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ABSTRACT

Parasitic infections such as malaria in host organisms often lead to oxidative stress
condition resulting in the constant generation of free radicals and other reactive
species in vivo that lead to extensive oxidative damage in bio-molecules such as DNA
and proteins. Susceptibility of Plasmodium parasite to oxidative stress is a well-
established feature and advantage has been taken of this property to design some pro-
oxidant anti-malarial drugs. This study was carried out with the aim of determining
single nucleotide polymorphisms in interleukin (IL) 4 gene and its receptor gene, and
their relationship to the generation of free radicals by the human host during

uncomplicated malaria infection.

The study population were one hundred subjects, reporting for medical care at the
Polyclinic of the Korle Bu Teaching Hospital, Accra with uncomplicated malaria.
Apparently healthy children (n = 41) without detectable malaria parasites were used
as controls. Haematological analysis was done for all the study population. The gene
regions containing the +33 C/T polymorphism of IL-4, and Pro-478-Ser of the IL-4Ra
were amplified by Polymerase Chain Reaction (PCR) and the various genotypes
determined by Restriction Fragment Length Polymorphism (RFLP) using the
restriction enzymes (BsmF | for IL-4 and Kpn | for IL-4Ra gene regions
respectively). Oxidative stress situations in the human host and its effect on malaria
parasites were determined using the DNA comet assay determined by a commercial
kit, and levels of reactive oxygen species in the infected RBCs d cases and

uninfected controls was measured using the superoxide dismutase assay.



A significant mean difference in neutrophil levels was obsewed when the
uncomplicated malaria cases were compared with the controls (p = 0.001). It was
observed that the mean Hb value of the control group did not differ significantly when
compared with the cases (p = 0.07). Moderate to extensive DNA damage of the
malaria parasite was demonstrated in increasing levels of estimated parasitaemia
among the uncomplicated malaria cases, using the DNA comet assay. Significant
correlation was observed between SOD levels and IL4AR (Pro-478-Ser) (p = 0.017)
polymorphism as well as between neutrophils and IL4 (+33) SNP (p = 0.002),
indicating a likely interaction between the gene and neutrophil in parastite clearance

in malaria infection, via the genotoxic effects of the super oxide anion.

Vi
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background

Malaria remains one of the leading causes of morbidity and mortality worldwide and
in sub-Saharan Africa (WHO, 2008). Matality from the disease is de to
complications arising as a result of severe infections usually caused by P. falciparum
(WHO, 2000), which is an obligate intracellular Apicomplexa parasitic protozoa
(Pierce and Miller, 2009). Studies on mortality have stown that deaths occur
predominantly among young children (WHO, 208). In Ghana, malaria is
hyperendemic and presents a serious health problem in the country (Asante and
Asenso-Okyere, 2003). It is the nation’s leading cause of deaths in children less than
five years old and accounts for ower 40% of outpatient attendance with annual
reported cases of 2.2 million between 1995 and 2001 (Asante and Asenso-Okyere,
2003). The impact of malaria goes beyond mortality and morbidity as the disease
results in reduction in school attendance amongst children and productivity at work by

their parents (Asante et al., 2004).

Parasitic infections such as malaria in host organisms often lead to oxidative stress
condition which is a disturbance in the balance between the production of reactive
oxygen species (ROS) and antioxidant defences (Becker et al., 2004). The constant
generation of free radicals ard other reactive species in vivo lead to extensive
oxidative damage in parasite bio-molecules such as DNA, lipids and proteins,

1



resulting from oxidative stress. Susceptibility of Plasmodium parasite to oxidative
stress is a well-established feature and advantage has been taken of this property to

design some pro-oxidant anti-malarial drugs (Long et al., 2006).

Previous work also suggests that oxidative damage in red blood cells (RBCs) is
accelerated upon infection with P. falciparum and that this leads to their enhanced
removal from circulation by phagocytosis (Famin and Ginsburg, 2003; Becker et al.,
2004). It has also been shown that malaria parasites are particularly vulnerable to
oxidative stress during their erythrocytic life cycle (Winter et al., 1997). This is seen
in polymorphisms such as sickk cell anaemia, p-thalassaaemia and Glucose-6-
phosphate dehydrogenase deficiency (G6PD) that confer enhanced oxidative stress in
RBCs and allow a certain amount of resistance to infection with Plasmodium and

limit the severity of malaria disease.

In humans, malaria provides a clear example of host genetic factors influencing the
onset, progression, type of disease developed, and ultimate outcome of infection (Hill,

1998).



Parasite Factors

Drug resistance
Multiplication rate

Invasion pathways
Cytoadherence

Rosetting

Antigenic polymorphism
Antigenic vanation (PfEMP1)
Malaria toxin

Host Factors

Immunity

Proinflarnmatary cytokines

Genetics (sickle cell trait,
thalassemia, ovalocytosis,

Gerbich RBC, CD36, TNFa.

ICAM1,. CR1, MHC locus)
Age (no cerebral malaria
in infanis)
Pregnancy

Geographic and
Social Factors
Access to treatment
Cultural & econormnic factors
Political stabilily
Transmission intensity
heles spp., seasonality
of transmission. infectious
bites per year. epidemics)

Clinical Outcome

Severe Malaria Death
{metabolic acidosis.

severe anemia,

cerebral malaria)

Asymptomatic Fever
Infection (symptomatic
infection)

Figure 1.0: The clinical outcome of a malarial infection in an Africa child depends on
many parasite, host, geographic and social factors. These converge in the
child to result in a range of outcomes, from an asymptomatic infection to
severe disease and death (adapted from Weatherall et al., 1992).

Epidemiological data together with linkage and association studies have shown that
selection pressure from the parasite has caused retention of disease-associated but
malaria-protective alleles in the human population, suggesting co-evolution of the host
and parasite. Such otherwise deleterious alleles include those causing sickle cell
anemia (Willcox et al., 1983), thalassemias (Weatherall, 2001), and glucose-6-

phosphate dehydrogenase deficiency (Ruwende, 1995).

Polymorphisms in other erythroid proteins, including common variants of the Duffy
antigen, the erythrocyte band 3 (Allen, 1999), and glycophorin C (Patel, 2001), as well
as variants in the TNF~ cytokine (McGuire et al., 1994) and the CD36 scavenger
receptor (Aitman et al., 2000) are also associated with protection against malaria.
Over the course of the last decade, a number of studies have provided evidence for a
linkage between the blood infection level of Plasmodium falciparum and the human

3



chromosome 5q31 region in African populations (Garcia et al., 1998; Flori et al.,
2003; Sakuntabhai et al., 2008). Studies conducted in Burkina Faso suggested the
genetic component of susceptibility showing linkage between parasitemia levels and

5031-g33 region (Rihet, 1998).

The 5031-33 region contains genes encoding the T helper 2-type cytokines (the
interleukin genes IL3, IL4, IL5, IL9, and IL13) and other immunologically active
genes such as interferon regulatory factor-1 (IRF1). These genes are strong candidates
for controlling the outcome of malaria infection. Overall, the genetic component of
malaria susceptibility is acknowledged to be very conplex and heterogeneous in

humans and is further modified by environmental factors (Kwiatkowski, 2000).

1.2 Problem Statement

The malaria parasite is a prevaent human pathogen with at least 300 million acute
cases of malaria each year globally and more than a million deaths (Kristoff, 2007).
About 90% of all malaria deaths in the world today occur in Africa south of the
Sahara. This is because the majority of infections in Africa are caused by Plasmodium
falciparum, the most dangerous of the four human malaria parasites. Studies on
mortality have shown that deaths occur predominantly among young children and
mortality rates among patients with an illness severe enough to warrant
hospitalization are consistently high with case fatality rates varying from 10% to 30%

(Murphy and Breman, 2001).



In Ghana, malaria is hyperendemic and presents a serious health problem in the
country (Asante and Asenso-Okyere, 2003). It is also the nation’s leading cause of
deaths and accounts for over 40% of outpatient attendance with annual reported cases
of 2.2 million between 1995 and 2001. Children less than five years are the most
affected (Roll Back Malaria, 2008). A study conducted by Ministry of Health in 2006
showed that more than 17 million of Ghana’s 20 million peoplk are infected with

malaria every year, with cost of $85 million for treatment (ASI-Ghana, 2009).

Despite the importance P. falciparum as a human pathogen, the pathophysiologic
basis of the disease is not well understood. In erythrocytes, P. falciparum encounters
enhanced oxidative stress, resulting largely from its digestion of haemoglobin and
thus its redox balance is fragile (Sylke, 2004). Intra-erythrocytic malaria parasites
ingest and digest the cytosol of their host cell which consists mostly of haemoglobin.
Superoxide (O2") is normally produced when oxidized haemoglobin is exposed to the
acid environment of the food vacuole, and can therefore be considered as the major
generator of ROS. Inside the parasite, regardless of its origin, O, is dismutated by
superoxide dismutase (SOD) to H,O,. Two genes coding for iron-containing SODs

have been identified in the P. falciparum genome (Becker et al., 2004).

Previous work suggests that upon infection with P. falciparum, the human host
induces oxidative stress to the parasite in the erythrocyte and this leads to their
enhanced removal from circulation by phagocytosis (Kodjo et al., 2004). It has also
been shown that the parasites are vulnerable to oxidative stess during their

erythrocytic life stages (Postma et al., 1996; Becker et al., 2003).



