary antibody according to manufacturer’s instructions.
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Immunofluorescence was detected by an appropriate secondary antibody Alexa fluor 488 conjugated
and read with FITC filter (green) and counterstained the cell nuclei with DAPI and read with DAPI
filter (Blue). Independent experiments were conducted at least twice for each candidate receptor and

images shown are representative. All pictures were taken at x400 with a scale bar of 20mm.

Most of these results are in line with previous findings, as summarised in table below (Table
3-1). However, some differences exist, C1QBP was previously reported to be surface-
expressed (Biswas et al., 2007). Resting hCMEC/D3 staining with anti-human VCAMI1 was
previously reported to be negative (Weksler et al., 2005). Resting and activated HBEC stained
with anti-human TSP was previously described as positive (Xiao et al., 1996), CSA and integrin

avB3 were also found positive (Wassmer et al., 2006).

Table 3-1: Summary of HBEC receptors localisation on hCMEC/D3.

Surface expression Intracellular Findings vs Reference
expression Reference

Known HBEC Resting Activated  Resting Activated

receptors hCMEC/D3 hCMEC/D3 hCMEC/D3  hCMEC/D3

C1QBP - - + + Disagree Biswas et al, 2007
ICAM1 + +4+ + + Agree Weksler et al, 2005
PECAM1 ++ ++ ++ ++ Agree Weksler et al, 2005
TSP - - + + Disagree Xiao et al, 1996
CD62E - - - - Agree Wassmer et al,2006
CD62P - - - - Agree Navratil et al, 1997
CD36 - - - - Agree Weksler et al, 2005
Integrin av - - - - Disagree Wassmer et al, 2006
Fractalkine - - - - Agree Avril et al, 2012
NCAM - - - - Agree Pouvelle et al, 2007
VCAM1 ++ ++ ++ ++ Disagree Weksler et al, 2005
EPCR + +/- - + Agree Simmonds et al, 1999
CSA - - - - Disagree Wassmer et al, 2006
sC1QBP + C1QBP + + + + Agree Ghebrehiwet et al,

2014

NB: Receptors colored in blue are constitutively expressed on hCMEC/D3. However, receptors colored in black
are not constitutively expressed by hCMEC/D3, and the receptor colored in red can become associated with

hCMEC/D3 when added exogenously or from normal human plasma in the cell culture medium.
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3.5.2. Soluble C1QBP provides additional cell surface receptor for hCMEC/D3

My initial finding that C1QBP was not detected on the surface of hCMEC/D3 was unexpected,
given its previous identification as an endothelial cell receptor for P. falciparum cytoadhesion
(Biswas et al., 2007). The sub-cellular localization of C1QBP has been controversial in the
literature (van den Berg et al., 1997; van Leeuwen & O'Hare, 2001), so I decided to investigate
this further. One previous study demonstrated the ability of exogenously added soluble C1QBP
to bind to the membrane of human endothelial cells (Ghebrehiwet et al., 2014). To test whether
soluble C1QBP could adhere hCMEC/D3, the cells were incubated with 2.5 pg/mL in cell
culture medium for 2 hours at 37°C before staining with antibody to human C1QBP. After this
pre-incubation with soluble protein, resting and activated hCMEC/D3 cells exhibited surface
membrane expression for CIQBP, in contrast to their negative controls (Figure 3-6 rows 1 to

6 from the top).
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Figure 3-6. Preincubation of hCMEC/D3 with soluble C1QBP and staining with rabbit polyclonal antibody
to human C1QBP. Resting and activated hCMEC/D3 cells were preincubated with soluble C1QBP, then cells
were fixed with 1% paraformaldehyde, blocked with 5% goat serum, and stained with rabbit polyclonal antibody
to human C1QBP. Immunofluorescence was detected by a secondary Alexa fluor 488 goat anti-rabbit IgG and
read with FITC filter (green) and counterstained the cell nuclei with DAPI and read with DAPI filter (Blue).
Independent experiments were conducted at least twice and images showed are representative. All pictures were

taken at x400 magnification with a scale bar of 20um.
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A previous study has demonstrated the presence of soluble C1QBP in eight normal human
plasmas (van den Berg et al., 1997). Therefore, I tested the physiological relevance of soluble
C1QBP adhering to resting and activated hCMEC/D3. hCMEC/D3 cells were incubated with
10% normal human plasma in complete DMEM/ F-12 medium for 24 hours before IFA.
hCMEC/D3 cells show expression of C1QBP on the cell surface of some resting and activated
hCMEC/D3 (Figure 3-7, rows 1 to 6 from the top). Collectively, recombinant C1QBP and
soluble C1QBP from normal human plasma improve the detection of surface membrane-

associated C1QBP on resting and activated hCMEC/D3.
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Figure 3-7. Preincubation of hCMEC/D3 with 10% normal human plasma and staining with rabbit
polyclonal antibody to human C1QBP. In resting and activated conditions, cells were fixed with 1%
paraformaldehyde, blocked with 5% goat serum then stained with primary antibody according to manufacturer’s
instructions. Immunofluorescence was detected by an appropriate secondary antibody Alexa fluor 488 conjugated
and read with FITC filter (green) and counterstained the cell nuclei with DAPI and read with DAPI filter (Blue).
Independent experiments were conducted at least twice and images shown are representative. All pictures were

taken at x400 magnification with a scale bar of 20um.
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3.5.3. Soluble C1QBP is present in normal human plasma and during P.
falciparum infection
The above section shows that soluble CIQBP from normal human plasma can become
associated with the membrane of resting and activated hCMEC/D3 and thereby serve as a
potential receptor for IE sequestration (Figure 3-6). The presence of 18-30 ng/mL of C1QBP
in normal human serum was noted in one previous study (van den Berg et al., 1997), but other

reports are lacking. Hence, I investigated whether I could confirm this finding.

A commercial sandwich ELISA kit was used to detect and quantify the presence of soluble
C1QBP in two plasma samples collected from a healthy UK adult, and eight frozen plasma
samples from African children infected with P. falciparum. I prepared a series of dilutions of
a known concentration of recombinant C1QBP (standard) (section 2.4.4), and samples of
unknown concentration (section 2.4.3). Then, I measure their absorbance at 450 nm with an
ELISA plate reader, I plotted the data in GraphPad Prism version 9.5.1, and I generated a

standard curve (Figure 3-8).
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Figure 3-8. Standard curve of absorbance (450 nm) against concentration of recombinant C1QBP (ng/mL).
Using recombinant C1QBP as a standard, an ELISA test with a sensitivity of 10 ng/mL was performed. On the x-
axis the concentration of the sample can be read, and on the y-axis the absorbance value. Each black dot on the

sigmoidal curve represents a known dilution concentration of the standard.

Since plasmas from African children were cryopreserved for a long period, I decided to assess
whether the long-term storage did not degrade the protein C1QBP. I collected fresh plasma

from a malaria naive UK-based adult, cryopreserved them at 4°C and -70°C for more than three
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weeks (considered as long-term storage). The day of the assay, I collected a new plasma from
the same healthy adult and tested with his previous plasma collected and stored for at least 3
weeks. The concentration of C1QBP in freshly collected adult plasma is 12.4 ng/mL (Table 3-
2), and plasmas stored for three weeks at 4°C and at -70°C are 16.0 ng/mL and 10.5 ng/mL
respectively. Therefore, CIQBP levels are equivalent in freshly collected and cryopreserved
plasma over this timescale (4°C and -70°C for at least 3 weeks). However, I notice that the
plasma concentration of fresh samples diluted at 1/2 and 1/4 is over the limit detection of the

ELISA kit.

Table 3-2. C1QBP levels in UK adult plasma -collected freshly and cryopreserved for at least

Concentration | Concentration
adjusted by Median
dilution factor
(ng/mL)

three weeks

Sample (-70°C) ND 10.5
1/2
Sample (-70°C) 10.5
1/4
Sample (4°C) 24.1 16.0

1/2
Sample (4°C) 8
1/4

fresh sample 12.4 12.4
undiluted

ND: non determined

The median C1QBP level in plasma samples from eight children suffering from malaria is 1.6
ng/mL (Table 3-3). Seven samples had values <3 ng/mL, while one had a plasma C1QBP
concentration of 27.4 ng/mL (Table 3-3). Since malaria patients can be classified based on their
clinical disease syndromes (severe versus uncomplicated malaria), the level of soluble C1QBP
in plasma of children with uncomplicated (n=4) versus severe malaria (n=4). I do not observe
any difference in plasma C1QBP level between children suffering from uncomplicated versus
severe malaria in this small dataset (Table 3-3). Overall, these results suggest that CIQBP is
present in naive malaria normal human plasma and in the plasma of children affected by

malaria.
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Table 3-3. Plasma of children infected with P. falciparum reactivity to recombinant C1QBP.

Conc Conc
adjusted adjusted [ median
by by
dilution dilution
factor factor

1.7 1.7 AHO025 1.1 1.5
1/2 1/2

2.7 AHO025 1.6
1/4 1/4

1.1 AHO027 1.1
1/2 1/2

1.7 AHO027 1.5
1/4 1/4

1.3 AHO030 ND
1/2 1/2

2.3 AHO030 27.5
1/4 1/4

1.1 AHO032 1.1
1/2 1/2

1.7 AHO032 1.7
1/4 1/4

ND: non determined Conc: Concentration
SM: Severe malaria UM: Uncomplicated malaria.

3.54. Immortalised HBEC-5i do not constitutively express C1QBP on their
surface membrane

I next investigated whether other immortalised endothelial cell lines (HBEC-5i) exhibited
similar properties as hCMEC/D3 (i.e. express C1QBP only when added exogenously or from
normal human plasma). Prior to characterising the cellular localisation of C1QBP, I assessed
the endothelial nature of the cell line using vWF as the endothelial cell marker, and ICAMI1 as
a positive control. Later, I determined whether adding soluble recombinant C1QBP improved

the detection of C1QBP on this human endothelial cell line. The presence or absence of
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immunofluorescent staining was determined by microscopy with comparison to appropriate
negative controls (rabbit polyclonal and mouse monoclonal antibodies)

I studied the immortalised HBEC-5i line, which has been widely used in CM research (Avril
et al., 2016; Azasi et al., 2018; Claessens et al., 2012; Wassmer et al., 2006). To authenticate
the endothelial nature of HBEC-51, the cells were fixed, permeabilised and labelled with rabbit
polyclonal antibody to human vWF. As expected, resting HBEC-5i cells exhibit the presence
of positive intracytoplasmic granule staining in contrast to their negative controls, which show
only background staining (Figure 3-9, from the top rows 1, 2, and 3). These results validate the
endothelial origin of HBEC-5i.

HBEC-5i

staining DAPI FITC Merge

No primary
rabbit antibody

Rabbit IgG
control

20 ym

Antibody
Anti-human
vWF

Figure 3-9. Authentication of HBEC-5i as a human endothelial cell line. Resting HBEC-5i cells were fixed
with 1% paraformaldehyde, permeabilised with 0.1% Triton X-100, blocked with 5% goat serum and then stained
with rabbit polyclonal antibody to human vWF. Immunofluorescence was detected using an Alexa fluor 488 goat
anti-rabbit IgG and visualised with FITC filter (green), counterstained nuclei with DAPI and visualised with the
corresponding filter (Blue). Independent experiments were conducted at least twice for this marker and images

shown are representative. All pictures were taken at x400 magnification with a scale bar of 20pm.

I also fixed and stained resting and activated HBEC-5i cells with a monoclonal antibody to
human ICAMI, as a positive control for human endothelial cell surface staining. Resting and

activated HBEC-51 cells do display surface expression of ICAM1 (Figure 3-10, rows 1 and 2



from the bottom), with brighter staining being seen after TNF-o stimulation (Figure 3-10, row
1 from the bottom). Therefore, ICAMI is constitutively expressed on the surface of HBEC-5i
and upregulated after activation of the cells, as expected (Wassmer et al., 2006; Xiao et al.,

1996; Zougbede et al., 2011).

HBEC-5i
staining

DAPI

No primary
mouse antibody

No primary
mouse
antibody
with TNF-a

Mouse IgG
Control

Mouse IgG
Control with
TNF-a

Antibody
anti-human
ICAM1

Antibody
anti-human
ICAM1
with TNF-a
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Figure 3-10. Staining of HBEC-5i cells with mouse monoclonal antibody to human ICAM1. Resting and
activated HBEC-5i cells were fixed with 1% paraformaldehyde, blocked with 5% goat serum and then stained
with mouse monoclonal antibody to human ICAM1. Immunofluorescence was detected using an Alexa fluor 488
goat anti-mouse IgG and visualised with FITC filter (green), counterstained nuclei with DAPI and visualised with
the corresponding filter (Blue). Independent experiments were conducted at least twice for this receptor and

images shown are representative. All pictures were taken at x400 magnification with a scale bar of 20pm.