Genetic factors are a major determinant of child suwival in malaria endemic
countries. ldentifying which genes are involved and how they affect the malaria
disease risk will potentially offer a powerful mechanism to better appreciate the host-
parasite relationship.  Underdanding the molecular basis of tke parasite-host
interaction during infection in relation to oxidative stress will help in the search for

new potential drugs targets and vaccine candidates.

1.3 Justification

Malaria, caused by parasites transmitted to humans by mosquitoes, is one of the
world’s most common and serious tropical diseases. Half the world’s population,
which is found in more than 100 countries, is at risk of mahria. Children are at
particular risk, accounting for most malaria deaths globally (WHO, 2008). Children
are at risk because they lack specific active anti-malaria immunity to protect against
the disease (Roll Back Malaria, 2008). Although preventable and treatable, malaria
causes significant morbidity and mortality, particularly in resource-poor regions.

Sub-Saharan Africa is the hardest hit region in the world, and parts of Asia and Latin
America also face significant malaria epidemics (Guerra et al., 2008). While anyone
living in or visiting an endemic country may be at risk, certain groups, particularly
children and pregnant women, are more vulnerable. The World Health Organization
(WHO) estimates that in 2006, there were 109 malaria-endemic countries and
approximately 3.3 billion people at risk for infection, worldwide. There were 247
million cases of malaria and 881,000 deaths, mostly among children, under the age of

five (Roll Back Malaria, 2008; WHO, 2008).



As a disease, malaria is not only a serious public health problem but is also a major
development problem in all endemic countries of the African Region (Asante et al.,
2004). From a macroeconomic perspective, malaria mortality and morbidity slow
economic growth by reducing capacity and efficiency of the labour force. Malaria
also presents significant costs to affected households since it is possible to experience

multiple and repeated episodes in a year (Asante et al., 2004).

The total cost of malaria to Africa was an estimated US$12 billion in 2000, which is
about 3% of the total GDP of the Region (WHO, 2004). This therefore makes malaria
an important development problem in Africa. In Ghana, the cost of illness due to
malaria represented a substantial burden on poorer households. The total cost of
illness due to malaria in 2002 was estimated at per capita average cost of US$2.63 or

US$13.51 per household (Asante et al., 2004).

The generation of the genotoxic superoxide anion, together with other reactive oxygen
intermediates, serve to combat a diverse array of pathogens. These reactive oxygen
species (ROS), effectively generated by neutrophils, have been shown to be highly
toxic for intra-erythrocytic malaria parasites (Bouharoun-Tayoun et al., 1995), and
correlated with fast parasite clearance in children with P. falciparum malaria (Greve
et al., 1999). Opsonized P. falciparum merozoites are known to participate in
triggering neutrophil respiratory bursts, and are enhanced by cytokines (Kumaratilake
et al., 1992) including IL-4 and its receptor. This study would provide insight into the
likely relationship between IL-4 and IL-4Ra genes in parasite clearance via the

genotoxic effects of the super oxide anion.



1.4  Hypothesis

In this study, it is hypothesized that IL 4 and IL 4R genes play a role in the generation
of free radical by the host resulting in oxidative stress on P. falciparum parasite

during uncomplicated malaria infection.

15 Aim

To determine single nucleotide polymorphisms in IL 4 gene and IL 4Ra gene and
their relationship to the generation of reactive oxygen species by the host during

uncomplicated malaria infection.

1.6 Specific Objectives

1. To analyse haematological parameters of study subjects n relation to
controls.
2. To detect oxidative DNA damage using comet assay in parasite-infected

RBCs during uncomplicated malaria infections.

3. To measure reactive oxygen $ecies during malaria infection using the
superoxide dismutase assay.

4. To determine single nucleotide polymorphisms in IL 4/IL 4R genes involved
in oxidative stress effects udng polymerase chain reactionrestriction

fragment length polymorphism (PCR-RFLP).



CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 History of Malaria

Malaria has infected humans for over 50,000 years, and Plasmodium may have been a
human pathogen for the entire history of the species (Joy et al., 2003). References to
the unique periodic fevers of malaria are found throughout ecorded history,
beginning in 2700 BC in China (Cox, 2002). The term malaria originates from
Medieval Italian: mala aria—"bad air"; and the disease was formerly called ague or
marsh fever due to its association with swamps and marshland (Bruce-Chwatt, 1981;
Biggs and Brown, 2001). Malaria was once common in most of Europe and North
America (Mary, 1999) where it is no longer endemic (Norman, 2006) though

imported cases do occur.

Scientific studies on malaria made their first significant advance in 1880, when a
French doctor, Charles Louis Alphonse Laveran, observed parasites for the first time,
inside the red blood cells of people suffering from malaria. He, therefore, proposed
that malaria is caused by this organism, the first time a protit was identified as
causing disease (Bruce-Chwatt, 1981; Gilles, 1993). However, it was Britain's Sir
Ronald Ross who finally proved in 1898 that malaria is transmitted by mosquitoes. He
did this by showing that certain mosquito species transmit malaria to birds and
isolating malaria parasites from the salivary glands of mosquitoes that had fed on

infected birds (Ross, 1897; Gilles, 1993).
9



Although the blood stage and mosquito stages of the malaria life cycle were identified
in the 19th and early 20th centuries, it was not until the 1980s that the latent liver
form of the parasite was observed (Krotoski et al., 1982; Meis et al., 1983). The
discovery of this latent form of the parasite finally explained why people could appear
to be cured of malaria but still relapse years after the parasite had disappeared from

their bloodstreams.

2.2 The Global Malaria Epidemic

Malaria, caused by parasites transmitted to humans by mosquitoes, is one of the
world’s most common and serious tropical diseases. Half the world’s population is at
risk for malaria, which is endemic in more than 100 countries. Children are at
particular risk, accounting for most malaria deaths globally (WHO, 2008). Malaria
causes considerable morbidity and mortality, although a prewentable and treatable
disease, particularly in poorly-resourced regions. Parts of Asia and Latin America
have encountered major malaria epidemics, with Sub- Saharan Africa being the

hardest hit region in the world (WHO, 2010).

10
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Mote: This map shows countries with endemic malaria.
In most of these countries, malaria risk is limited to certain areas.

Figure 2.0 Map of malaria endemic countries (Adapted from CDC, 2003).

Regional and international efforts to address malaria began in the 1940s and 1950s,
and strategies have evolved over time (Tanner and Savigny, 2008). From the early
1950s until 1978, malaria was eliminated in parts of the Americas, Europe, and Asia.
However, such efforts did not reach or were unsuccessful in many of the endemic
areas, particularly sub-Saharan Africa (Tanner and Savigny, 2008). More recent
attention to these regions by the United States, other donor governments, multilateral
institutions, and affected countries, has helped to increase access to prevention and
treatment and reduce cases and deaths (Roll Back Malaria, 2008; United Nations

Report, 2008; WHO, 2008).

Still, while access to interventions has increased, gaps remain and many challenges
continue to complicate malaria-control efforts in hard hit areas, including poverty,

poor sanitation, weak health systems, limited disease surveillance capabilities, drug
11



and insecticide resistance, natural disasters, armed conflict, migration, and climate
change (WHO, 2008; Tanner and Savigny, 2008; Roll Back Malaria, 2008; Senior,
2008). Other high-risk groups include travellers, refugees, displaced persons, and

migrant workers entering endemic areas (Roll Back Malaria, 2008).

The expanded malaria control programmes have helped decrease malaria cases and
deaths significantly (UN, 2008. Since 2000, seven African ountries have
experienced at least a 50% reduction in malaria cases and deaths; 22 countries outside
of Africa have experienced at least a 50% reduction in malaria cases (WHO, 2008).
Ninety two formerly endemic countries or territories are now considered malaria-free

by WHO (Roll Back Malaria, 2008).

2.2.1 Burden of Malaria in the African Region

As a disease, malaria is not only a serious public health problem but is also a major
development problem in all endemic countries of the African Region. From a
macroeconomic perspective, malaria mortality and morbidity slow economic growth
by reducing capacity and efficiency of the labour force. The economic burden of
malaria is the total loss or reduction in output (gross domestic product) associated
with malaria morbidity and mortality. Malaria also presents significant costs to
affected households since it is possible to experience multiple and repeated episodes

in a year. It traps the most vulnerable households in a vicious cycle of poverty.

Sub-Saharan Africa accounts for 90% of the world’s 300 million to 500 million cases

of malaria and 1.5 million to 2.7 million deaths annually (Roll Back Malaria, 2002).

12



In sub-Saharan Africa, 12.5% of all disability adjusted live years (DALYSs) were lost
to malaria in 2003 (WHO, 2004). Only with the upsurge of the HIVV/AIDS pandemic
has malaria been pushed to the second rank as the highest contributor to the disease
burden in the African Region. While malaria contributed 2.05% to the total global

deaths in 2000, it was responsible for 9.0% of all deaths in Africa (WHO, 2002).

It has been estimated that the countries with intensive malaria have roughly one-third
the income levels of the others, globally (Gallup and Sachs, 2001). Furthermore, it
was shown that from 1965 to 1990, countries with intensive malaria transmission
grew by 1.3 percent less per person annually, controlling for factors such as initial
poverty, economic policy, tropical location and life expectancy. The total cost of
malaria to Africa was an estimated US$12 billion in 2000, which is about 3% of the
total GDP of the Region (WHO-AFRO, 2004). This therefore makes malaria an

important development problem in Africa.

2.2.2 Evidence from Ghana

Malaria is hyperendemic in Ghana, with a crude parasite rate ranging from 10-70%
and Plasmodium falciparum dominating. It is the number one cause of morbidity,
accounting for 40-60% of outpatient attendance in public health facilities, with
average annual reported cases of about 2.2 million between 1995 and 2001, with over

10% admitted (MoH- Ghana, 2002).
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In Ghana, the disease is a majpr killer and the leading caus of mortality among
children who are less than five years. It accounts for an average of 13.2% of all
mortality cases in Ghana and 22% of all mortalities in children under five. In the case
of pregnant women, of the total number reporting at health institutions, 13.8% suffer
from malaria and 9.4% of all deaths in pregnant women are malaria-related (Antwi
and Marfo, 1998). The disease is the leading cause of workdays lost due to illness in
Ghana and thereby contributing more to potential income lost than any other disease.
It has been shown that economically active persons who suffer from malaria lose
approximately nine working days per episode, with males losing more time off than
females. In addition, caretakers sacrificed more than five workdays on average to care

for the sick, who were mostly children (Antwi and Marfo, 1998).

The total cost of illness due to malaria in Ghana in 2002 was estimated at per capita
average cost of US$2.63 or US$L3.51 per household. This figure is equivalent to
9.74% of the per capita government expenditure on health. The average cost per case

to the MoH/GHS was estimated at US$2.94 (Asante et al., 2004).

MoH /GHS
Direct cost
(US$7.75M)
15%
Households

Indirect Cost
(US$ 23.89M)
48%

Households

Direct cost
(US$ 18.41M)
37%

Figure 2.1 Total cost of malaria in Ghana: 2002 (Adapted from Survey data, 2003)
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23  THE LIFE CYCLE OF MALARIA PARASITES

Plasmodia present a sexual multiplication phase in the insect vector, a first asexual
multiplication phase in the tissue of the vertebrate host, followed by the main asexual
multiplication phase in the blood. The comprehensive life-cycle of the species of
Plasmodium comprises the exoerythrocytic and erythrocytic stages in the vertebrate
host and the sporogornic cycle in the mosquito (Fig. 2.2). Humans and other
vertebrates act as the intermediate host for the parasite, while the mosquito, in which

the sexual reproduction takes place, is considered to be the definitive one.

2.3.1 The Exoerythrocytic stage

Malaria infection in the human host starts when the sporozoites are injected into the
blood stream during a blood meal by an infectious mosquito. The sporozoites remain
in circulation for a few minutes, before they actively enter the liver of the host
(Lopez-Antunano and Shmunis, 1980). The Kuppfer cells in the liver may be invaded
(or the parasite may be phagocytosed) but the sporozoites are not able to develop in
those cells and die shortly afer invasion. Most parasites however invade the
hepatocytes and start the asexual exo-erythrocytic schizogonic cycle. The sporozoite
initially appears as a mononucleated round body into the cytoplasm of the host cell;
subsequently it begins to develop and multiply asexually, a mature schizont (the
multinucleated stage of the parasite) is formed, and finally a large number of
merozoites are released. The liver cycle ends when the mature schizont ruptures and

releases the merozoites into the sinusoids of the liver.
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Figure 2.2 Life cycle of Plasmodium sp. (Adapted from CDC, 2004).

2.3.2 The Erythrocytic stage

The blood phase of the life-cycle is initiated when the merozoites from liver schizonts

are discharged into the circubtion (Garnham, 1988). After initial contact and

reorientation of the merozoite, the apical tip of the merozoite comes in contact with

the erythrocyte membrane, resulting in the formation of a tght junction and

translocation of the rhoptry reck protein (RON) complex acrcss the host cell

membrane (Fig. 2.3).
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1. Attachment 2a. Invasion

Plasma Membrans Dense granule g
with surface MSPs
~

Figure 2.3  Early step of merozoite invasion of red cells (Adapted from :
Dave et al., 2010)

Interaction between the RON complex and apical membrane antigen (AMA) 1
triggers secretion of the rhoptry bulb contents, which are then used in the generation
of the nascent parasitophorous vacuole (Cowman and Crabb, 2006). The parasite can
then pull itself through the tight junction powered by its actomyosin motor. Binding
of the R1 peptide to the AMAL hydrophobic trough prevents its interaction with the
RON complex and subsequent rhoptry secretion (Dave et al., 2010). However,
because the tight junction and the invasion motor are established, the merozoite is
able to pull on the red blood cell (Bannister et al., 1986) which ends up wrapping

around the parasite because of the absence of a nascent parasitophorous vacuole.

The merozoite almost immediately invades an erythrocyte to enter its trophozoite
stage. A vacuole is produced by the parasite which assumes the characteristic ring

form (the young trophozoite). The parasite enters the stage of a schizont following
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nuclear division of the trophozoite (Pavithra et al., 2004). At the end of this phase, the
schizogonic cycle is completed, the erythrocyte ruptures releasing the merozoites into
the Dblood stream, determining the typical malaria paroxism. The merozoites
discharged into the circulation invade new erythrocytes to repeat the schizogonic
cycle (Cowman and Crabb, 2006) until the process is inhibited by the specific
immune response or by chemotherapy. During the schizogonic cycle (within a red
blood cell) some of the merozoites become differentiated into sexual forms (the

gametocytes).

The erythrocytic stage of malaria parasites has several important implications in
clinical practice: first, this is the only stage causing the complex and varying spectrum
of symptoms characterizing the disease in humans. Again, the recognition of parasites
in the blood of a patient allows the diagnosis of the infection and the differentiation of

the various species of the causing agent.

2.3.3 The Sporogonic cycle

The sporogonic cycle starts with the ingestion of mature female and male gametocytes
by the female Anopheles during a blood meal. As soon & gametocytes reach the
midgut of the insect, the female gametocyte shed the red blood cell and remains free
in the extracellular space as a macrogamete. The male gametocyte nucleus divides
into eight sperm-like flagellated microgametes each of which also leaves the
erythrocyte, reaches the midgut and actively moves to ertilize a macrogamete.
Exflagellation of the microgametocyte is triggered by factors present in the mosquito

midgut (Nijhout and Carter, 1978; Sinden, 1983; Billker et al., 1998; Garcia et al.,
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1998). The result of the fertilization process is the zygote, which develops into the

elongated, slowly motile ookinete.

The ookinete actively penetrates the peritrophic membrane and the epithelium of the
midgut and settles beneath the basal lamina of the outer gut wall (Sieber et al., 1991,
Adini and Warburg, 1999; Vlachou et al., 2001) where it develops into a non-motile
oocyst after the blood meal. The product of the mature oocyst are the sporozoites
which actively leave the cyst passing through small perforations without destroying
the wall, at least till most of the parasites have been released, and move into the
haemocelomic space of the insect. The sporozoites employ a chemotactic response to
locate the salivary glands (Akaki and Dvorak, 2005) where they penetrate the basal
membrane, pass intracellularly through a secretory cell and settle into the salivary
duct (Wernsdorfer, 1980). When the mosquito feeds, the salivary fluid (which has
anti-clotting properties) and its content of sporozoites are actively injected into the
vertebrate host to start another asexual replicative cycle (Ribeiro and Francischetti,

2003).

24 MALARIA AND THE IMMUNE SYSTEM IN HUMANS

The complexity of immune responses to malaria has been increasingly recognized
over recent years, together wih an appreciation that any single antigen-specific
response is unlikely to afford much immunity on its own. This is reflected in the
multiple life-stages in the life cycle of Plasmodium and the large genome. With
around 5000 genes, there are myriad potentially important immune targets, making

the identification of protective responses highly challenging. Furthermore, immune
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responses are not only involved in preventing infection and clearing parasites but also
might instead contribute to tle pathogenesis of severe malaia if they are

inappropriate in their nature and extent (Mackintosh et al., 2004).

After repeated exposure to malaria, individuals eventually develop effective immunity
that controls parasitemia and prevents severe and life-threatening complications
(Marsh and Kinyanjui, 2006). Similarly, effective immunity can be induced by
repeated experimental infections in animals, and have also been induced by
experimental infections in humans (Pombo et al., 2002). These observations continue
to provide a strong rationale that an effective vaccine against malaria is achievable.
Effective immunity seems to require both humoral and cellular immune responses,
probably in co-operation, although the relative importance of each remains unclear.
The acquired response is thought to target predominantly blood-stage parasites, but
antigens expressed by sporozoites and malaria-infected hepatocytes also seem to be

important.

2.4.1 Innate Immunity

The innate response to malaria has, until recently, received relatively little attention.
However, studies in both mice and humans have repeatedly shown that
proinflammatory cytokines, specifically 1L-12, IFN-7, and TNFa, are essential
mediators of protective immunity to erythrocytic malaria (Stevenson et al., 1995;
Favre et al., 1997); these cytokines are derived from either the innate or adaptive arm

of the immune response. In humans, IFN-7 production is correlated with resistance to
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re-infection with Plasmodium falciparum (Luty et al., 1994) and protection from
clinical attacks of malaria (Dodoo et al., 2002), plasma TNF-« and nitrogen oxide
levels are associated with resolution of fever and parasite clearance (Kremsner et al.,
1995; Kremsner et al., 1996), and plasma TNF-a and IFN-7 mediate loss of infectivity
of circulating gametocytes (Naotunne et al., 1991). Many vaccine developers now
regard IFN-7 production to be the hallmark of effector T-cell function for malaria

(Doolan and Good, 1999; Plebanski and Hill, 2000).