Further, I examined the expression of CIQBP by HBEC-5i. Resting and activated HBEC-5i
cells do not exhibit surface expression of C1QBP but show some intracellular staining distinct
from their negative controls, which display only background level staining (Figure 3-11, rows
1 and 2 from the bottom and rows 1, 2, 3 and 4 from the top). Therefore, C1QBP is not
constitutively exhibited on the surface of HBEC-5i.

77



HBEC-5i EITC
staining DAPI Merge
No primary

rabbit antibody

No primary
rabbit antibody
with TNF-a

20 pm

Rabbit 1gG
control

Rabbit IgG

control with
TNF-a

Rabbit antibody
Anti-human

C1QBP

Rabbit antibody
Anti-human
c1QBP

with TNF-a

Figure 3-11. Staining of HBEC-5i with rabbit polyclonal antibody to human C1QBP. Resting and activated
HBEC-5i cells were fixed with 1% paraformaldehyde, blocked with 5% goat serum and then stained with rabbit
polyclonal antibody to human C1QBP. Immunofluorescence was detected using an Alexa fluor 488 goat anti-
rabbit IgG and visualised with FITC filter (green), counterstained nuclei with DAPI and visualised with the
corresponding filter (Blue). Independent experiments were conducted at least twice for this receptor and images

shown are representative. All pictures were taken at x400 magnification with a scale bar of 20pm.
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As the immortalised HBEC-51 line showed a similar staining pattern to hCMEC/D3 (Figure 3-
11, rows 1 and 2 from the bottom; Figure 3-3, rows 1 to 6 from the top respectively), I decided
to investigate whether soluble C1QBP could bind to HBEC-5i. I preincubated HBEC-5i with
recombinant C1QBP before staining with rabbit polyclonal antibody to human CIQBP.
Although much of the staining was over the cell nuclei, there was also staining consistent with
C1QBP surface expression of, especially under activated conditions (Figure 3-12, rows 1 and
2 from the bottom). Therefore, HBEC-51 shows results like hCMEC/D3, suggesting the
possibility of soluble CIQBP acting as a bridging molecule to mediate the cytoadhesion of IE
to HBECs.
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Figure 3-12. Preincubation of HBEC-5i with soluble C1QBP and staining with rabbit polyclonal antibody
to human C1QBP. Resting and activated hCMEC/D3 cells were preincubated with soluble CIQBP,, cells were

fixed with 1% paraformaldehyde, blocked with 5% goat serum, and stained with rabbit polyclonal antibody to

human C1QBP. Immunofluorescence was detected by a secondary Alexa fluor 488 goat anti-rabbit IgG

conjugated and read with FITC filter (green) and counterstained the cell nuclei with DAPI and read with DAPI

filter (Blue). Independent experiments were conducted at least twice and images shown are representative. All

pictures were taken at x400 magnification with a scale bar of 20mm.
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3.5.5. Primary endothelial cells constitutively express C1QBP on their surface
membrane

To confrim the endothelial origin of primary HBMEC, the cells were fixed, permeabilised and
stained with rabbit polyclonal antibody to human vWF. As expected, resting primary HBMEC
cells show the presence of positive intracytoplasmic granule staining distinctly to their negative
controls, which exhibit only background staining (Figure 3-13, rows 1, 2, and 3 from the top).
These results confirm the endothelial origin of primary HBMEC.

HBMEC

staining DAPI FITC Merge

No primary
rabbit antibody

Rabbit 1gG
control

Rabbit antibody

Anti-human
vWF

Figure 3-13. Authentication of primary HBMEC as a human endothelial cell line. Resting primary HBMEC
cells were fixed with 1% paraformaldehyde, permeabilised with 0.1% Triton X-100, blocked with 5% goat serum
and then stained with rabbit polyclonal antibody to -human vWF. Immunofluorescence was detected by an Alexa
fluor 488 goat anti-rabbit IgG and visualised with FITC filter (green), counterstained nuclei with DAPI and
visualised with the corresponding filter (Blue). Independent experiments were conducted at least twice for this
marker and images shown are representative. All pictures were taken at x400 magnification with a scale bar of

20um.

I also labelled fixed primary HBMEC in resting and activated conditions with a monoclonal
antibody to human ICAMI1 as a positive control for human endothelial cells. Resting and

activated primary HBMEC do show surface expression of ICAM1, which is more marked after
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TNF-o stimulated cells (Figure 3-14, rows 1 and 2 from the bottom). Therefore, ICAMI1 is

constitutively displayed on the surface of primary HBMEC in resting and activated conditions.

staining

FITC

No primary
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No primary
mouse antibody
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Mouse IgG
control

Mouse IgG
control with
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anti-human
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Anti-human
ICAM1 with
TNF-a

Figure 3-14. Staining of primary HBMEC cells with a mouse monoclonal antibody to human ICAMI.
Resting and activated primary HBMEC cells were fixed with 1% paraformaldehyde, blocked with 5% goat serum

and then stained with a mouse monoclonal antibody to human ICAM1. Immunofluorescence was detected by an

82



Alexa fluor 488 goat anti-mouse IgG and visualised with FITC filter (green), counterstained nuclei with DAPI
and visualised with the corresponding filter (Blue). Independent experiments were conducted at least twice for
this receptor and images shown are representative. All pictures were taken at x400 magnification with a scale bar

of 20um.

To assess whether C1QBP is constitutively expressed on primary endothelial cells, I examined
the expression of CIQBP by primary HBMEC. Fixed primary HBMEC cells in resting and
activated conditions constitutively exhibit bright staining consistent with surface expression of
C1QBP, distinct from their negative controls, which display background level staining (Figure
3-15, rows 1 and 2 from the bottom and rows 1, 2, 3 and 4 from the top). Therefore, unlike the
results from the immortalised HBEC lines, C1QBP is constitutively express by primary
HBMEC in resting and TNF-a activated conditions.
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Figure 3-15. Staining of primary HBMEC with rabbit polyclonal antibody to human C1QBP. Resting and
activated primary HBMEC cells were fixed with 1% paraformaldehyde, blocked with 5% goat serum and then
stained with rabbit polyclonal antibody anti-human C1QBP. Immunofluorescence was detected by an Alexa fluor
488 goat anti-rabbit IgG and visualised with FITC filter (green), counterstained nuclei with DAPI and visualised
with the corresponding filter (Blue). Independent experiments were conducted at least twice for this receptor and

images shown are representative. All pictures were taken at x400 magnification with a scale bar of 20pm.
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The preincubation of the immortalised lines hCMEC/D3 and HBEC-51 with recombinant
C1QBP before staining with rabbit polyclonal antibody to human C1QBP enhanced the surface
detection of C1QBP in IFA (Figure 3-6 and Figure 3-12). Therefore, I explored if the same
applied to primary HBMEC. Very bright staining is seen after pre-incubating with soluble
CIQBP, but further experiments using a quantitative technique would be needed to determine

if the staining is increased.
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Figure 3-16. Preincubation of primary HBMEC with soluble C1QBP and staining with rabbit polyclonal
antibody to human C1QBP. Resting and activated primary HBMEC cells were preincubated with soluble
CI1QBP, cells were fixed with 1% paraformaldehyde, blocked with 5% goat serum, and stained with rabbit
polyclonal antibody to human C1QBP. Immunofluorescence was detected by a secondary Alexa fluor 488 goat
anti-rabbit IgG conjugated and read with FITC filter (green) and counterstained the cell nuclei with DAPI and
read with DAPI filter (Blue). Independent experiments were conducted at least twice and images shown are

representative. All pictures were taken at x400 magnification with a scale bar of 20pum.

The same experiments were repeated with two more primary human endothelial cell lines,
HPMEC and HDMEC. The data are shown in appendix (Figure 6-1, 6-2, 6-3, 6-4, 6-5, 6-6, and
6-7) and summarised below in Table 3-4 . Both cell lines showed the same results as HBMEC,
with bright staining consistent with surface expression of C1QBP in both resting and activated

cells.

Table 3-4: Summary of C1QBP localisation on human endothelial cells.

Organ/ Immortalised/ | Constitutive | Exogenous
Source Primary Surface Surface
C1QBP C1QBP
hCMEC/D3 Brain/ Immortalised No Yes
Sigma cat#
SCCO066
HBEC-5i Brain/ Immortalised No Yes
ATCC cat#
crl-3245
HBMEC Brain Primary Yes Yes
Sciencell
cat# 1000
HPMEC Lung Primary Yes Yes
Sciencell
cat #3000
HDMEC Skin Primary Yes Yes
Sciencell
Cat #2000
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3.6. Discussion

3.6.1. Summary of major findings

The main objective of this chapter was successfully achieved: hCMEC/D3, HBEC-5i, primary
HBMEC, HPMEC, and HDMEC were stained with rabbit polyclonal antibody to human
C1QBP to determine C1QBP cellular localisation using IFA and fluorescence microscope.
There was a striking difference in the surface membrane expression of C1QBP between
immortalised human endothelial cells (hCMEC/D3 and HBEC-5i) and primary human
endothelial cells (HBMEC, HPMEC, and HDMEC). Primary human endothelial cells
constitutively showed consistent surface membrane expression of C1QBP, but immortalised
human endothelial cells did not. However immortalised human endothelial cells can exhibit
surface expression of C1QBP after preincubation of endothelial cells with recombinant CIQBP
or human plasma. These findings indicate that immortalised human brain endothelial cells may
not retain all the biological characteristics of primary human brain endothelial cells like the

surface expression of C1QBP in this study.

3.6.2. Validation of hCMEC/D3 and other human endothelial cells

The authentication of the endothelial nature of immortalised (hCMEC/D3 and HBEC-51) and
primary (HBMEC, HPMEC, and HDMEC) human endothelial cells is important because
human endothelial cell receptors play a role in the occurrence of CM (Turner et al, 2013;
Biswas et al, 2007; Berendt et al,1989; Barnwell et al,1995). I investigated hCMEC/D3 and
other endothelial cells (HBEC-5i, primary HBMEC, HPMEC, and HDMEC) for their ability
to exhibit specific human endothelial cells markers. These markers are vVWF, CD31/PECAMI1,
Dil-Ac-LDL, and SMA. SMA is a specific marker for fibroblast, which is the first contaminant

for primary human brain endothelial cells. SMA was used as a negative control.

As expected hCMEC/D3 showed positive staining to vVWF, PECAM1/CD31, Dil-Ac-LDL, and
negative staining for SMA. The other endothelial cells have been validated using vWF, the
specific marker for human endothelial cells and ICAM1 as a positive control. In all experiments
the absence of primary antibody staining and the staining with an irrelevant IgG were also used
as negative control. All endothelial cells have displayed positive staining to vVWF and ICAMI.

These results confirm the endothelial nature of these cell lines and are in line with previous
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work (Azasi et al., 2018; Wassmer et al., 2006; Weksler et al., 2005). These results also suggest

the use of these endothelial cell lines as a model for investigating CM.

3.6.3. Lack of C1QBP surface expression on immortalised hCMEC/D3

A few prior studies have used the immortalised human brain microvascular endothelial cell
line hCMEC/D3 to understand CM pathogenesis (Jambou et al., 2010; Zougbede et al., 2011).
In my study, fixed hCMEC/D3 cells were used in IFAs to characterise C1QBP and twelve
known receptors involved in P. falciparum cytoadherence. Most of the results were as
expected, with staining for key receptors such as [ICAM1 and EPCR being detected (Table 3-
1, discussed further below). However, one notable exception was that hCMEC/D3 cells showed
intracellular staining but no surface membrane expression for CIQBP in either resting or

activated conditions (Figure 3-2, rows 5 and 6 from the top).

This result was unexpected because Biswas et al. reported surface detection of CIQBP on
HUVEC, immortalised HBEC, and primary HBMEC before and after stimulation with TNF-a
by flow cytometry (Biswas et al., 2007). Closer examination of the data in Biswas et al., showed
that the evidence for surface expression was based on flow cytometry MFIs (median
fluorescence intensities), but no images to support the conclusion of surface staining were
provided. In both studies, Biswas et al. and experiments described here, HBEC cells were fixed
but not permeabilized, so that theoretically, only surface expression rather than internal staining
should be obtained. However, as shown here (Figure 3-2, rows 5 and 6 from the top), antibodies
are often able to access the interior of the cell after fixation. Hence, the positive MFIs described
by Biswas et al. could be due to internal instead of surface expression. It also remains possible
that there is another reason to explain the lack of surface expression of C1IQBP found here. For
example, Biswas et al, used a different antibody (generated in house), therefore my results
cannot directly be compared to theirs. I used a commercial rabbit polyclonal antibody from

Abcam.