A critical review of the literature (Fell and Smith, 1998) concluded that control of the
early peak of parasitemia in murine malaria infections was dependent on innate rather
than adaptive cellular immune mechanisms, raising important questions about the role
of innate immunity in control of human malaria. There is less information regarding
the role of innate immune mechanisms in controlling blood stage malaria infections;
however, depletion of natural killer (NK) cells from Plasmodium chabaudi-infected
mice results in a more severe course of infecion with higher parasitemia ard

increased mortality (Mohan et al., 1997).

Regarding the human immune response to malaria, it has been shown that peripheral
blood mononuclear cells (PBMCs) from malaria-unexposed donors can produce IFN-
in response to stimulation by either live or dead schizont antigens (Currier et al.,
1992; Zevering et al., 1992; Dick et al., 1996; Waterfall et al., 1998). Cytokine
induction is dependent on the presence of both monocytes and lymphocytes indicating
that this is not a classical endotoxin-like response as had previously been thought

(Schofield and Hackett, 1993). Increased NK-like cytotoxicity has been reported
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during mild malaria infection (Ojo-Amaize et al., 1981), but appears to be depressed

in children with severe disease (Stach et al., 1986).

2.4.2 Humoral Immunity

Passive transfer studies in whch antibodies from malariazimmune adults were
successfully used to treat patients with severe malaria have provided the most direct
evidence that antibodies are important mediators of immunity to malaria (Sabchareon
et al., 1991). Protective antibodies are thought to target primarily merozoite surface
antigens, erythrocyte invasion ligands and variant surface antigens expressed by P.
falciparum-infected erythrocytes (IEs) (Bull and Marsh, 2002; Good et al., 2004). In
an approach that considered both the magnitude and breadth of the antibody response
to a large panel of merozoite antigens, Osier et al. (2008) found that a broad antibody
response was strongly associated with protection from clinial malaria and the
strongest associations with protection wee found with combined respongs to
merozoite surface protein (MSP) 2 and MSP3. Antibodies to merozoite antigens are
also believed to act by direcly inhibiting merozoite invasion of erythrocytes or

opsonising merozoites for phagocytosis (Bouharoun-Tayoun et al., 1990).

The 1gG subclass response could also be important for antibody function. Studies in
Papua New Guinea children found that 1gG3 to apical membrane antigen 1 (AMA1)
was strongly associated with protection from malaria, whereas there was only a weak
association with 1gG1 (Stanisic et al., 2010). Other studies have also pointed to the

importance of 1gG3 responses in protection from malaria (Roussilhon et al., 2007).
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P. falciparum can use different pathways for invasion of erythrocytes during blood-
stage infection by varying the expression and/or use of the erythrocyte binding
antigens (EBAs) and P. falciparum reticulocyte binding homolog (PfRhs)
(Duraisingh et al., 2003; Stubbs et al., 2005). Recent findings indicate that variation
in invasion phenotype alters parasite susceptibility to human inhibitory antibodies and
that this parasite property might exist as a mechanism that facilitates immune evasion

(Persson et al., 2008).

During intra-erythrocytic development, P. falciparum expresses highly variant
antigens on the erythrocyte surface, known as variant surface antigens (VSAS). These
antigens include P. falciparum erythrocyte membrane protein 1 (PfEMP1), rifins,
subtelomeric variable open reading frame (STEVOR) and others (Beeson and Brown,
2002). The importance of each of these antigens is unclear, but PFEMP1 is thought to
be the most important target of antibodies (Leech et al., 1984; Biggs et al., 1991).
PfEMPL is encoded by the var multigene family, and different var genes encode
PfEMPL1 variants with different antigenic and adhesive properties (Smith et al., 1995).
Antigenic diversity and variation by P. falciparum-infected erythrocytes, through
expression of different VSAS, enables P. falciparum to cause repeated infections over
time and new infections seem t© exploit gaps in the repertoire of variant-specific
antibodies (Marsh and Howard, 1986). With increasing exposure, a broad repertoire

of antibodies is obtained that eventually provides protection against most variants.
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2.4.3 Cell-Mediated Immunity

T-cells are crucial for malaria immunity, especially during the erythrocytic stage of
infection. T-cells help produce immunoglobulins (1gG1, 19gG2a, IgM, IgE) (Phillips et
al., 1997; Taylor-Robinson 1995) to activate macrophages and Thl immune response,
which are essential in the early stage of malaria. Later, there is an immunity switch to
a Th2 response with antibody-mediated mechanisms to eliminate parasites (Collier et
al., 1998). Macrophages, neutrophils and other phagocytic cells are key components
of the antimicrobial and tumoricidal immune responses, because these cells are
capable of generating large amounts of highly toxic molecules, reactive oxygen and

reactive nitrogen intermediates (ROI, RNI) (Bogdan et al., 2000).

Both Thl and Th2 cells can protect the host from malaria infection. Thl cells protect,
in part at least, by the NO pathway, whereas Th2 cells protect by enhancing a specific
IgG1 antibody response (Taylor et al., 1997). Both CD4+ and CD8+ T-cells appear to
serve a protective role with IFN-y (Hommel and Barnish, 1998). In addition, early NO
production may promote the proliferation of specific CD8+ T-cells, or perhaps a
subset required to eliminate parasites (Scheller et al., 1997). Both CD4+ T-cells and
IFN-y are necessary to induce NO synthesis in infected hepatocytes or hepatic iNOS

(Klotz et al., 1995).

The effector functions of macrophages include release of H,O,, ROI, RNI, NO, TNF
and production at least eighty other cytokines and enzymes (Clark et al., 1996).
Macrophages can be stimulated by IFN-y and subsequently TNF-a to produce high
levels of NO. They can kill ernythrocytic-stage of malaria parasites by different

mechanisms, including phagocytosis of smaller parasites and secretion of many
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cytotoxic factors. Macrophages also act as killer cells by antibody-dependent cell-
mediated cytotoxicity (ADCC) (Roitt et al., 1998). In addition, TNF-o and IFN-y can
induce production of RNI by neutrophils, Kupffer cells and hepatocytes (Gyan et al.,
1994). There are some possible effects of Ab action during parasite development,
including blockage of merozoite dispersion, inhibition of cell invasion, intracellular
killing of erythrocytic stages, inhibition of reverse cytoadherence and cooperation

with various cells to increase cell-mediated killing (Hommel, 1996).

2.4.4 Cytokines and soluble mediators

Cytokines play an important role in the defence against malaria and some have long
been recognized to have anti-parasitic effects on different stages of malaria. This
protective effect was further demonstrated by administration in vivo of some key
cytokines (Grau et al., 1992). A large number of cytokines appear to be involved in
malaria, that is, TNF-a, IFN-y, GM-CSF, IL-1, IL-4, IL-6, IL-8, and IL-10 (Hommel,
1996). Nitric oxide production during murine malaria is regulated in vivo by the Thl-
cytokines (TNF-o and IFN-y), but not by IL-4, which is a Th2 cytokine. TNF-a and
IFN-y induce high amounts of NO involved in controlling the peak level of
parasitemia (Jacobs et al., 1996). To date, NO is known to affect the production of
more than 20 cytokines, including IL-1, IL-6, IL-10, IL-12, IFN-y, TNF-a, and TGF-3
by various immune cells, namely, macrophages, T-lymphocytes, natural killer cells

(NKC) and endothelial cells (Bogdan et al., 2000).
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Conversely, more than 30 cytokines or cytokine-like factors have been described that
increase or inhibit the expression of inducible nitric oxide synthase (iNOS) activity in
cells participating in the immune response: macrophages, microglia, Kupffer cells,
neutrophils, eosinophils, mast cells and NKC (Bogdan et al., 2000). The importance
of a balance in the cytokine retwork to achieve protective mmunity has been
emphasized; eventual effects will depend on the amount of these cytokines released

and the rate, time and site of production (Grau et al., 1992).

Plasmodia have the ability to promote the secretion of TNF-o, IL-1, lymphotoxin
(LT) with some overlapping functions (Rockett et al., 1992). TNF-a and LT are able
to increase RNI production, which may serve as anti-microbial cooperation between
them (Rockett et al., 1991). IFN-y and TNF-a transmit a series of immune signals
leading to expression of NOS (Jones et al., 1996) or activation of iNOS (Good and
Doolan, 1999). IFN-y, IL-1, IL-6, TNF-a, C- reactive protein (CRP) and NO have all
been implicated in killing exoerythrocytic stage Plasmodium (Collier et al., 1998).

A close association was found between expression of spleen IFN-y and iNOS mRNA
and levels of IFN-y and NO in serum (Tsutsui and Kamiyama, 1999). Nitric oxide
produced in high concentrations by iNOS can inhibit Thl cell proliferation, which
may act by blocking the synthesis of IL-2, a major Thl cell factor (Taylor et al.,
1997). Interleukin 6 and TNF-a increase acute phase proteins and these molecules
may trap RNI and ROI (Motard et al., 1993). Levels of IL-10 also rise in cerebral
malaria (CM) and other severe forms of malaria (Jakobsen et al., 1995). It is likely
that the effect of NO is highly specific, since it has little or no effect on the secretion
of IL-4 and IL-10 (Taylor et al., 1997), whereas, 1L-4 does not appear to be involved

in regulating NO production in vivo (Jacobs et al., 1996). Nitric oxide synthesis by
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macrophages is induced by IFN-y and TNF-a; therefore, when they act together it is
greatly increased (Roitt et al., 1998). TGF-p can also inhibit NO synthesis, whereas

migration inhibitory factor (MIF) activates macrophages to produce NO (Liew, 1992).

2.4.4.1 IL-4 and Malaria Severity

The IL-4 gene is pleiotropic, located in the 5931-q33 region, with multiple immune-
modulating functions on a variety of cell types (Marsh et al., 1994). IL-4 serves as an
important regulator in isotype switching from IgM/IgG to IgE (Vitetta et al., 1984,
Del Prete et al., 1988). It also regulates the differentiation of precursor T helper-cells
into the Th2 subset that regulates humoral immunity and specific-antibody production
(Romagnani, 1995). In the human P. falciparum system IL-4 has been shown to be
involved in the regulation of antimalarial antibody responses, including antimalarial

IgE (Troye-Blomberg et al., 1990; Elghazali et al., 1997).

Several polymorphisms in the IL-4 gene have been described, faur of which are
located in the promoter region of the gene (Nakayama et al., 2000). Some of these
polymorphisms have been implicated in the regulation of total IgE production (Marsh
et al., 1995; Hizawa et al., 2000). A study was conducted to analyse three known IL-4
polymorphisms, namely, a singk nucleotide polymorphism (SNP) in the IL-4
promoter region (C—T) at position - 590 base pairs from the open reading frame, one
SNP at position + 33 relative to the transcription initiation site and the variable
number of tandem repeat (VNTR) region in intron 3 of the IL-4 gene (Gyan et al.,
2004). This was carried out in children with cerebral malara, severe anaemia,

uncomplicated malaria or controls to see if any of the polymorphisms were correlated
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with severity of disease and total IgE and antibody levels. Data from the study
suggested that IL-4 and/or IgE play a regulatory role in the pathogenesis of severe or

complicated malaria.

25  Cerebral malaria (CM)

Cerebral malaria is a neurologcal syndrome and a severe complication of P.
falciparum malaria occurring 6-14 days after infection, which generally leads to death
even after treatment (Hommel, 1996). One million victims of CM are reported
annually in African children Grau et al., 1992). The majority of animals in
experimental rodent CM die early in week two after infection with progressive
hypothermia, histological observations of brain hemorrhages, mental disturbances and
adherence of WBC to the endothelial lining (Curfs et al., 1992; Hermsen et al., 1997).
In P. falciparum CM, peripheral red blood cells (PRBCs) are sequestered in the brain
capillaries, leading to macrophage activation and NO release (Favre et al., 1999).
Electron microscopy shows multple electron-dense knobs protruding from tte
membrane of the PRBC in capillaries (Aikawa, 1988), which is attached to the
cerebral capillary endothelial cells by the knobs. In addition, knobs contain proteins
produced by the parasite, on te surface of PRBC, which have a key role in

cytoadherence (Wyler, 1990).

A variety of cytoadherent receptor molecules have been recognized, including cluster
differentiation 36 (CD36), intacellular adhesion moleculel (ICAM-1),

thrombospondin (TSP), E-selectin, P-selectin, vascular cellular adhesion molecule-1
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(VCAM-1), platelet endothelial cellular adhesion molecule-1 (PECAM-1)/CD31, av
B3 and chondritin sulfate (Collier et al., 1998; Mazier et al., 2000). Moreover, at least
4 malarial proteins have been identified on the surfaces of P. falciparum PRBC,
including histidine-rich protein 1 (HRP1), HRP2, erythrocyte membrane protein 1

(EMP1), and EMP2 (Aikawa, 1988).

Hypotheses that describe the etiology of CM include micro-vascular obstruction by
coagulation-induced thrombus formation, deposition of immune complexes and local
inflammation leading to alteration of cerebral permeability and oedema (Wakelin,
1988; Hommel, 1996). The current hypothesis defines a central role for intracapillary
sequestration of PRBC cytoadherence to endothelial receptors (Hommel, 1996). The
explanation for the mechanism of coma in OM may be the association between

cytokines, such as TNF-a and free diffuseable NO (Rockett et al., 1992).

2.6 Severe malarial anaemia

The degree of anaemia and the rate at which it develops during conditions of severe
malaria varies enormously. The haemoglobin concentration of patients may fall as
low up to 2 g/dl every 24 hours. In children this can turn out a serious problem as

sudden death can occur particularly at Hb value of less than 4 g/dI.

The pathogenesis of severe malaria anaemia is multifactorial and it includes
obligatory destruction of RBCs containing parasites at the nerogony stage;
accelerated destruction of non-parasitised RBC also contributes to the disease severity

(Davis et al., 1990). Again, severe malare anaemia arises due to decre@ed
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concentrations of IL-10 which has inhibitory effect on TNF alpha (Meisel et al.,
1996). The latter contributes to anaemia by its influence in bone marrow suppression

and destruction of RBCs.

2.7 Uncomplicated Malaria

The accompanying signs of an uncomplicated malaria infection are few, with the
notable absence of lymphadenopathy or rash, but include splenomegaly and mild
jaundice. Follow-up of treated cases is essentil as parasites may recrudesce and
repeat a latent infection if the course of treatment is incomplete or in the case of

administering parasite-resistant medication (Weatherall et al., 2002).

2.8 Oxidative Stress in Malaria Infection

Alterations in redox metabolism in malaria may be important in two ways. First,
oxidative changes form a central aspect of the host response to the disease. In children
with malaria, plasma lipid peoxides are increased, especialy in those with
concomitant riboflavin deficiency (Das et al., 1990). Erythrocyte lipid peroxidation is
also increased, and erythrocyte GSH, catalase and tocopherol are all significantly
lower in malaria patients than in control subjects (Das and Nanda, 1999). Oxygen
radicals have been demonstrated to be important in mice and humans for clearance of
disease (Clark and Hunt, 1983; Greve et al., 1999). A study carried out showed that
paracetamol decreased oxygen rdical production and hence, cklayed parasite

clearance (Brandts et al., 1997). Knockout mice lacking NADPH oxidase (due to
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disruption of the gp91phox gene) cannot produce superoxide, and suffer more rapid

increases in malaria parasite densities than wild type mice (Sanni et al., 1999).

These observations suggest that impaired production of ROS by monocytes might
exacerbate infection. However, altered redox metabolism at the level of the host cell
(especially endothelial cells) may also contribute to disea® manifestations, and
enhanced oxidative stress on aythrocytes may contribute to haemolysis and

development of anaemia.

2.8.1 Oxidative Stress and RBC sequestration

Plasmodium falciparum IRBCs sequester in the deep crculation, adhering to
endothelial cell receptors induding non-class A scavenger receptor, or CD36,
intracellular adhesion molecule 1 (ICAM-1 or CD54), plateletendothelial cell
adhesion molecule (PECAM-1 or CD31) and P-selectin in the microvasculature. In
the placenta, P. falciparum IRBC adherence is via glycosaminoglycans, chondroitin
sulphate A (CSA) and hyaluronic acid (Barnwell et al., 1985; Berendt et al., 1989;
Fried and Duffy, 1996; Treutiger et al., 1997; Udomsangpetch et al., 1997; Beeson et
al., 2000). Other endothelial receptors supporting adhesion of IRBCs have also been
described, but their correlation with clinical disease is lacking. The principal parasite-
derived adhesin is P. falciparum erythrocyte membrane protein 1 (PfEMP1), a family
of variable proteins, members of which have been shown to mediate adhesion to
CD36, CSA, ICAM-1 and P-selectin (Baruch et al., 1996; Reeder et al., 1999;
Senczuk et al., 2001). The effect of oxidative stress on PfEMP1 expression or

conformation is unknown.
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Expression of some of these endothelial adhesion molecule receptors for IRBCs is
upregulated by oxidant stress. In falciparum malaria, levels of tumour necrosis factor
(TNF) correlate with disease severity and prognosis (Grau et al., 1989; Kwiatkowski
et al., 1990). Tumour necrosis factor synergises with intracellular oxidants to increase
or induce expression of ICAM-1 and VCAM-1 (Terada, 2002), whereas reducing
agents significantly decrease cytoadhesion of IRBCs to CD36-expressing cells

(Gruarin et al., 2001).

Oxidative stress may also increase adhesion of IRBCs through increased expression
of phosphatidylserine on the surface of the infected erythrocytes, which appears at
least partially to mediate adhesion of IRBCs to CD36 (Eda and Sherman, 2002).
CD36 adhesion is common in patient isolates (Ockenhouse et al., 1991) and the
relative contributions of PFEMP1 and phosphatidylserine on IRBCs to such adhesion
may vary between parasite isolates, although most papers suggest PfEMPL1 to be the

dominant ligand (Cooke et al., 1998; Baruch et al., 2002).