3.64. Controversy of C1QBP localisation in the literature

The cellular localisation of C1QBP has proved controversial over the past three decades.
Immunofluorescence studies have reported the surface detection of C1QBP for B cells,
neutrophils, platelets, and endothelial cells (Daha et al., 1988; Eggleton et al., 1995;
Ghebrehiwet et al., 1994; Peerschke & Ghebrehiwet, 1987). However, other studies have
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demonstrated that CIQBP is in the cytoplasm of B cells, and in the vesicular fraction of

endothelial cells (Dedio et al., 1998; van den Berg et al., 1997).

Although C1QBP (also known as gC1qR) was initially described as a cell surface receptor for
the globular heads of the complement component Cl1q (Ghebrehiwet et al., 1994), it was
independently described as a mitochondrial protein P32 and thought to be involved in
mitochondrial oxidative phosphorylation (Muta et al., 1997). Many studies show a primarily
mitochondrial sub-cellular localization for C1QBP, and it has been suggested that the highly
acidic nature of the protein could cause artefactual binding to ligands and cell surfaces due to
non-specific electrostatic effects (van Leeuwen & O'Hare, 2001). However, it has also been
argued that soluble C1QBP can bind to the surface of HBEC and provide additional receptor
sites for pathogens (Ghebrehiwet et al., 2014). More recently, human endothelial surface
membrane C1QBP has been reported to interact with high-molecular weight kininogen and

vitronectin to mediate Candida spp infection (Phan et al., 2022).

Given the lack of detectable C1QBP on hCMEC/D3 cells and the above evidence, I decided to
assess whether soluble C1QBP can adhere to the surface of HBEC and improve host CIQBP
surface membrane expression. Some resting and activated hCMEC/D3 cells did exhibit surface
expression of C1QBP after preincubation with soluble C1QBP or plasma (Figure 3-5, rows 1
and 2 from the bottom). These results confirm the observation of the previous study

(Ghebrehiwet et al., 2014).

3.6.5. C1QBP is present in human plasma

A previous study found a range of 18-30 ng/mL of soluble C1QBP in eight different sera from
healthy humans (van den Berg et al., 1997). My data showing that C1QBP becomes associated
with HBEC membranes after incubation with human plasma suggests that C1QBP is also
present in plasma. To confirm this and to quantify the amount of soluble C1QBP in plasma I
used a commercial ELISA kit. I found that the concentration of soluble C1QBP in the normal
adult plasma sample was 12.5 ng/mL (Table 3-1). These results are in line with the ability of
plasma/serum protein such as fibrinogen, high-molecular weight kininogen, and vitronectin to
act as bridging molecules and mediate the adherence of pathogens to human endothelial cells

(Cheung et al., 1991; Phan et al., 2022).
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3.6.6. Pilot study on C1QBP in plasma from malaria patients

I had access to some cryopreserved plasma samples of African children experiencing
uncomplicated or severe malaria, so I decided to investigate plasma C1QBP levels in a small
subset as a pilot study. The samples have been long-term cryopreserved (-70°C for 7 years).
Therefore, I also tried to examine whether cryopreservation affected C1QBP level but could
only do this over a short period. I compared the concentration of soluble C1IQBP in normal
adult plasma freshly collected and cryopreserved at 4°C and -70°C for at least three weeks from
the same adult. The storage of plasma (three weeks) at 4°C and -70°C before the analysis did
not change the result when compared to the plasma freshly collected from the same adult (Table
3-1). However, the plasma concentrations of soluble CIQBP for 7/8 patients infected with P.

falciparum were lower than the normal adult value (Table 3-1 and Table 3-2).

These differences in soluble C1QBP concentration might be due to the long-term storage of
the African samples or could be explained by age, the presence of P. falciparum, or the place
of residence. It will be relevant to determine the plasma concentration of C1QBP in healthy
children from the same age and area as malaria cases. I did not observe any marked differential
expression of soluble CIQBP between African children experiencing uncomplicated and

severe malaria, but a larger study would be needed to investigate this thoroughly.

3.6.7. Putative P. falciparum cytoadhesion receptors detected on hCMEC/D3

The hCMEC/D3 line has only rarely been used for cerebal malaria research (Jambou et al.,
2010; Zougbede et al., 2011), despite being widely used to investigate other neurological
conditions and BBB function (Qi et al., 2023; Weksler et al., 2013; Weksler et al., 2005). Most
in vitro studies on cytoadhesion in CM use the HBEC-5i cell line, but it is not ideal because it
lacks PECAM1/CD31(Wassmer et al., 2006), a putative cytoadhesion receptor (Treutiger et
al., 1997). In this chapter, as well as investigating the cellular localisation of CIQBP on
hCMEC/D3, I also explored other potential candidate receptors for P. falciparum cytoadhesion.
hCMEC/D3 constitutively expressed ICAM1, PECAM1/CD31, VCAMI, and EPCR (Figure
3-2, 3-3 and 3-4; Table 3-1). Whereas the expression of only ICAM1 on hCMEC/D3 was up
regulated after 24 hours incubation with TNF-a (Figure 3-3). The expression of ICAM1, CD31,
VCAMI, and EPCR by human endothelial cells are agreed with previous observations apart
the resting VCAMI1 surface expression (Navone et al., 2013; Simmonds & Lane, 1999;
Wassmer et al., 2006; Weksler et al., 2005; Xiao et al., 1996).
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The controversy in resting hCMEC/D3 staining with antibody anti-human VCAMI1 between
the study of Weksler et al, and the present study could be explained by the nature of the
antibody clone and the manufacturer. In both experiments cells were fixed before staining,
Weksler et al, used a mouse monoclonal antibody anti VCAMI1, clone 51-10C9 purchased from
R&D system and this study used the clone STA from Biolegend. These antibodies may have
different affinity to their target epitope under resting condition. Another reason is the method
performed, Weksler et al, carried out flow cytometry and MFIs without images, but here [FA

with images was performed (Figure 3-3, row 9 from the top).

3.6.8. Other putative P. falciparum cytoadhesion receptors are NOT detected on
hCMEC/D3

Candidate receptors such as TSP, selectin E and P, CD36, integrin avp3, CSA, fractalkine and
NCAM were not constitutively expressed by resting and activated hCMEC/D3 (Figure 3-2 and
3-3). Most of these results are in agreement with previous findings apart the lack of hCMEC/D3
staining with human anti-TSP, anti-integrin avf3, and CSA (Hatabu et al., 2003; Navone et al.,
2013; Navratil et al., 2003; Pouvelle et al., 2007; Wassmer et al., 2006; Weksler et al., 2005;
Xiao et al., 1996). The difference in resting and activated hCMEC/D3 staining with anti-human
TSP in the Xiao et al study, and the research conducted here might be explained by the nature
of the immortalised HBEC cell line. Xiao et al used HBEC-5i (Dorovini-Zis et al., 1991) rather
than hCMEC/D3 (Weksler et al., 2005) in this research. A second reason could be the state of
HBEC cells and methods used to detect the adhesion molecules. Xiao et al, did not fix their
HBEC and performed an ELISA to detect TSP surface expression, without providing images.
However, I fixed the HBEC and performed an IFA with relevant images (Figure 3-3, rows 5
and 6 from the bottom). A third reason might be the nature of the antibody clone and the
manufacturer. Xiao et al, used a clone p10 purchased from Gibco instead of a clone A 6.1 from
Invitrogen used in the present study. These antibodies may exhibit different affinity to their
epitope under both, resting and activated hCMEC/D3 staining conditions. Finally, because TSP
is a plasma protein, it is possible that it might become associated with the HBEC surface
membrane if the cells are grown in human plasma, similar to what was seen for C1QBP.
However, investigating this was outside the scope of the current project, which focusses on

C1QBP.
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The absence of surface membrane staining of integrin av3 on hCMEC/D3 was surprising,
because previous study had demonstrated the presence of integrin av3 on the surface of
HBEC (Wassmer et al, 2006). Both studies used immortalised human endothelial cell but from
different lines, I used hCMEC/D3 and Wassmer et al work with HBEC-5i. I performed IFA
and fluorescence microscopy to localise integrin avB3 on fixed hCMEC/D3, and previous
work carried out flow cytometry and MFIs. Finally, I stained hCMEC/D3 with rabbit
polyclonal human antibody IgG, clone 468255 from Abcam, and Wassmer et al labelled their

HBEC-5i cells with mouse monoclonal IgG1, clone AMF7 from Immunotech.

Also, the controversy in resting and activated hCMEC/D3 staining with anti-human CSA in
Wassmer et al study, and the work described here could be due to the immortalised HBEC cell
line. I used hCMEC/D3 and the previous work, HBEC-5i. The clone and the manufacturer of
antibodies were not similar. [ used mouse monoclonal antibody IgM, clone CS56 from Sigma,
and Wassmer et al, work with monoclonal antibody, clone 2030 from Temecula. Both studies
used fixed HBEC, IFA on slides and fluorescence microscope. Reasons mentioned above

antibody affinity can explain the difference in both studies.

3.7. Conclusions

Taking together all the results from this chapter, my data suggest that hCMEC/D3 can be a
suitable cell line for research on the role of C1QBP in IE cytoadhesion, but only if the cells are
grown with human plasma prior to experiments, to allow C1QBP to become associated with
the HBEC membrane. Ideally, any results related to CIQBP binding obtained with an
immortalised HBEC line should be confirmed using primary cells that consititutively express

C1QBP.
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4. Chapter IV: Investigation of the role of C1QBP in Plasmodium falciparum
infected erythrocytes binding to immortalised human brain endothelial cells
(hCMEC/D3)

4.1. Abstract

Severe and CM are associated with the expression of specific PFEMP1 subtypes, while the
identity of the key host receptors involved in CM sequestration remains controversial, but may
include EPCR and ICAMI1. Previous work suggests that other host endothelial cell receptors
such as C1QBP may also play a role in IE sequestration in the brain, but this has rarely been
studied. In this thesis chapter, I used a) selected parasite lines on hCMEC/D3 expressing
predominantly PfEMP1 DCS8 and DC13 (IT4VAR19 and HB3VARO3 respectively) as well as
other parasite lines known to exhibit PFEEMP1 DCS8-like (PfKEO8 and 9197VAR27) and b)
adhesion experiments to determine the role of CIQBP in IE adhesion to the immortalised
hCMEC/D3. The selection of IE on hCMEC/D3 increases the ability of selected parasites to
bind to the human endothelial cell and exhibited a particular PFEMP1 variant. In addition, in
static binding assays to purified receptors, IT4VAR19-expressing IE showed significant
binding to C1QBP, TSP, and EPCR. Adhesion inhibition assays showed that a monoclonal
antibody (mAb) to EPCR blocked the interaction between IT4VARI19-IE and hCMEC/D3,
whereas a mAb and polyclonal antibody (pAb) to CIQBP did not. HB3VARO3-IE did not bind
to C1QBP, nor to any other known endothelial receptors in the static receptor assays, despite
showing good binding to hCMEC/D3 cells. PfKEOS and 9197VAR27-IE did not also bind to
recombinant C1QBP with. IE lines tested here adhesion to HBECs were not inhibited by human
mADb and pAb to C1QBP. Overall, these results do not support C1QBP being a key host receptor
in CM.
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4.2. Introduction

The cytoadherence of IE to HBECs enables sequestration of IEs in vital host organs such as
the brain and leads to CM, the deadliest complication of severe malaria (MacPherson et al.,
1985; Taylor et al., 2004). Sequestration happens due to the molecular interaction between
mature parasite proteins called PFEMP1 encoded by var genes, and receptors on the host
endothelial lining (Rowe et al., 2009). Severe and CM are associated with expression of
restricted PFEMP1 subtypes including DCs 8 and 13, but the endothelial receptors for mature
parasites exhibiting these ligands are being characterised (Avril et al., 2012; Azasi et al., 2018;
Claessens et al., 2012; Lavstsen et al., 2012; Reyes et al., 2024; Turner et al., 2013).