2.8.2 Oxidative stress and severe anaemia

The increase in lipid peroxidation reported in human malaria (Das and Nanda, 1999)
may affect the membrane of both IRBCs and uninfected erythrocytes (Omodeo-Sale
et al.,, 2003). Uninfected erythrocytes co-cultured with IRBCs show accekrated
senescence. Decreased red cell deformability-a feature of senescent red cells, is seen
in malaria infection, with the greatest decrease in severe anaemia (Dondorp et al.,

1999). Decreased deformability was associated with increased mortality from malaria
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in adults and children (Dondorp et al., 1997; Dondorp et al., 2002). The deleterious
consequences of increased eryhrocyte rigidity may include micocirculatory
obstruction (exacerbating tissue hypoperfusion), and rigid red cells may be more

likely to be removed by the spleen, exacerbating anaemia.

Also thrombocytopenia is common in malaria. Haemorrhage is rare, but is associated
with poor prognosis (Clemens et al., 1994). Intravascular coagulation occurs in
placental malaria (where fibrin deposition is common) (Walter et al., 1982), and fibrin
thrombi and platelet deposition are commonly seen in cerebral vessels of children
with fatal cerebral malaria (Grau et al., 2003). Activity of tissue factor, the dominant
intravascular initiator of coagulation, is increased in infhmmatory conditions
including sepsis and acute lurg injury (reviewed by Abraham, 2000) and is
upregulated by reactive oxygen species (Cadroy et al., 2000). Recently, tissue factor
expression by placental monocytes was shown to be increased (Imamura et al., 2002).
Although it has not been studied in other tissues in malaria, increased tissue factor
activity may explain the common finding of fibrin thrombus deposition in cerebral

microvessels at autopsy.

2.8.3 Oxidative Stress and Th cell differentiation

Upon activation, naive Th cells differentiate into at least two types of polarized
responses (Street and Mosmann, 1991, Murphy et al., 2000). Thl cells secrete IFN-7,
TNF, and lymphotoxin (Street and Mosmann, 1991; Szabo et al., 2003). They are
associated with celkmediated immunity and pathological autdmmune states

characterized by organ-specific inflammation (King and Sarvetnick, 1997; Singh et
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al.,, 1999). Th2 cells secrete IL-4, IL-5, and IL-13 (Street and Mosmann, 1991;
Murphy et al., 2000; Paul, 1991). They are important for Ab-mediated immunity and
resistance to parasitic infection, and are associated with pathologic states such as

allergy and asthma (Pritchard et al., 1997; Romagnani, 2000; O’Shea et al., 2002).

There are a number of factors that influence the decision of naive CD4" T cells to
differentiate into Thl or Th2 effectors. The primary factor is the presence of key
cytokines at the time of T cell activation (O’Garra, 1998). T cells exposed to IL-4, a
product of other CD4" T cells as well as mast cells, tend to become Th2 cells (Street

and Mosmann, 1991; Murphy et al., 2000; O’Garra, 1998; Trinchieri, 2003).

Modulation of intracellular signaling pathways also occurs when cells are exposed to
reactive oxygen species (ROS) (Szabo et al., 2003) such as peroxide or superoxide. It
is well-documented that oxidative stress activates NF«B, although the exact
mechanism is unclear. Exposure of freshly isolated peripheral blood T cells to the
antioxidant vitamin atocopherol (vitamin E) results in a reduction in IL-4 production
(Li-Weber et al., 2002). Possible mechanisms for this effect include the inhibition of
NF-«B binding to chromatin, or the activation of NF-xB in a protein kinase G
dependent manner (Li-Weber and Kramer, 2003). Reactive oxygen species are
produced at sites of inflammation by myelophagocytic cells as well as in response to
exogenous factors such as aryl hydrocarbons contained in environmental tobacco
smoke and diesel exhaust particles. Miranda et al., (2006) investigated the role of
chronic oxidative stress in the polarization of Th2 responses. They demonstrated that

exposure of CD4" T cells to low levels of superoxide anion leads to up-regulation of
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the entire family of Th2-specific cytokines, as well as modulation of chemokine

receptors associated with T cell polarization.
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CHAPTER THREE

3.0 METHODOLOGY

3.1  Study design, site and samples

This case-control study was carried out at the Polyclinic of the Korle Bu Teaching
Hospital, Accra. One hundred blood samples were collected from children reporting
for medical care with symptomatic uncomplicated malaria; this was after consent had
been obtained from their parents/guardians. Information relating to the demography of
study participants was documented using a standard questionnaire. Patients selected

for the study were from different ethnic groups in Ghana who enrolled at the hospital.

3.2 Inclusion criteria

The study covered malaria patients aged 14 years or below. Written consent was
obtained from parent or guardan concerning the requirements of the protocol.
Apparently healthy children without detectable malaria paradtes were used as

controls.

3.3 Malaria Case Definition

The criteria for diagnosis of malaria were based on these criteria as follows: fever
(>37.5°C) measured within 24 hours of admission, malaria parasitaemia and at least
one other sign of malaria (vomiting, diarrhoea, malaise). Uncomplicated malaria
(UM) was defined as fully conscious patients with hemoglobin (Hb) value of at least

8g/dL, microscopically confirmed malaria parasitemia and with no clinical features of
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severe malaria. Thick blood films stained with Giemsa stain for the detection of

plasmodium parasites was taken from all subjects, i.e. cases and controls.

3.4 Exclusion Criteria

A parent/ guardian’s refusal to give informed consent on behalf of a child or comply
with requirements of the protocol ethically excluded such child from participation in
the study. Subjects who had any other dizase or were found to be positive for

sickling test (metabisulphite method) were also excluded from the study.

3.5  Sample size determination

The minimum sample size of children selected was determined by the formula;
N=Z* (P) (1-P)
(ERROR)?
Where Z, 1.96 is the standard score for the confidence interval of 95%
P, 0.5 is the sample proportion
A 6% allowable error, ERROR was used.

Minimum sample size, N= 1.96%(0.5)(1-0.5)

(7/100))?
=196 samples.
A total of one hundred and forty one (141) samples were however obtained for the

study.
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3.6 Specimen collection and transportation

Four (4) ml of venous blood samples was collected into EDTA tubes and stored at

4°C until required for use.

3.7  Parasitological and Haematological measurements

The asexual form of P. falciparum was detected by light microscopy using thick and
thin blood smear stained with Giems. Haematological parameters swch as
haemoglobin level, total RBC ount and MCV were measured wih an auto

haematological analyser (Sysmex K21, Japan).

3.8 Genomic DNA Extraction

Genomic DNA was extracted from the buffy coat of EDTA-preserved whole blood
samples, using QIAGEN DNeasy tissue kit (QIAGEN Co., Germany). The extracted

genomic DNA was stored at -20°C until required for use.

3.8.1 Genotyping of IL 4/IL 4R Polymorphisms

IL 4/IL 4R polymorphisms were genotyped using polymemase chain reaction

restriction fragment length polymorphism (PCR-RFLP) analysis.

3.8.2 Genotyping IL-4 Gene Polymorphism (Locus +33 C/T)

Using the method described by Gyan et al., (2004), amplification of the IL 4 gene

regions that contain the +33 polymorphism was carried out using the oligonucleotide
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primer set 5 -GTG CTG ATT GGC CCC AAG TGA CTG- 3’ and 5° —-GGA CTG
CCA CCA ACC ACC AGT- 3’(forward and reverse primers, respectively). For the
DNA amplification, 50ul PCR reaction mix containing 10ul of 5X PCR (with MgCl,)
buffer, 0.5ul of each of the four deoxyribonucleotide triphospates (ANTPs) at 10mM,
1.0ul of each of the oligonuckotide primers and 0.25ul of the Taq polymerase
enzyme (5U/ul) (Sigma, Missouri, USA) were used. Three microlitre (3ul) of the
extracted genomic DNA was used as template for the amplification using a PTC 100
thermal cycler (MJ Research Inc., USA). The thermocycling process included an
initial denaturation at 95°C for 10min, followed by 30 cycles at 95 °C for 50 sec, 62
°C for 50 sec and 72 °C for 50 sec. A final extension step of one cycle at 72°C for 5
min concluded the reaction. For each reaction, a 47.0ul reaction mix that contained no
DNA template (but ddH,O) was included as negative control. The PCR products were
analysed directly by electrophoresis on a 2% agarose gel staned with ethidium

bromide.

3.8.2.1 RFLP Locus +33C/T

The PCR products were further analysed by Restriction Fragment Length
Polymorphism Analysis (RFLP) with the restriction enzyme BsmA | for +33 C/T. The
BsmF | enzyme digestions were carried out using the protocol as described by the
manufacturers (New England Biolabs Inc., USA). The 20ul read¢ion volume
contained 12 ul of the amplified product, 0.5ul of 1U BsmA 1, 2ul of NEBuffer 4
(New England Biolabs Inc., USA) and 5.5ul sterile double-distilled water. The PCR
products were digested at 65 °C for five hours. Electrophoresis was carried out on the

digested fragments using a 2% agarose gel stained with ethidium bromide.
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3.8.3 Genotyping IL-4R (Pro-478-Ser) Single Nucleotide Polymorphism

The polymorphism Pro-478-Ser of the IL 4R gene region, was amplified using the
primer set 5° -CTT ACC GCA GCT TCA GGT AC-3’and 5° -TTT CTG GCT CAG
GTT GGG GC- 3’ (Eurogentec, Seriaing, Belgium). The 50ul PCR reaction contained
10ul of 5X PCR (with MgCly) bufter, 0.5ul of each of the four deoxyribonucleotide
triphospates (dNTPs) at 10mM, 1.0ul of each of the oligonuckotide primers and
0.25ul of the Taq polymerase enzyme (5U/ul) (Sigma, Missouri, USA). The extracted
genomic DNA was used as template for the amplification using a PTC 100 thermal
cycler (MJ Research Inc., USA). The thermocycling process involved an initial
denaturation at 95 °C for 12min, followed by 35 cycles at 95 °C for 30 sec, 56 °C for
2min and 72 °C for 40 sec. A final extension step of one cycle at 72°C for 5 min
concluded the reaction. For each reaction, a negative control that contained no DNA
template was included. The PCR products were analysed directly by electrophoresis

on 2% agarose gel stained with ethidium bromide.

3831 RFLP Analysis - Pro-478-Ser

The PCR products were analysed by RFLP with the restriction enzyme Kpn | to
genotype the Pro-478-Ser polymorphism using the recommended protocol of the
manufacturers (New England Biolabs Inc., USA) The 20ul reaction volume
contained 12 pl of the amplified product, 0.5 ul of 1U Kpn I, 2 pul of NEBuffer 4
(New England Biolabs Inc., USA) and sterile double-distilled water, and digested at
37°C overnight. Electrophoresis was carried out on the digested fragments using a 4%

agarose gel stained with ethidium bromide. The sizes of the PCR product were
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determined by comparison with the mobility of a 100 base-pair molecular marker

(Promega, Madison, USA).

3.9.1 Oxidative DNA damage analysis in parasite infected RBCs

DNA Comet Assay "™ (Trevigen Inc, Gaithersburg, MD, USA) was carried out as
described by manufacturer. In this assay, red blood cells were immobilized in a bed of
low melting agarose on a Trevigen Comet Slide. After a gentle cell lyses, samples
were treated with alkali to urwind and denature the DNA and hydrolyze sites of
damage. Electrophoresis was conducted on the samples using TBE as buffer. For
visualization of the cells on the slides for DNA damage, observations of the Silver-
stained DNA was done by using the X10 objective of the Olympus BX51 standard
light microscope fitted with DP2-BSW microscope digital camera (Olympus Co.,

Japan), for comet assay results analysis (Collins, 2004).

3.9.2 Measurement of reactive oxygen species during infections using the

superoxide dismutase assay

The levels of the superoxide anion were determined in the serum of the subjects
involved in the study following the centrifugation of the whole blood samples. The
supernatant (serum) was diluted 100X using ddH,O and 20pl added to micro-plate
well including the blank. Two hundred microlitres (200ul) of WST working solution
was added to each well, and 20ul of dilution buffer added to the blanks. Twenty
microlitres (20ul) of enzyme working solution was added to the samples and blanks
and mixed thoroughly. Absorbance was read at 450nm after incubating for 20min at

37°C. The rate of the reduction with O, is linearly related to the Xanthine oxidase
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(XO) activity and is inhibited by SOD (Droge, 2002). The inhibitory concentration,
ICs0 (50% inhibition activity of SOD), was therefore determined by a colorimetric
method (Peng et al., 2000). The SOD activity as an inhibition activity was quantified

by measuring the decrease in the colour development.

3.10 Ethics

This project was carried out with prior approval and ethical clearance obtained from
the Research and Protocol Review Committee of the University of Ghana Medical

School (UGMS).

3.11 Statistical analysis

Results obtained from this study were analysed using the version 16 of SPSS
software. Basic descriptive statistics were determined for the study population with
regards to their haematological parameters; a p-value of <0.05 was considered
statistically significant. A comparison, with y2 tests for the frequencies of interleukin
4 (IL 4) and interleukin 4 receptor (IL 4R) genotypes, was carried out between the
uncomplicated malaria phenotype and controls. Odds ratio with corresponding (95%)
confidence interval and p-values were tested for protective effects of genotypes in the
case-control study; the analysis was conducted at each locus, +33 and Pro-478-Ser,
for IL 4 and IL 4R respectively. The protective effect, upon carriage of genotype
combinations, was determined by Odds ratios with corresponding (95%) confidence

intervals; a p-value of <0.05 was considered statistically significant.
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CHAPTER FOUR

4.0 RESULTS

4.1  Characteristics of Study participants

A total of 141 children aged 1 to 14 years were involved in this study, based on the
study selection criteria. The number of uncomplicated malaria cases recruited were
100 (mean age = 9.9) (Table 4.1); the number of controls were 41. Uncomplicated
malaria (UM) definition was based on the microscopic examination of parasitemia
with haemoglobin (Hb) value of at least 8g/dL and without clinical features of severe
malaria in the cases. Study participants were fully conscious and had ro other
identifiable symptoms of severe malaria. The overall mean age of cases of
uncomplicated malaria was 9.9 and standard deviation, 3.1. The total number of

participants involved in the study was 141.

Table4.1:  Characteristics of study participants

Sex Total % Mean Standard deviation
number number age(years)

Male 56 56.0 10.0 3.0

Female 44 44 .4 9.8 3.3

A comparison of haematological parameters between the cases and controls in Table
4.2 showed significant differences for the total white blood cell count (p = 0.001),
level of neutrophils (p = 0.001) and lymphocytes (p = 0.001). The concentration of
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haemoglobin among the uncomplicated malaria cases did not differ significantly from

the control group.

Table 4.2: Comparison of cases and controls using haematological parameters

F- P-
Variables Group N Mean S.D. value value
Hb Controls 41 10.96 0.54 3.307 0.071
(g/dL) Cases 100 9.94 0.89

RBCs Controls 41 5.17 0.70 1563 0.214
(X 10'%L) Cases 100 4.70 0.64

WBC Controls 41 5.57 0.85 31484  0.001
(X 10%L) Cases 100 7.41 3.41

NEUT Controls 41 71.98 5.66 29.744 0.001
(%) Cases 100 72.01  14.48

LYMPHO Controls 41 39.17 7.48 14.371 0.001
(%) Cases 100 27.20  14.26

EOSINO  Controls 41 0.20 0.51 1611  0.207
(%) Cases 100 0.28 0.64

MCHC Controls 41 33.27 1.57 0.075 0.785
(g/dL) Cases 100 33.35 1.59

MCV Controls 41 84.71 5.80 1.203  0.275
(fL) Cases 100 80.29 7.16

PLT Controls 41 220.98 53.85 0591  0.443
(X 10%L) Cases 100 13299 66.70

4.2 IL-4 +33 PCR-RFLP Analysis

The product of DNA amplification of IL-4 +33 showed a band size of 190bp, which
upon digestion with the restriction enzyme BsmAl, resulted in 150 bp and 38 bp for

the +33C allele; the intact 190 bp corresponded to the +33T allele (Fig. 4.1).
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| 190bp

- 150bp

50bp marker

Fig 4.1:Electrophoregram showing IL-4 (+33) amplicon digestion with BsmAl. Lane M
represents molecular weight ladder. Lanes 1 to 4 show products of digestion
with the restriction enzyme.

43 IL-4Ra PCR-RFLP Analysis

The restriction enzyme, Kpn | digestion of the 159bp amplicon resulted in 138 bp and
21 bp for the P and S alleles respectively. The product of DNA amplification (Fig 4.2)

and digestion are shown in Fig 4.3.
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M 1234567

159bp

50bp marker

Fig 4.2: Electrophoregram showing IL-4Ra (Pro-478-Ser) amplicon of 159bp. M
represents a molecular ladder. Lane 7 shows the negative control which did
not contain DNA. Each of the remaining bands represents the amplified DNA
fragment of samples.

138bp

50bp marker

Figure 4.3: Electrophoregram showing Kpn | digestion of IL-4Ra (Pro-478-Ser)
amplicon. Lane 1 represents the molecular weight ladder; lanes 1 to 5
represent the products of restriction enzyme digestion.
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44  Comparison of IL 4 (+33) and IL 4Ra genotypes in patients and controls

The distribution of the various genotypes of IL-4 (+33) and IL 4Ra were determined
among the uncomplicated malaria cases and controls (Table 43). The genotype
distributions of the polymorphisms were in agreement with the Hardy-Weinberg
equilibrium. The comparison between cases and controls for the IL-4 (+33) genotypes
after a chi square analysis showed x* = 1.26, and p = 0.53. A chi square value of 0.55,
and p = 0.76, were obtained for the IL-4Ra gene following the analysis of the various

genotypes of Pro-478-Ser polymorphism (Table 4.4).

Table 4.3 Distribution of IL 4 (+33) genotypes among study participants

CIC CIT TIT  AF(C) ¥ P
UM 31(31) 43(43)  26(26) 037 1.26 0.53
Controls 9(22) 19(46.3) 13(31.7) 0.45
Total 40 62 39

Table 4.3 shows distribution of IL 4 (+33) genotypes among study participants. Values
are the number of subjects in each group; % is shown in parenthesis. AF represents
allele frequency of allele shown in bracket.
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Table 4.4 Distribution of IL 4Ra (Pro478-Ser) genotypes among study
participants

PIP P/S SIS AF(P) ¢ P
UM 23(23) 42(42) 35(35) 0.45 0.55 0.76
Controls 8(19.5) 16(39) 17(41.5) 0.39
Total 31 58 52

The summary of distribution of IL 4Re (Pro-478-Ser) genotypes among study
participants. Values are the number of subjects in each group; % is shown in
parenthesis. AF represents allele frequency of allele shown in bracket.