A key study used recombinant PFEMP1 to identify EPCR as a major endothelial cell molecule
involved in IE sequestration (Turner et al., 2013). Subsequent studies showed that some
PfEMP1 variants have dual binding specificity for EPCR and ICAM1(Auvril et al., 2016), which
was later confirmed by structural study (Lennartz et al., 2017). However, the physiological
relevance of EPCR as the major host endothelial receptor for IE has been challenged. Some
parasite lines that are predicted EPCR-binders adhere effectively to HBEC even when EPCR
is blocked by antibodies or knocked down by RNAi (Azasi et al., 2018). Furthermore, exposure
of other parasite lines that do bind EPCR to pool naive malaria adult serum significantly
reduced the interaction between [Es and EPCR on HBEC (Azasi et al., 2018). The precise role
of EPCR in adhesion to HBEC remains controversial, with results of adhesion assays differing
between research groups (Azasi et al., 2018; Bernabeu & Smith, 2017; Gillrie et al., 2015;
Sampath et al., 2015; Storm et al., 2019). One plausible explanation for that discrepancy is the
varying use of human serum/plasma in binding assays, as the presence of complement Cls, a
protease in human serum can cleave some PfEMP1 variants at interdomain conserved sites and
inhibit cytoadhesion of IE to EPCR (Azasi et al., 2021). Therefore, a complete understanding
of the molecules involved in cytadhesion has not been achieved, and there is a need to look

beyond EPCR for other host endothelial receptors for IE sequestration.

Previous works have identified C1QBP as a potential host receptor for IE sequestration (Biswas
et al., 2007; Magallon-Tejada et al., 2016; Mayor et al., 2011). Clinical isolates and a laboratory
adapted parasite line (3D7) were selected on recombinant C1QBP to increase their binding
affinity. In HBEC binding inhibition assays, polyclonal antibodies to human C1QBP and

recombinant C1QBP significantly reduced in a dose-dependent fashion the interaction between
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IEs and HBEC (Biswas et al., 2007). These results suggest that CIQBP can mediate IE
cytoadhesion. A subsequent study found that IE adhesion to C1QBP was associated with
clinical phenotypes of severe malaria such as SMn and multiple seizures, but the association
with CM was not investigated due to the small number of cases (Mayor et al., 2011). Another
study using a laboratory adapted parasite line (IT4) showed that selection of IE on immortalised
HBEC-5i led to the upregulation of the DC8-PfEMP1 variant, IT4VAR19 and a modest
increase in C1QBP binding in a static adhesion assay (Claessens et al., 2012). Additionally, IE
clinical isolates from Mozambican children expressing DC8 PfEMP1 demonstrated high-level
binding to recombinant C1QBP, and the DBLB12 domain of the 3D7 PDF0020c DC8-like
PfEMP1 was shown by ELISA to mediated adhesion to C1QBP (Magallon-Tejada et al., 2016).
Later a computational based investigation modelled has predicted a possible molecular
interaction between P. falciparum 3D7 PDF0020c DBL12 domain and human C1QBP (Bakri
etal., 2021).

Taken together, the above data support the hypothesis that DC8-expressing parasite lines bind
to C1QBP, probably through the DBLB12 domain. However, more data on this adhesion
phenotype of IE are needed to support previous findings. Detailed study of HBEC selected IE
exhibiting either PFEMP1 DC8 or DC13 adhesion to host C1QBP is missing in the existing
literature too. This chapter aims to determine whether HBEC-selected IEs expressing DC8 or
non-DC8 PfEMP1 variants from several P. falciparum culture-adapted strains use CIQBP as a

cytoadhesion receptor.
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4.3. Objectives of this chapter

This chapter will aim:

1.  To select assorted DC8 and DC13 expressing P. falciparum lines on hCMEC/D3

2. To investigate whether the hCMEC/D3-selected -IEs bind to recombinant C1QBP and
other putative cytoadhesion receptors

3.  To assess the ability of recombinant human C1QBP and antibodies to human C1QBP
to prevent IE adhesion to hCMEC/D3

4.4. Methods

Routine HBEC and IE culture, IE staining for PFEMP1 prevalence estimation by IFA and
flow cytometry. IE panning to increase binding to HBEC, recombinant protein spot binding
assays and HBEC binding inhibition methods are described in chapter 2. The methods are

summarised in Figure 4.1.

Cells are attached to solid surface  Stain mature parasites Harvest ring stage for
and grown as monolayers culture

Spot adhesion assay

Figure 4-1. Illustration of IE panning, HBEC and spot adhesion assays. hCMEC/D3 cells are grown in a
culture flask. Confluent cells are detached by trypsinisation and reseeded in a petri dish. In parallel IE are grown

in a culture flask to reach the mature stage (trophozoites/schizont). In the panning assay, mature IEs are incubated
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with confluent HBECs in a petri dish. After incubation and washing, adherent IEs to HBEC cells are supplied
with complete parasite culture medium and maintained in culture overnight. The following day non-adherent
erythrocytes including IE ring stages are collected and returned to routine parasite culture. When the parasites
have grown back to high parasitaemia (>5%), the HBEC panning/selection method is repeated. Multiple rounds
of panning are needed to select IEs to bind well to HBEC in vitro. A similar method of co-incubating IE with
HBEC in a petri dish followed by washing to remove non-adherent cells is used in the HBEC adhesion assay to
investigate the ability of antibodies and soluble proteins to inhibit binding. To quantify the number of IE adhering
to 50/100 HBEC cells, adherent IEs and HBEC cells are fixed and stained with Giemsa and counted using an
inverted microscope. To determine which individual receptors HBEC-selected IEs can bind, [ used a spot adhesion
assay. Mature IEs are incubated with recombinant C1QBP/candidate receptors spotted on a petri dish in duplicate.
After incubation and washing to remove non-adherent cells, adherent IEs to recombinant proteins are fixed and
stained with Giemsa and counted per field using an inverted microscope. The diagram is crafted with

BioRender.com.
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4.5. Results

To investigate the role of C1QBP in cytoadhesion of DC8 and non-DCS8 expressing parasite
lines, I first selected IEs on resting hCMEC/D3 and monitored the expression of specific
PfEMP1 variants using IFA and flow cytometry. Selected IEs expressing predominantly the
PfEMP1 variants of interest were used in static spot adhesion assays to determine which
individual receptors the 1Es can bind. To determine if CIQBP plays a role in IE cytoadhesion
to HBEC, I performed a HBEC-static inhibition assay.

4.5.1. Assorted IEs selected to exhibit a particular PFEMP1 variant

To obtain a homogeneous parasite population expressing a particular PfEMP1 variant, I
selected assorted IE expressing (IT4AVAR19, HB3VARO3, and 9197VAR27) on hCMEC/D3.
I also selected a rosetting parasite line expressing (PfKE08.g501/9605VAR?2) to get a parasite
population with high rosetting frequency. For experiments carried out with these parasite lines
in this study, the percentage of HBEC-binding IE in cultures exhibiting the PfEMP1variants

predominantly transcribed or rosetting frequency is shown below (Table 4-1).

Table 4-1: Details of parasite lines and PfEMP1 variants expressed by IE used in this study.

Genotype Origin Predominant var gene Percentage of IE | Source
transcribed (Domain expressing the
cassette) PfEMP1 of
interest/ rosetting
IT4 South-East | IT4varl9 (DCS8) 50-93 (Claessens
Asia et al.,
2012)
HB3 Honduras HB3var03 (DC13) 70-86 (Claessens
et al.,
2012)
PfKEO8 (aka | Kenya Co-expresses pfke08.2g502 | 61-74 (McLean
9605VAR?2) (DC11, rosetting variant) et al.,
pfke08.2g501(DCS) 2025)
PC0053- Kenya pc0053-C.g96(DCR8) 50-78 (McLean
C.G9% (aka et al.,
9197VAR27) 2025)
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Parasite expressing IT4VAR19 was used because it is a HBEC-binding DC8-expressing line
shown previously to bind to C1QBP in spot binding assays (Azasi et al., 2018; Claessens et al.,
2012), and therefore acts as a positive control. Parasite expressing HB3VARO03 was used
because it is a HBEC-binding DC13-expressing line, expected from previous studies to bind
EPCR and ICAMI1 (Avril et al., 2016; Lennartz et al., 2017) but not C1QBP (Janes et al., 2011),
and therefore acts as a negative control. Two other recent culture-adapted DC8-expressing lines
(PfKEO08) and (9197VAR27) (McLean et al., 2025) were also used to investigate the hypothesis
that C1QBP binding is a property of all IEs expressing DC8 PfEMP1 variants.

All parasite lines contain subpopulations of parasites that encode other binding variants,
because transcriptional switching between var genes happens in vitro, away from the starting
variant (Smith et al., 1995; Zhang et al., 2022). For all IE expressing (IT4VAR19, HB3VARO03,
and 9197VAR27) selected on hCMEC/D3, I carried out repeated rounds of panning. I observe
that IE binding to HBEC increases proportionally to the number of panning (Figure 4-2).
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Figure 4-2: IEs panned on hCMEC/D3. IT4VAR19-IE (first row), HB3VARO3-IE (second row), and
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9197VAR27-IE (third row) binding to hCMEC/D3 tested under static conditions are displayed. Each small
circular cell represents mature IE incubate on large hCMEC/D3 confluent cells in petri dishes for 75 minutes at
37°C with gentle hand rocking every 30 minutes. Petri dishes were washed at least five times with incomplete
DMEM-F12 Ham without sodium bicarbonate until all nonadherent cells were removed. Adherent IE cells
(showed by black arrows) were fixed with glutaraldehyde 2% in PBS for at least 30 minutes and stained with 5%
Giemsa for 10 minutes. Adherent IEs were counted over 100 hCMEC/D3. All pictures were taken at x1000

magnification with a scale bar of 20um. P1 means panning round 1; P2 panning round 2 till P5 panning round 5.

The expression of the variant of interest in the panned parasite lines was monitored by IFA and
flow cytometry (Figure 4-3) using variant-specific antibodies. Hence, IT4VAR19-IE show 50-
93% expression of the variant of interest (Figure 4-3, third row from the top) while
HB3VARO3-IE exhibit 70-86% of the specific variant (Figure 4-3 B, fourth row from the
bottom). For 9197VAR27-IE, the variant of interest expression by flow cytometry is 50-78%
(Figure 4-3 B, first row from the bottom).

PfKEO8R+ is unusual as it expresses two PfEMP1 variants simultaneously in the same IEs
(McLean et al., 2025). One is a rosette-mediating variant, and the other is a DC8 (PfKE08.g501,
shown in Figure 1-5). Selection of this parasite line for rosetting selects for both the rosetting
variant and the DCS8, which are co-expressed. During my experiments the IE rosette

frequency/percentage of DC8 positive PFEMP1 was between 61-74% (Table 4-1).
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Figure 4-3. IEs stained with strain specific antibodies anti-DBLa of PEEMP1 and monitored by IFA and
flow cytometer. Rabbit polyclonal antibodies to PFEMP1 recognize the surface of homologous live IEs. Rows 1
to 3 from the top show live cell stained with no primary antibody (negative control), an isotype anti-IgG (negative
control), and rabbit antibody anti-20941 IT4VAR19 DBLa at 20 mg/mL tested on the homologous IT4VAR19-
IE respectively. DAPI staining at 1mg/mL shows the position of IEs (blue). PFEMP1 antibody is detected by
highly cross-absorbed Alexa fluor 488-conjugated anti-rabbit IgG at 1mg/mL. Specific staining of IEs is seen as
punctate fluorescence over the whole of IE surface (green). The number of parasites stained with PfEMP1
antibody were counted over 100 RBCs during each panning on hCMEC/D3. Rows 4 to 7 from the bottom show
live cell stained with rabbit antibody anti-6358 HB3var03 DBLa at 20 mg/mL, an isotype anti-IgG (negative
control) and no primary antibody (negative control) tested on the homologous HB3VARO3-IE respectively. Rows
1 to 3 from the bottom show live cell stained with rabbit antibody anti-25028 9197VAR27 DBLa. at 20 mg/mL,
an isotype anti-IgG (negative control) and no primary antibody (negative control) tested on the homologous
9197VAR27-IE respectively. Flow cytometer analysis. Third row from the top, IT4VAR19-IE was stained
with 20 mg/mL of rabbit 20941 polyclonal anti-IT4VAR19 DBLa IgG1 (blue) or an isotype rabbit [gG-negative
control (Orange) followed by Alexa Fluor 647-goat anti-rabbit IgG at 1mg/mL. Fourth row from the bottom,
HB3VARO3-IE was stained with 20 mg/mL of rabbit 6358 polyclonal anti-HB3VARO03 DBLa IgG1 (blue) or an
isotype rabbit IgG-negative control (Orange) followed by Alexa Fluor 647-goat anti-rabbit IgG at 1mg/mL. First
row from the bottom, 9197VAR27-IE was stained with 20 mg/mL of rabbit 25028 polyclonal anti-9197VA427
DBLa IgGl (blue) or an isotype rabbit IgG-negative control (Orange) followed by Alexa Fluor 647-goat anti-
rabbit IgG at Img/mL.
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4.5.2. DC8 expressing IEs bind to recombinant C1QBP in static adhesion assay

To test whether IEs expressing (DCS8) and non-DC8 PfEMP1(DC13) adhere specifically to
soluble C1QBP or other recombinant proteins, I performed static binding assays. A higher
frequency of bound hCMEC/D3-selected IE to soluble CIQBP or a particular recombinant
protein compared to the negative control (PBS) would indicate that C1QBP may play a role in

mediating IE cytoadherence and microvascular sequestration during CM.

DC8 expressing IT4VARI19-IEs derived from one round of panning on hCMEC/D3
significantly bind to host CIQBP, CD36, CD31, EPCR, TSP, and VCAMI1 (Figure 4-4 A).
However, DC13 expressing IEs derived from five rounds of panning on hCMEC/D3 do not
show any binding to C1QBP or any known candidate receptors for human endothelial cells
apart the positive control CD36 (Figure 4-4 B). The binding of both these lines to CD36 is
likely to be due to subpopulations of parasites in these cultures exhibiting different PFEMP1
variants of group B and C type, identified to interact with CD36 through their CIDRa2-6
domain (Hsieh et al., 2016) (Figure 4-4 A and B). The lack of HB3VARO3-IE binding to EPCR
and ICAM1 does not agree with some previously published data (Lennartz et al., 2017), but is

consistent with previous work from the Rowe lab (Azasi et al., 2018; Claessens et al., 2012).
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Figure 4-4. DC8 IT4var19 and DC13 HB3var03 IEs bind to C1QBP. [T4var19 IEs (A) and HB3var03 IEs (B)
bind recombinant proteins adsorbed onto plastic petri dishes tested under static conditions is displayed. Mature
IEs incubate on soluble proteins at 50 pg/mL in petri dishes for 1 hour at 37°C with gentle hand rocking every 12
minutes. Petri dishes were washed at least five time with RPMI 1640 without sodium bicarbonate until all
nonadherent cells were removed. Adherent IE cells were fixed with glutaraldehyde 2% in PBS for at least 30
minutes and stained with 5% Giemsa for 10 minutes. A-) The black circles are IEs that stained positive with DC8
PfEMP1 homologous antibodies, and the white circles did not stain positive with the DC8 PfEMP1 antibodies. A
and B) Data for each spot binding represents an independent experiment and it is also the average of at least six
independent fields reading (each dot). The number of IE bound per field was determined by an inverted
microscope. PBS was used as a negative control and CD36 as a positive control. Data were Log (10) transformed
before to apply statistics. The difference in mean binding values compared with the PBS negative control from n
> 3 independent experiments was analyzed by one-way ANOVA with Dunnett’s multiple comparison test. *P <

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Graph A and B have different y axis scale.

To determine whether IEs that bound to recombinant CIQBP and other potential receptors
expressed the DC8 PfEMP1 or are due to subpopulations that have switched ot other variants,
I carried out immunofluorescence staining on the bound cells using variant-specific DBLa
antibodies. IT4VAR19-IEs binding to recombinant CIQBP, EPCR and TSP were confirmed
to exhibit the PFEMP1 variant DC8 (Figure 4-4, rows 1, 2, and 3 from the top), whereas CD36,
CD31 and VCAMI1 bound IEs did not express the PFEMP1 variant DC8 (Figure 4-4, rows 1,
2, and 3 from the bottom). Taken together these results show that IT4VAR19 DC8-expressing
IEs adhered to recombinant C1QBP while HB3VARO03 DC13-expressing IEs did not. The
IT4VAR19 DC8- expressing IEs also bound to TSP and EPCR.
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Figure 4-5. Staining of bound IEs from static receptor-binding assay with rabbit polyclonal IgG to
IT4var19 DBLa. Bound IEs from the IT4varl9 culture were identified by staining parasite nuclei with 1 mg/mL
DAPI (blue). IEs bound to C1QBP, EPCR and TSP shown green punctate surface staining with 20 mg/mL rabbit
polyclonal IgG to IT4var19 DBLa, followed by a 1:500 dilution of Alexa fluor 488 goat anti-rabbit IgG, displaying
that the bound cells expressed this specific variant (green). IEs bound to VCAM-1, PECAM-1 and CD36 did not

stain with the IT4varl9 variant-specific antibodies, suggesting that other variant types in culture mediate VCAM-
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1, PECAM-1 and CD36 binding. All pictures were taken at 100X with a scale bar of 20pum. Results showed here

are representative of at least two independent experiences. r means recombinant.

4.5.3. C1QBP binding is not a property of all IEs expressing DC8 PFEMP1
variants

To determine whether C1QBP binding is a common feature of all IEs expressing DC8 PfEMP1,
I investigated the ability of 9197VAR27 and PfKE08/9605R+ to interact with soluble C1QBP.
In a recent study I clearly demonstrated the ability of 9605R+ IEs expressing PfEMP1 DCS-
like to interact with EPCR and ICAM1 (McLean et al., 2025). However, the possibility of
9197VAR27 and 9605R+ IEs expressing PFEMP1 DC8-like variant to interact with C1QBP
was not examined in that initial study. I therefore investigated the ability of 9197VAR27 and
9605R+ IEs to interact with C1QBP in the absence and presence of rosette disruption using
static adhesion assays. The presence of rosettes can interfere with binding to receptors on
plastic dishes; therefore the inclusion of rosette disruption conditions was to ensure that
meaningful binding interactions were not missed for this reason. I found that 9197VAR27 and
9605R+IEs did not bind to C1QBP (Figure 4-6 A and B). As see previously (McLean et al.,
2025), 9605R+ IEs did significantly adhere to EPCR and ICAMI1, with higher binding after
rosette disruption (Figure 4-6 B). These results show that 9197VAR27 and 9605R+ IEs do not
interact with C1QBP despite the presence of the DBLB12 DC8 domain in their PFEMP1

architecture.

A B

Host receptor

Figure 4-6. Spot binding assay of IEs to recombinant C1QBP and other receptors. A-) 9197VAR27-1E
binding (white square) to recombinant proteins. B-) Adhesion of 9605-1E was determined with (white circles) and

without (black circles) prior rosette disruption with antibodies to g502 NTS DBLa.. Each square/dot is the average
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of six randomly chosen field per dish and assay. The number of IE bound per field was determined using an
inverted microscope with a 40X objective and six fields were counted per dish. Data were Log (10) transformed
before to apply statistic. The difference in mean binding values compared with the PBS control from n> 3
independent experiments was analyzed by one-way ANOVA with Dunnett’s multiple comparison test. The same
receptor in presence and absence of rosette from n > 3 independent experiments was analyzed by two-tailed paired

t tests corrected with Holm-Sidak multiple comparisons test. *P < 0.05 indicates statistical significance.

4.54. C1QBP is not a major receptor that mediates IT4VAR19 IEs adhesion to
HBEC

To determine if CIQBP plays a role in promoting IT4VAR19 IE adhesion to hCMEC/D3, 1
conducted HBEC binding-inhibition assays. hCMEC/D3 cells grown with 10% pooled normal
human plasma to allow C1QBP to associate with the membrane were preincubated for 1 hour
with specific antibodies to block cytoadhesion receptors (e.g. monoclonal/polyclonal antibody
to human CIQBP) or 1%BSA (control). Similarly, IT4VARI19 IEs were pretreated with
recombinant proteins such as CIQBP, EPCR and ICAMI. I found that preincubation of
hCMEC/D3 with antibodies to human C1QBP and ICAM1 had no effect on the interaction
between IEs and hCMEC/D3, whereas a monoclonal antibody to human EPCR did
significantly reduced cytoadhesion (Figure 4-7 A). Similarly, preincubation of IT4VAR19 IEs
with recombinant CIQBP and ICAM1 had no effect on binding, whereas recombinant EPCR
significantly reduced cytoadhesion (Figure 4-7 B), as shown previously (Azasi et al., 2018).
These observations do not support the hypothesis that C1QBP is a major receptor for
IT4VAR19 IEs adhesion to hCMEC/D3.

A B
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Figure 4-7. DC8 IT4var19-IE binding to hCMEC/D3 is not mediated by host C1QBP. (A) hCMEC/D3 were
preincubated with antibodies to C1QBP, EPCR or ICAMI or (B) DC8 IT4var19-IE were preincubated with
recombinant C1QBP, EPCR or ICAM1 before static adhesion assay as described in the methods. Each data point
is from an independent experiment, and the mean and SEM are shown. Data were Log (10) transformed before
statistical analysis. The difference in mean values compared with control (no preincubation with antibodies or
recombinant protein) was analysed by one-way ANOVA with Dunnett’s multiple comparison test. *P < 0.05; **P

<0.01; *#**P <0.001; ****P < 0.0001.
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4.6. Discussion

4.6.1. Summary of main findings
The main objective of this chapter was to determine whether C1QBP promotes IE expressing
PfEMP1 DC8 binding to hCMEC/D3. IEs (IT4VAR19, 9197VAR27, and 9605R+/PfKEO0S)
were selected for HBEC-binding or rosetting phenotype to get a homogeneous parasite
population expressing PFEMP1 DCS. All IE expressing PFEMP1 DCS interact with EPCR but
not C1QBP. Only IT4VARI9-IE significantly bind to C1QBP, however monoclonal and
polyclonal antibodies anti-human C1QBP do not prevent IT4VARI19-IE cytoadhesion to
hCMEC/D3. Overall, C1QBP is not a major endothelial cell receptor for IE adhesion to HBEC.

4.6.2. HBEC selection of IE expressing DC8 and non-DC8 PfEMP1 variants

Parasite lines derived by panning on resting hCMEC/D3 or selected for rosetting that express
DCS8 PfEMP1 (IT4VAR19, 9197VAR27, and PfKEO8) and non-DC8 PfEMP1 (HB3VARO3)
were used to investigate I[E binding to C1QBP. They were chosen for some because the PFEMP1
DBLB12 domain of 3D7 PDF0020c IE was identified as the main ligand that mediate IE
adhesion to host C1QBP (Magallon-Tejada et al., 2016). The parasite expresses PfEMP1
variant that has been previously associated with CM and other forms of SM (Avril et al., 2012;
Claessens et al., 2012; Lavstsen et al., 2012).

The panning predominantly increases the expression of a particular PFEMP1 variant on the
surface of enriched IEs and their adhesion frequency to HBECs (Figure 4-2 A and B). Before
HBEC selection 1Es (IT4VAR19, HB3VARO3 and 9197VAR27) showed lower PfEMP1
prevalence and binding frequency to hCMEC/D3. After selection, IEs exhibited a higher
PfEMP1 prevalence and binding frequency to hCMEC/D3.These observations are consistent
with previous studies (Avril et al., 2012; Azasi et al., 2018; Claessens et al., 2012; Claessens &
Rowe, 2012).

This panning method also has been used to select IEs on diverse endothelial cells (primary and
immortalised HBEC) and all studies have led to the dominant expression of parasite ligands
DC8 and DC13 PfEMPI, associated with SM (Avril et al., 2012; Claessens et al., 2012).
Selected IEs on HBEC can also help to identify major receptors involved in cytoadhesion

(Claessens & Rowe, 2012).
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4.6.3. 1Es expressing PFEMP1 DCS8 bind to C1QBP

In spot binding assays, HBEC selected IE predominantly expressing DC8 PfEMP1 bind to
C1QBP, CD36, CD31, EPCR, TSP, and VCAM1 (Figure 4-4 A). However, only IEs binding to
C1QBP, EPCR and TSP are stained positive to antibody anti-IT4VAR19-DBLa in IE bound
cells IFA (Figure 4-5). IE binding to C1QBP was also described in previous studies (Azasi et
al., 2018; Claessens et al., 2012) but the binding was not significant because precedent works
did not Log transform their data. By Log transforming my IE binding data before to use the
one-way ANOVA, I found that IT4VAR19-IE significantly bind to C1QBP. Log transforming
data is important because it can make the distribution more normal and validates the use of a

statistic parametric test.

DC13-expressing IE did not bind soluble C1QBP and other brain endothelial candidate
receptors but significantly bound to recombinant CD36 (Figure 4-4 B). This result agrees with
prior works (Azasi et al., 2018; Claessens et al., 2012). Major study has used recombinant
protein to show that IE expressing DC13 play a crucial role in the adhesion of IE to HBEC
(Turner et al., 2013). But subsequent studies have found that IE expressing native PfEMP1
DCI13 did not interact with candidate receptors associated with SM (Azasi et al., 2018).

Therefore, there is a need to search for additional receptor involved in IE sequestration.

DC8-expressing IEs also significantly adhere to C36, CD31, and VCAMI1 but they did not stain
positive for antibody anti-IT4VAR19 DBLa. This adhesion of DC8 and DC13-expressing IEs
to recombinant CD36 can be explained by the presence of multiple variants in parasite isolates
with different binding phenotypes because of PFEMP1 antigenic variation (Smith et al., 1995;
Zhang et al., 2022). These findings are in line with previous results (Avril et al., 2013; Azasi et
al., 2018; Claessens et al., 2012).

Prior studies also have associated the cytoadhesion phenotype of IE-C1QBP to clinical severe
malaria presentations like SMn and multiple seizures (Mayor et al., 2011) and found that IE
(3D7_PDF0020c) expressing a DC8-like PfEMP1 used DBLB12 to interact with C1QBP
(Magallon-Tejada et al., 2016). Therefore, it is important to investigate whether all parasite
expressing DC8 PfEMP1 bound to C1QBP.
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4.6.4. Other IEs expressing DC8 PFEMP1 did not interact with C1QBP

Unexpectedly well characterised IEs (9197VAR27 and PfKEO08/9605R+) which contain
DBL12 in their PFEMP1 architecture did not interact with CIQBP. Our static adhesion study
suggests that 9197VAR27-IE and 9605R+ IE bound to EPCR but not C1QBP despite having a
DBL12 in their PPEMP1 molecular structure. However, the study that identify IE DBLB12 as
the binding partner for C1QBP performed an ELISA-based binding assays (Magallon-Tejada
et al., 2016). Further study carried out computational simulation to characterise the interaction
between 3D7 PDF0020c DBLB12 and C1QBP (Bakri et al., 2021). They identified 21 amino
acid residues in DBLB12 that interact with C1QBP and argued that the binding site of ICAM1
and C1QBP are in different DBL domains. IEs exhibiting DBLB1, DBLB3 and DBLS5 from
PfEMP1 group A, B, and C are recognised to interact with ICAM1 but not DBLB12 (Janes et
al., 2011; Lennartz et al., 2017; Lennartz et al., 2019).

However, 9605R+ IE displayed a dual binding phenotype, EPCR and ICAM1 (Figure 4-6 B)
despite the presence of DBLB12 in their PFEMP1 architecture. This result agrees with recent
adhesion binding assays (McLean et al., 2025) but challenged previous expectations (Janes et
al., 2011; Lennartz et al., 2017; Lennartz et al., 2019). A plausible explanation for this
discrepancy maybe the fact that 9605R+ IE belongs to group B/A and not group A, B, and C
PfEMP1 based on its DBLa molecular structure, and PfEMP1 transcription direction (Rask et
al., 2010). Therefore, the molecular mechanism used by 9605R+ IE DBLB12 to interact with
ICAMI remains to be identified.

4.6.5. C1QBP did not mediate IT4VAR19 IE adhesion to hCMEC/D3

To examine that host CIQBP is an important receptor for DC8 expressing IE adhesion to
hCMEC/D3, HBEC-inhibition assay was conducted. hCMEC/D3 cells were grown in 10%
pooled normal human plasma to provide the possibility of soluble CIQBP to stick on the
surface membrane of hCMEC/D3. hCMEC/D3 cells were preincubated with
monoclonal/polyclonal antibodies anti-human C1QBP to block C1QBP proteins expressed on
the surface of hCMEC/D3. While IT4VAR19 IEs were preincubated with recombinant C1QBP
to block IE ligand DBLB12 recognised to mediate C1QBP binding.

Monoclonal/polyclonal antibodies anti-human C1QBP and recombinant C1QBP did not
prevent the interaction between DCS8 expressing IE and hCMEC/D3 (Figure 4-7 A and B
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respectively). These results are not in line with the findings of Biswas et al, who argued that
mouse monoclonal antibody anti-C1QBP and recombinant C1QBP reduced in dose dependent
fashion the adhesion of IE to human endothelial cells (Biswas et al., 2007). The difference in
the frequency of binding inhibition between the study of Biswas et al, and the present work
could be attributed to the following factors: the laboratory adapted parasite strain used in
previous study was 3D7 PDF0020c rather than IT4VAR19 IE in the present study. Biswas et
al, panned 3D7 PDF0020c and field isolate parasites with recombinant C1QBP in static
binding assays instead of HBEC-selected IT4VAR19 IE in this study. The recombinant CIQBP
spot binding selection conducted by Biswas et al, may induce a preferential high affinity
interaction between 3D7 PDF0020c IE and host C1QBP. Both studies used human brain
endothelial cells in inhibition assays but from different sources, HBMEC for Biswas et al, and
hCMEC/D3 in the present study. Biswas et al, produced in house the recombinant protein and
the mouse antibody anti-human C1QBP, whereas I have used commercial recombinant protein
and antibodies anti-human C1QBP from Sino Biologicals. The affinity of different

recombinant proteins and antibodies in preventing IE cytoadhesion may differ.

However, the monoclonal antibody anti-human EPCR and recombinant EPCR strongly inhibit
the interaction between DC8-expressing IE and hCMEC/D3 (Figure 4-7 A and B respectively).
This result agrees with previous studies (Azasi et al., 2018; Turner et al., 2013). I also observed
that the combination of monoclonal antibody anti-human EPCR and anti-human ICAMI1
significantly reduce the cytoadhesion of DC8-expressing IE, but the frequency of binding
inhibition was inferior to the monoclonal antibody anti-human EPCR alone (Figure 4-7 A),
suggesting the absence of synergistic action between EPCR and ICAM1 in mediating DC8-
expressing IE binding to hCMEC/D3 in this study.

4.7. Conclusion

The data in this chapter indicate that not all DC8-expressing IEs bind to C1QBP. IT4VAR19-
IEs do bind to C1QBP in spot binding assays but antibody to human C1QBP and recombinant
C1QBP do not block the cytoadhesion of IT4VAR19-IEs to hCMEC/D3. Hence C1QBP is not

the major endothelial cell for the parasite lines studied here.
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5. Chapter V: Discussion

5.1. Introduction

Previous studies suggest CIQBP as a potential receptor for IE sequestration during CM
(Biswas et al., 2007). This cytoadhesion phenotype has been associated with other forms of
SM but not CM (Mayor et al., 2011). HBEC-selected IE adhesion to C1QBP is missing in the
literature. Therefore, the main aim of this thesis was to elucidate the role of CIQBP in
mediating HBEC-selected IE adhesion to hCMEC/D3. To address this, \CMEC/D3 culture was
used as a model to examine the cytoadherence of 1Es associated with severe and CM. Firstly,
hCMEC/D3 was authenticated as an endothelial cell origin and used to determine the cellular
localisation of C1QBP and other candidate receptors by IFA and fluorescence microscopy.
Resting and TNF-a activated hCMEC/D3 did not show surface expression of C1QBP (Figure
3-3). However, preincubated hCMEC/D3 with recombinant C1QBP and normal human plasma
(containing soluble C1QBP) enhanced the surface detection of C1QBP (Figure 3-6 and 3-7).
The same result was obtained for another immortalised human brain endothelial cells (HBEC-
51) (Figure 3-11 and 3-12). In contrast, primary human endothelial cells (HBMEC, HPMEC,
and HDMEC) constitutively exhibited C1QBP (Figure 3-14). These results indicate that
immortalised endothelial cells may not fully express the same receptor as primary endothelial

cells.

Secondly, four laboratory adapted parasite lines ( IT4VAR19, HB3VARO03, 9197VAR27 and
PfKEO0S) were successfully selected for cytoadhesion to hCMEC/D3 and rosetting respectively.
This selection led to a significant increase of IT4VAR19, HB3VARO03, 9197VAR27 IE PfEMP1
variant expression and their binding frequency to hCMEC/D3 (Figure 4-2) as well as the
rosetting frequency of PfKEOS. The possibility of CIQBP to mediate IE sequestration in human
cerebral vascular beds was investigated by using a combination of static adhesion assays on
recombinant proteins as well as binding inhibition assays on cultured hCMEC/D3 with
recombinant C1QBP and antibodies to human C1QBP. IT4VARI19 IE showed significant
binding to C1QBP, TSP, and EPCR (Figure 4-3). However, antibodies to human C1QBP did
not prevent the interaction between [Es and hCMEC/D3 (Figure 4-6). These findings showed
that IE binding to hCMEC/D3 is not C1QBP dependent.

The implications of these findings are discussed with relevant knowledge in CM research.
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5.2. Is hCMEC/D3 a suitable cell line for P. falciparum cytoadhesion research?

hCMEC/D3 cell line has been characterised by Weksler et al (Weksler et al., 2005), as a reliable
model for studies of BBB function, responses of brain endothelium to inflammatory and
infection stimuli, and the interaction of brain endothelium with other cells (Weksler et al.,
2005). hCMEC/D3 was tested positive for expression of endothelial markers such as
PECAMI1/CD31 and vWF, suggesting its endothelial nature. hCMEC/D3 cell line also
exhibited adhesion molecule associated with IE sequestration, including [CAM1 and VCAMI1
only when cells were activated by TNF-a (Weksler et al., 2005). However, very few studies
have used hCMEC/D3 to investigate the molecular mechanism of IE cytoadherence (Jambou

et al., 2010; Zougbede et al., 2011).

5.2.1. hCMEC/D3 authenticates as a human endothelial cell nature

To validate the endothelial nature of h(CMEC/D3, I labelled hCMEC/D3 for the expression of
specific markers of human endotheial cells. As expected hCMEC/D3 showed positive surface
expression for PECAM1/CD31, intracytoplasmic staining for vWF and DIL-Ac-LDL, and a
negative staining for SMA (Figure 3-2). SMA is a negative control for endothelial cell but
provides positive staining for fibroblasts. These results indicate that hCMEC/D3 is from human
endothelial origin, and results are supported by prior researches. These reseraches also argued

that hCMEC/D3 form a confluent monolayer with tight intercellular junctions and resembles

the in vivo BBB (Weksler et al., 2013; Weksler et al., 2005).

5.2.2. C1QBP expression by human endothelial cells

I further assessed the cellular localisation of C1QBP on hCMEC/D3 with IFA and fluorescence
microscopy. I found that C1QBP is not constitutively express on hCMEC/D3 (Figure 3-3). In
contrast to previous study that used flow cytometry and MFIs to describe C1QBP as a HBEC
surface membrane receptor (primary and immortalised HBEC) (Biswas et al., 2007). This
suggests that flow cytometry alone is not sufficient to characterise the cellular localisation of
C1QBP on hCMEC/D3. Hence the combination of flow cytometry and IFA may contribute to
better characterise HBEC cell surface receptor. The disparity in results is described in section

3.6.3. My finding raises a concern about using hCMEC/D3 to study the role of C1QBP in IE
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cytoadhesion. However, another study claimed the possibility of soluble C1QBP to bind to
HBEC and provides additional surface receptors (Ghebrehiwet et al., 2014).

To test the ability of soluble C1QBP to attach on hCMEC/D3, I preincubated soluble CIQBP
with a confluent monolayer of hCMEC/D3 before IFA. 1 found that some hCMEC/D3 cells
showed surface expression of C1QBP (Figure 3-6). This result highlights the ability of soluble
C1QBP to compensate the deficit of hCMEC/D3 for C1QBP expression.

To confirm whether this applies to other immortalised HBEC, I stained HBEC-51 (Dorovini-
Zis et al., 2011) in both resting and activated conditions for C1QBP expression. I found that
C1QBP is not natively express by HBEC-5i either in resting or activated conditions (Figure 3-
11). Therefore, I preincubated confluent monolayer of HBEC-5i with soluble C1QBP before
IFA. I observe surface membrane expression of C1QBP in resting and activated HBEC-5i. This
result attests that both immortalised HBEC lines do not constitutively express C1QBP but can
show C1QBP surface expression when they are preincubated with soluble CIQBP.

To test if the same happens for primary HBECs, I have tested the capacity of primary HBMEC
to constitutively express C1QBP. I found that resting and TNF-a activated HBMEC natively
exhibit a homogeneous surface expression of C1QBP (Figure 3-15). The same results occur
with other primary endothelial cells, HPMEC, and HDMEC (Appendix, Figure 6-3 and 6-6).
Therefore, All the primary endothelial cells tested here constitutively exhibit surface expression

of C1QBP in resting and activated conditions.

The cellular localisation of C1QBP remains a matter of dispute in the existing literature. The
discrepancies between research groups is described in section 3.6.3. Some have desmontrated
surface membrane expression of CIQBP (Andrews et al., 1981; Daha et al., 1988; Ghebrehiwet
et al., 1994) and others claimed intracellular localisation of C1QBP (Dedio et al., 1998; Dedio
& Muller-Esterl, 1996; van den Berg et al., 1997). My study has demonstrated stringent
difference between surface expression of Cl1QBP between immortalised and primary
endothelial cells. However, unlike the classical cell surface receptor, CIQBP is missing a
consensus motif for transmembrane domain and a GPI (glycosylphosphatidylinositol) anchor
(Ghebrehiwet et al., 1994). Hence, C1QBP may attach to cell surface membrane from soluble
C1QBP (Ghebrehiwet et al., 2014) and likely by adhesion with transmembrane protein such as
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the interaction between fibrinogen and ICAM1(Cheung et al., 1991), HK and vitronectin to
C1QBP (Phan et al., 2022) to serve as a receptor.

5.2.3. Endothelial cell receptors expressed by hCMEC/D3

Endothelial cells surface receptors play a crucial role in the adhesion and sequestration of IE
during CM. The use of in vitro model like hCMEC/D3 can contribute to better decipher
receptors involved in CM. To date thirteen host receptor candidates have been identified to

mediate IE cytoadhesion (Table 5-1).

Table 5-1: First description of receptor involved in sequestration of IE (adapted

from(Rogerson & Milner Jr, 2009)).

Receptor Reference

TSP (Roberts et al., 1985)

ICAM1 (Berendt et al., 1989)

E-selectin (Ockenhouse, Tegoshi, et al., 1992)
VCAM1 (Ockenhouse, Tegoshi, et al., 1992)
CD36 (Barnwell et al., 1985)

CSA (Rogerson et al., 1995)

P-selectin (Udomsangpetch et al., 1997)
PECAM1/CD31 (Treutiger et al., 1997)

avp3 integrin

(Siano et al., 1998)

Fractalkine (Hatabu et al., 2003)
NCAM (Pouvelle et al., 2007)
C1QBP (Biswas et al., 2007)
EPCR (Turner et al., 2013)

Among these above-mentioned receptors, I have found that hCMEC/D3 constitutively express
ICAMI1, PECAM1/CD31, VCAMI, and EPCR (Figure 3-3, 3-4, and 3-5). These receptors have
been previously associated with IE cytoadhesion. However, the other nine receptors associated
IE cytoadhesion were not natively express by hCMEC/D3 (Figure 3-3, 3-4, and 3-5). The
difference in receptor expression with other studies has been discussed in section 3.6.7 and

3.6.8. However, I have demonstrated that CIQBP can become membrane associated to
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hCMEC/D3 when added exogenously or from normal human plasma (that contains C1QBP)
(Figure 3-6 and 3-7). This finding was also observed in previous study (Ghebrehiwet et al.,
2014). This result provides an alternative for future studies that aim to investigate the role of

C1QBP in cytoadhesion with immortalised endothelial cells.

5.2.4. hCMEC/D3-selected IE for cytoadhesion

Previous studies have used immortalised HBEC-5i and primary endothelial cells (HBMEC.
HPMEC, and HDMEQC) to identify the parasite ligands involved in IE sequestration and severe
disease (Avril et al., 2012; Claessens et al., 2012). However, hCMEC/D3-selected IE role in
cytoadhesion is rare in the literature. I selected on hCMEC/D3 well characterised parasite lines
associated with different phenotype of cytoadhesion. As expexted, I found that IE expressed
dominant PFEMP1 DC8 (IT4VAR19, 9197VAR27) and DC13 (HB3VARO03). These results are
in line with previous studies (Avril et al., 2013; Avril et al., 2012; Azasi et al., 2018; Claessens
et al., 2012). Therefore, the selection of IE on endothelial cells increases the binding between

IE and HBECs. (Claessens & Rowe, 2012).

5.2.5. Role of C1QBP in IE cytoadhesion

Most available data on IE cytoadhesion are focused on laboratory adapted parasite lines (Avril
et al., 2013; Awvril et al., 2012; Claessens et al., 2012). Here, I investigated the role of C1QBP
in IE adhesion using four laboratory adapted parasite lines (IT4VAR19, HB3VARO3,
9197VAR27 and PfKEOS) selected for hCMEC/D3 binding and rosetting respectively. These
parasite lines expressed either DC8 or DC13 in their PFEMP1 molecular architecture. Only
IT4AVAR19-IE (DC8-expressing IE) showed significant adhesion to CIQBP (Figure 4-3). The
interaction between IT4VAR19-IE and C1QBP might be mediated by the DC8 DBLB12
domain as previously suggested (Magallon-Tejada et al., 2016). Magallon et al used a parasite
line named 3D7 PDF0020c to show that the DC8 DBLPB12 domain is the IE ligand that
interacts with C1QBP. I tried to work with this parasite line but could not select it for adhesion
to HBEC. I also tested other DC8-expressing parasite lines in the expectation that they would
bind C1QBP, but only one of them (IT4VAR19-IE) did so. In static adhesion inhibition assays
antibodies to human C1QBP did not significantly reduce the cytoadhesion between IT4VAR19-
IEs and hCMEC/D3 (Figure 4-6). Therefore, these results do not support the hypothesis that
the DBLB12 domain of DC8 PfEMP1s always bind to C1QBP and contribute to sequestration,
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and highlight the risk of generalising results from a single parasite line. This result is in line
with previous work (Avril et al, 2013) showing that recombinant DBLB12 domains are less
effective than other DC8 PfEMP1 domain types at inhibiting the interaction between IE and
HBEC. Therefore, CIQBP is not the major endothelial cell receptor for IE sequestration for the
parasite lines used here, but the possibility remains that it might act in combination with other

receptors to facilitate IE accumulation in HBEC:s.

5.3.  Other possible roles of C1QBP in malaria host-parasite interaction

It remains possible that IE binding to C1QBP could play a role in host-parasite interaction in
malaria beyond cytoadhesion, such as in complement inactivaction. For example, I proposed
that the globular head of Clq (gC1q), the physiologic ligand of C1QBP is available in the
plasma/serum as circulating C1 complex (gC1q, Clr, and C1s). Engagement of the gC1q with
endothelial surface C1QBP (Biswas et al., 2007; Ghebrehiwet et al., 1994) may induce the
activation of the C1 complex and released of gClq, Clr, and Cls (Figure 5-1).

Activation of C1 complex and C1s cleaves PfEMP1 at interdomain and IEs compete with C1 complex ‘
released of C1q, C1r, and C1s prevents the adhesion of IE on HBEC

C

| — O‘L’T'@ @ @

PfEMP1

Figure 5-1: Proposed mechanism of C1 complex activation, released of C1s and PFEMP1 cleavage.
gC1q can bind to C1QBP, even when it is associated with C1r-C1s complex. gC1q reacts with CIQBP
and activates the classical pathway of the complement system. Cls cleaves PFEMP1 at interdomain and
abolish the interaction between IE and EPCR, CD36 (Azasi et al., 2021). To ensure its survival and
transmission IE develop the ability to interact with CIQBP. The diagram is designed with

BioRender.com.
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Previous work has suggested that Cls a serine protease of the complement system cleaved
PfEMP1 at interdomain between DBLy and DBLJ (Azasi et al., 2021). This disruption of
PfEMP1 abolished the interaction between IE and HBECs receptors like EPCR and CD36 and
eventually facilitates IE clearance by the spleen (Buffet et al., 2011). Therefore, the interaction
between IT4VARI19-IE and CIQBP (Figure 4-3) may be a strategy for IE to prevent the
activation of the complement system and promote IE sequestration via EPCR. In addition,
postmortem study from Malawian children with CM showed that cerebral fibrin clots and loss
of EPCR colocalised with sequestered IE (Moxon et al., 2013). My hCMEC/D3 IFA data
supports the downregulation of EPCR after cell activation with TNF-a (Figure 3-5). These
results suggest that EPCR alone cannot mediate the occurrence of CM. Hence, to ensure its
survival and transmission IEs have developed the ability to interact with additional receptor
such as C1QBP (Figure 4-3). This strategy has been proposed by other authors (Azasi et al.,
2018; Heddini et al., 2001; Yipp et al., 2000) and deserved more attention to gain

comprehensive understanding of CM pathogenesis.

Host receptor polymorphisms in malaria endemic population play an important role in IE
cytoadhesion. They can increase or decrease the susceptibility of malaria endemic population
to SM and CM. Point mutations in the haemoglobin gene within malaria endemic population
(e.g., HbC, and HbAS) have been associated with SM protection due to the abnormal exhibition
of PfEMP1 on the surface of IE (Fairhurst et al., 2012; Petersen et al., 2021; Sanchez et al.,
2019) and to form rosettes (Opi et al., 2014). A larger well-designed genome wide association
study (GWAS) has identified an association between sickle haemoglobin (HbAS) in the host
and three regions of the parasite genome (Band et al., 2022). To date no study has identified a
polymorphism in C1QBP and malaria protection or susceptibility. In general, CIQBP is highly

conserved in diverse species (Guo et al., 1997).

5.4. Limitations

The study has some limitations, the culture of monolayer hCMEC/D3 and other human
endothelial cells (HBEC-51, primary HBMEC, HPMEC, and HDMEC) are used to understand
the pathophysiology of CM in static adhesion (Avril et al., 2013; Avril et al., 2012; Claessens
etal., 2012; Jambou et al., 2010; Zougbede et al., 2011). However, these in vitro cultured cells
do not truly resemble the intricate cellular interactions between different cell types and

extracellular matrices of an in vivo endothelium. To address these limitations, other researchers
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have examined IE cytoadhesion under dynamic flow conditions that simulate microvasculature
circulation in vivo (Bernabeu et al., 2019). Other groups have also studied cocultures of
endothelial cells with pericytes or astrocytes (Liu et al., 2018; Storm et al., 2020), and cerebral
organoids (Adams & Jensen, 2022; Adams et al., 2021). The goal is to reproduce as much as
possible the complexity of multicellular in vivo endothelial tissues and better characterise the

pathophysiology of CM.

Another limitation in my study, I have used IFA to generate images, but I did not quantify the
expression intensity of endothelial receptors in resting and activated conditions with flow
cytometry. It was difficult to appreciate the change of brightness for some receptors between
resting and activated hCMEC/D3 cells. It is important to combine IFA and flow cytometry to
better characterise surface receptor staining expression. However, surface receptor staining

intensity can also be quantified from IFA images using image J (Helmbrecht et al., 2023).

Cytoadhesion data generated in my study are exclusively based on laboratory adapted parasite
lines. The small number of parasite lines investigated do not facilitate the detection of
difference between parasite strains adhesion and generalise my findings. Particularly the lack
of comparison of cytoadhesion between field isolates from patients experiencing UM and CM.
Most data about cytoadhesion studies came from laboratory adapted lines that could be used
as positive control for study of cytoadhesion with clinical isolates to obtain a complete picture

of IE cytoadhesion mechanism.

I have used a small sample size of n=3 independents experiment to analyse my data using either
ANOVA or t-test after Log-transformation. I suggest the use of mixed effects models, to
increase the sample size of each group to be compared. This method considers each technical

replicate as an individual observartion.

5.5. Future work

The purpose of my work is to generate hypotheses that will have to be validated in humans. An
important experiment to be performed in the future is to assess whether CIQBP is present in

vivo on human brain endothelial cells through postmortem investigations. This will emphasize
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our findings and lead to a better characterisation of IE sequestration and its interaction with the

complement system.

Another line of study would be to identify genetic polymorphisms in C1QBP because IE
receptors have been suggested in the resistance to severe malaria (Rowe et al., 2009).
Therefore, a polymorphism in the protein C1QBP that conferred a resistance to IE sequestration
might protect against CM. However, a recent genome wide association study did not find a
polymorphism in candidate endothelial receptors associated with SM in cytoadhesion (Band et

al., 2022).

Data presented here are focused on laboratory adapted parasite lines, therefore comparison of
C1QBP binding between field isolates from patients affected by UM and CM is of high priority.
To determine whether C1QBP binding is associated with an increased risk of SM and CM. In
evolutionary prospective, the pressure placed upon malaria parasites by antimalarial drugs,
vaccine, and host immunity may change the parasite biology and sequestration receptors. My

data suggest multiple adhesion receptors instead of a major receptor (Figure 5-1).

My spot binding data also suggests that HB3VARO3-IE binds only to CD36 (Figure 4-4).
However, this receptor is not present on HBECs, therefore other receptors must be responsible
for its adhesion to hCMEC/D3. The binding to CD36 is likely due to IEs expressing other
PfEMP1 variants, but not the ones expressing the DC13 PfEMP1 HB3VARO3. Therefore, it is
crucial to search for the plausible receptor of the native HB3VARO3-IE expressing PfTEMP1
DCI13.

I found also that PfKE08/9605R+ exhibited an unexpected dual binding phenotype.
PfKEO08/9605R+ expressed a DC8-like PfEMP1, which contains a DBLB12 predicted to
interact with C1QBP and not ICAM1. However, I observed that 9605R+ IEs bind to EPCR and
ICAM1, but the binding mechanism used by 9605R+ IEs to interact with [CAM1 is unknown.

There is a need to investigate for that mechanism.
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5.6. Conclusion

The general aim of this thesis was to investigate whether C1QBP is a major endothelial cell
receptor for IE cytoadhesion. To achieve this aim, hCMEC/D3 was used as a model for IE
cytoadhesion and four IEs expressing (IT4VAR19, HB3VARO03, 9197VAR27, and
PfKEO08/9605R+) were successfully panned for cytoadherence to hCMEC/D3 and rosetting.
This selection has led to a significant increase in the expression of a dominant PFEMP1 variant,

binding to hCMEC/D3, and rosetting frequency.

The endothelial nature of hCMEC/D3 was authenticated with specific marker for endothelial
cells before the investigation of CIQBP and other candidate receptors cellular localisation.
Unexpectedly, CIQBP was not constitutively expressed by hCMEC/D3 in resting and activated
conditions. However, C1QBP can become associated to the surface membrane of hCMEC/D3
when it is preincubated with soluble C1QBP or normal human plasma (containing soluble
C1QBP). I observed the same result with other immortalised HBEC (HBEC-51) but not the
primary HBEC (HBMEC, HPMEC, and HDMEC). All primary HBEC cells investigated

natively expressed C1QBP in both resting and activated conditions.

To assess the ability of CIQBP to mediate IE cytoadhesion as the major host endothelial
receptor. I found that hCMEC/D3-selected IE (IT4VAR19) bind significantly to recombinant
C1QBP but in hCMEC/D3 inhibition assay, antibody to human C1QBP and recombinant
C1QBP do not block the interaction between IE and hCMEC/D3. Therefore, CIQBP is not the

major endothelial receptor for IE cytoadhesion.

Here I showed that h(CMEC/D3 supports IE selection, expression of a predominant PfEMP1
variant, binding to IE, expression of endothelial receptors for IE cytoadhesion, and HBEC
inhibition assay. I can argue that h\CMEC/D3 cell line is a suitable model for IE cytoadhesion,
however the lack of constitutive C1QBP surface expression show that it differs from primary
HBEC cells. C1QBP is not the major endothelial cell receptor for IE cytoadhesion but it may

act in association with another receptor such as EPCR.
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6. Appendix

Table 6-1: Summary of value calculated from absorbance (450 nm) raw data

Well Content Raw Raw data | Corrected | Conc
Data Average ng/ml
(450)
A0l Blank Al 0.131 0.12525 0 0
A02 Blank A2 0.126
A03 Blank A3 0.124
A04 Blank A4 0.12
A0S AHO12 dilution | 0.394 0.4055 0.28025
1/4
A06 AHO12 dilution | 0.417
1/4
A07 AHO32 dilution | 0.389 0.402 0.27675
1/4
A08 AHO32 dilution | 0.415
1/4

B03 Sample  (-70) | 1.225 1.169 1.04375
dilution 1/4

B04 Sample  (-70) | 1.113
dilution 1/4

B05 AHO12 dilution | 0.471 0.482 0.35675
172

B06 AHO12 dilution | 0.493
172

B07 AHO032 dilution | 0.449 0.472 0.34675
172

BOS8 AHO032 dilution | 0.495
172
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Co3 Sample  (-70) | 2.018 2.019 1.89375
dilution 1/2

Co04 Sample  (-70) | 2.02
dilution 1/2

Co5 AHO11 dilution | 0.485 0.49 0.36475
1/4

C06 AHO11 dilution | 0.495
1/4

Co7 AHO30 dilution | 1.66 1.6765 1.55125
1/4

Co08 AHO30 dilution | 1.693

1/4

D03 Sample (4) | 1.043 1.018 0.89275
dilution 1/4

D04 Sample (4) ] 0.993
dilution 1/4

D05 AHO11 dilution | 0.545 0.5295 0.40425
12

D06 AHO11 dilution | 0.514
12

D07 AHO30 dilution | 2.373 2.325 2.19975
1/2

D08 AHO30 dilution | 2.277

1/2

E03 Sample (4) | 1.879 1.9105 1.78525
dilution 1/2

E04 Sample (4) | 1.942
dilution 1/2

E05 AHO009 dilution | 0.407 0.4065 0.28125
1/4

E06 AHO009 dilution | 0.406

1/4
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E07 AHO027 dilution | 0.368
1/4

EO8 AHO027 dilution | 0.369
1/4

0.3685

0.24325

FO03 Sample  fresh | 2.923 2913 2.78775
dilution 1/4

Fo4 Sample  fresh | 2.903
dilution 1/4

FO05 AHO009 dilution | 0.454 0.4625 0.33725
12

F06 AHO009 dilution | 0.471
12

FO7 AHO027 dilution | 0.457 0.46 0.33475
12

FO8 AHO027 dilution | 0.463
12

GO03 Sample  fresh | 3.044 3.003 2.87775
dilution 1/2

G04 Sample  fresh | 2.962
dilution 1/2

GO5 AHO006 dilution | 0.552 0.536 0.41075
1/4

G06 AHO006 dilution | 0.52
1/4

GO07 AHO025 dilution | 0.386 0.3865 0.26125
1/4

GO08 AHO025 dilution | 0.387
1/4
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HO03 Sample  fresh | 3.077 3.059 2.93375
undiluted

HO04 Sample  fresh | 3.041
undiluted

HO5 AHO006 dilution | 0.63 0.6175 0.449225
1/2

HO06 AHO006 dilution | 0.605
1/2

HO7 AHO025 dilution | 0.477 0.4765 0.35125
172

HO08 AHO025 dilution | 0.476
172

NB: Positive control dilution values are colored in blue; Conc: Concentration

To investigate the endothelial nature of primary HPMEC, the cells were fixed, permeabilised
and labelled with rabbit polyclonal antibody anti-human vWF. As expected, resting HPMEC
cells showed the presence of positive intracytoplasmic granule staining compared to their
negative controls, who exhibited only background staining (Figure 6-1, rows 1, 2, and 3 from

the top). These results validate the endothelial nature of primary HPMEC.
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Figure 6-1: Authentication of primary HPMEC as human endothelial cell nature. Resting HPMEC cells
were fixed with 1% paraformaldehyde, permeabilised with 0.1% Triton X-100, and blocked with 5% goat serum
and then stained with rabbit polyclonal antibody anti-human vWF. Immunofluorescence was detected by an Alexa
fluor 488 goat anti-rabbit IgG and visualised with FITC filter (green), counterstained nuclei with DAPI and
visualised with the corresponding filter (Blue). Independent experiments were conducted at least twice for this
marker and images showed are representatives. All pictures were taken at x400 magnification with a scale bar of

20pm.

I stained fixed primary HPMEC in resting and activated conditions with monoclonal antibody
anti-human ICAM1 as a positive control for human endothelial cells. HPMEC cells did display
surface expression of host ICAMI1 (Figure 6-2, rows 1 and 2 from the bottom) in both
conditions. The activation of primary HPMEC cells with TNF-a virtually increases the surface

membrane expression of host ICAM1 (Figure 6-2, row 1 from the bottom).
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Figure 6-2: Staining of primary HPMEC cells with mouse monoclonal antibody anti-human ICAMI.

Resting and activated primary HPMEC cells were fixed with 1% paraformaldehyde, blocked with 5% goat serum

and then stained with mouse monoclonal antibody anti-human ICAM1. Immunofluorescence was detected by an

Alexa fluor 488 goat anti-mouse IgG and visualised with FITC filter (green), counterstained nuclei with DAPI

and visualised with the corresponding filter (Blue). Independent experiments were conducted at least twice for

this receptor and images showed are representatives. All pictures were taken at x400 magnification with a scale

bar of 20um.
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I assessed the expression of host CIQBP by primary HPMEC. Fixed primary HPMEC cells in
resting and activated conditions constitutively exhibit surface expression of host C1QBP
compared to their negative controls, who display background level staining (Figure 6-3, rows
1 and 2 from the bottom and rows 1, 2, 3 and 4 from the top). CIQBP is constitutively expressed
by primary HPMEC in both conditions.
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Figure 6-3: Staining of ptimary HPMEC with rabbit polyclonal antibody anti-human C1QBP. Resting and
activated primary HBMEC cells were fixed with 1% paraformaldehyde, blocked with 5% goat serum and then
stained with rabbit polyclonal antibody anti-human C1QBP. Immunofluorescence was detected by an Alexa fluor
488 goat anti-rabbit IgG and visualised with FITC filter (green), counterstained nuclei with DAPT and visualised
with the corresponding filter (Blue). Independent experiments were conducted at least twice for this receptor and

images showed are representatives. All pictures were taken at x400 magnification with a scale bar of 20um.

I tested whether the preincubation of primary HPMEC cells with soluble CIQBP potentiates
the expression of CIQBP in IFA. HPMEC shows surface expression of C1QBP in resting and

activated conditions (Figure 6-4, rows 1 and 2 from the bottom).
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Figure 6-4: Preincubation of primary HPMEC with soluble C1QBP and staining with rabbit polyclonal
antibody anti-human C1QBP. Resting and activated primary HPMEC cells were preincubated with soluble
C1QBP, and cells were fixed with 1% paraformaldehyde, blocked with 5% goat serum, and stained with rabbit
polyclonal antibody anti-human C1QBP. Immunofluorescence was detected by a secondary Alexa fluor 488 goat
anti-rabbit IgG conjugated and read with FITC filter (green) and counterstained the cell nuclei with DAPI and
read with DAPI filter (Blue). Independent experiments were conducted at least twice and images showed are

representatives. All pictures were taken at x400 magnification with a scale bar of 20um.
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To evaluate the endothelial nature of primary HDMEC, the cells were fixed, permeabilised and
stained with rabbit polyclonal antibody anti-human vWF. As expected, resting HDMEC cells
showed the presence of positive intracytoplasmic granule staining distinctly to their negative
controls, who displayed only background staining (Figure 6-5, rows 1, 2, and 3 from the top).
These results validate the endothelial nature of primary HDMEC.

HDMEC FITC
staining DAPI Merge

No primary
rabbit antibody
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Rabbit I1gG
control
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anti-human
vWF

Figure 6-5: Authentication of primary HDMEC as human endothelial cell nature. Resting HDMEC cells
were fixed with 1% paraformaldehyde, permeabilised with 0.1% Triton X-100, and blocked with 5% goat serum
and then stained with rabbit polyclonal antibody anti-human vWF. Immunofluorescence was detected by an Alexa
fluor 488 goat anti-rabbit IgG and visualised with FITC filter (green), counterstained nuclei with DAPI and
visualised with the corresponding filter (Blue). Independent experiments were conducted at least twice for this
marker and images showed are representatives. All pictures were taken at x400 magnification with a scale bar of

20um.

I evaluated the expression of host C1QBP by primary HDMEC. Fixed primary HDMEC cells
in resting and activated conditions constitutively show surface expression of host C1QBP
compared to their negative controls, who display background level staining (Figure 6-6, rows

1 and 2 from the bottom and rows 1, 2, 3 and 4 from the top).
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Figure 6-6: Staining of primary HDMEC with rabbit polyclonal antibody anti-human C1QBP. Resting and
activated primary HDMEC cells were fixed with 1% paraformaldehyde, blocked with 5% goat serum and then
stained with rabbit polyclonal antibody anti-human C1QBP. Immunofluorescence was detected by an Alexa fluor
488 goat anti-rabbit IgG and visualised with FITC filter (green), counterstained nuclei with DAPI and visualised
with the corresponding filter (Blue). Independent experiments were conducted at least twice for this receptor and

images shown are representatives. All pictures were taken at x400 magnification with a scale bar of 20pum.
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I tested whether the preincubation of primary HDMEC cells with soluble C1QBP improves
the expression of C1QBP in IFA. C1QBP is still present on the surface of resting and
activated HDMEC (Figure 6-7, rows 1 and 2 from the bottom and rows 1, 2, 3 and 4 from the

top).
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Figure 6-7: Preincubation of primary HDMEC with soluble C1QBP and stainong with rabbit polyclonal
anti-human. Resting and activated primary HDMEC cells were preincubated with soluble C1QBP and then, cells
were fixed with 1% paraformaldehyde, blocked with 5% goat serum, and stained with rabbit polyclonal antibody
anti-human C1QBP. Immunofluorescence was detected by a secondary Alexa fluor 488 goat anti-rabbit IgG
conjugated and read with FITC filter (green) and counterstained the cell nuclei with DAPI and read with DAPI
filter (Blue). Independent experiments were conducted at least twice and images showed are representatives. All

pictures were taken at x400 magnification with a scale bar of 20pm.
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