45  Comet assay analysis of selected study subjects
Single cell gel electrophoresis of infected RBCs showed smears of P. falciparum

DNA. The DNA comet assay analysis below showed malaria infected RBCs with

comets tails in comparison to control RBCs (Figures 4.4 - 4.6).

'd b i ,.4 RBC from Study
¥ e control subject

Fig 4.4: Negative control slide with uninfected RBCs after DNA comet assay (Mag.
X100).

' . P. falcipa_rium iRBC
; from parasite culture

Fig 4.5: Positive control slide with in vitro parasite-infected RBCs (with P. falciprium)
taken through the Comet assay. Notable is the absence of a comet tail (Mag.
X100).
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Comet Tail from
iRBC in study
patient

Fig 4.6: Slide with damaged infected RBCs from study subject showing comet tails from
Comet assay (Mag. X100).

4.6 Independent assessment of haematological parameters in controls and
uncomplicated malaria cases in relation to IL-4 (loci +33) and IL4Ra

(Pro-478-Ser) genotypes

The haematological parameters measured in controls and the uncomplicated malaria
cases were compared with the genotypes of IL-4 (+33) and IL4Ra (Pro-478-Ser) and
summarised in Tables 4.5 to 4.8. The mean lymphocyte concentration was observed
to be significant among the control group (p = 0.047) for the CT genotype (Table 4.5).
Comparison of mean eosinophil and platelet levels for the IL 4Ra (Pro-478-Ser) gene
was found to be significant (p = 0.048; p = 0.015 respectively) for the PS genotype

(Table 4.8).
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Table 4.5: Comparison of haematological parameters among genotypes (IL 4

gene loci +33) for controls

F- P-

Variables Genotypes N Mean S.D. value value

Hb CcC 9 11.17 0.39

(g/dL) CT 19 10.86 0.56 1.014  0.372
TT 13 10.97 0.59
Total 41 10.96 0.54

RBCs CC 9 5.16 0.55

(X 10"L) CT 19 5.19 0.80 0.032  0.968
TT 13 5.13 0.68
Total 41 5.17 0.70

WBC CC 9 5.48 0.81

(X 10°/L) CT 19 5.59 0.93 0.059  0.942
TT 13 5.58 0.81
Total 41 5.57 0.85

NEUT CcC 9 71.11 5.60

(%) CT 19 72.74 5.73 0319 0.729
TT 13 71.46 591
Total 41 71.98 5.66

LYMPHO CcC 9 41.44 6.62

(%) CT 19 40.95 7.39 3.317  0.047
TT 13 35.00 6.90
Total 41 39.17 7.48

EOSINOPHILS CC 9 0.22 0.44

(%) CT 19 0.26 0.65 0516  0.601
TT 13 0.08 0.28
Total 41 0.20 0.51

MCHC CC 9 32.78 1.64

(g/dL) CT 19 33.47 1.43 0597  0.556
TT 13 33.31 1.75
Total 41 33.27 1.57

MCV CcC 9 79.78 4.18

(fL) CT 19 86.21 5.64 5.007 0.012
TT 13 85.92 5.42
Total 41 84.71 5.80

PLT CcC 9 22400 57.62

(X 10°/L) CT 19 226.58 57.06 0342 0.712
TT 13 210.69 48.96
Total 41 220.98 53.85

Table shows summary of comparison of haematological parameters for the IL 4
(+33) gene. Significant associations were shown in MCV and lymphocyte
concentrations.



Table 4.6: Comparison of haematological parameters among genotypes
(IL 4 gene loci +33) for cases

Variables Genotypes N Mean S.D. F-value P-value

Hb CC 31 996 0.72

(g/dL) CT 43 984 110 0.608 0.546
TT 26 10.08 0.65
Total 100 9.94 0.89

RBCs CcC 31 470 0.66

(X 10'4/L) CT 43 473 064 017  0.844
TT 26 463 0.63
Total 100 470 0.64

WBC CcC 31 6.75 2.55

(X 10°/L) CT 43 796 378 1155 0.319
TT 26 729 3.65
Total 100 741 341

NEUT CcC 31 7061 1565

(%) CT 43 7295 1369 0.233 0.793
TT 26 7212 14.76
Total 100 72.01 14.48

LYMPHO CcC 31 2861 1595

(%) CT 43 2635 13.09 0.23 0.795
TT 26 26.92 14.45
Total 100 27.20 14.26

EOSINOPHILS CC 31 0.16 0.37

(%) CT 43 023 048 2.265 0.109
TT 26 050 0.99
Total 100 0.28 0.64

MCHC CC 31 3326 1.69

(g/dL) CT 43 3353 149 0534 0.588
TT 26 3315 1.67
Total 100 3335 1.59

MCV CC 31 79.03 7.19

(fL) CT 43 8016 7.14 1.231 0.297
TT 26 8200 7.10
Total 100 80.29 7.16

MCH CC 31 2697 283

(X 102 g) CT 43 2695 290 1.332 0.269
TT 26 28.04 297
Total 100 2724 291

PLT CcC 31 135.65 68.47

(X 10°/L) CT 43 13665 7579 0333  0.717
TT 26 123.77 47.12
Total 100 132.99 66.70
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Table 4.7 : Comparison of haematological parameters among genotypes (1L
4R for controls

F- P-
Variables Genotypes N Mean S.D value  value
Hb PP 8 10.90 0.55 0.131 0.878

(g/dL) PS 16 11.01 0.51

SS 17 10.94 0.58

Total 41 10.96 0.54

RBCs PP 8 5.00 0.77
(X 10"4/L) PS 16 5.10 0.70 0.628  0.539

SS 17 531 0.68

Total 41 5.17 0.70

WBC PP 8 5.70 0.93
(X 10°/L) PS 16 5.55 0.84 0.124 0.884

SS 17 5.52 0.87

Total 41 5.57 0.85

NEUT PP 8 71.13 4.73
(%) PS 16 70.81 5.80 1.021  0.370

SS 17 73.47 5.90

Total 41 71.98 5.66

LYMPHO PP 8 41.88 8.36
(%) PS 16 38.81 6.57 0.663  0.521

SS 17 38.24 8.00

Total 41 39.17 7.48

EOSINOPHILS PP 8 0.25 0.46
(%) PS 16 0.25 0.58 0.323 0.726

SS 17 0.12 0.49

Total 41 0.20 0.51

MCHC PP 8 32.63 1.85
(g/dL) PS 16 33.44 1.41 0.833  0.442

SS 17 3341 1.58

Total 41 33.27 1.57

MCH PP 8 85.25 5.87
(X 10"2q) PS 16 8256  5.21 201  0.148

SS 17 86.47 5.96

Total 41 84.71 5.80

PLT PP 8 225.38  46.61
(X 10°/L) PS 16 23325 57.20 0986  0.383

SS 17 207.35 53.60

Total 41 220.98 53.85
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Table 4.8: Comparison of haematological parameters among genotypes (1L
4Ra gene) for cases

F- P-
Variables Genotypes N Mean S.D. value value
Hb PP 23 9.93 0.76
(g/dL) PS 42 10.02 0.75 0308 0.735
SS 35 9.86 1.10
Total 100 9.94 0.89
RBCs PP 23 4.70 0.71
(X 10"L) PS 42 4.68 0.61 0.038  0.963
SS 35 4.72 0.64
Total 100 4.70 0.64
WBC PP 23 8.27 4.29
(X 10'4/L) PS 42 7.04 2.74 1.006  0.369
SS 35 7.29 3.51
Total 100 7.41 3.41
NEUT PP 23 69.96  13.43
(%) PS 42 7283  16.27 0306  0.737
SS 35 7237  13.07
Total 100 72.01 14.48
LYMPHO PP 23 29.22  13.49
(%) PS 42 25.76  14.88 0.452  0.637
SS 35 2760  14.20
Total 100 27.20 14.26
EOSINOPHILS PP 23 0.57 1.04
(%) PS 42 0.19 0.40 3.126  0.048
SS 35 0.20 0.47
Total 100 0.28 0.64
MCHC PP 23 33.22 1.65
(g9/dL) PS 42 33.31 1.60 0.217  0.805
SS 35 33.49 1.58
Total 100 33.35 1.59
MCV PP 23 79.13 8.53
(fL) PS 42 80.21 6.98 0547 0.581
SS 35 81.14 6.48
Total 100 80.29 7.16
MCH PP 23 26.30 3.44
(X 10"2g) PS 42 2717 272 2281 0.108
SS 35 27.94 2.63
Total 100 27.24 2.91
PLT PP 23 166.17 79.64
(X 10°/L) PS 42 12950 5195 4409 0.015
SS 35 11537 67.19
Total 100 132.99 66.70
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4.7 Measurement of reactive oxygen species (super oxide anion) levels in cases
and controls using superoxide dismutase assay (SOD)

The level of the superoxide anion was measured as an index of the reactive oxygen

species in the sera of both cases and controls using the mean inhibition activity of the

superoxide dismutase (SOD) (Table 4.9). The mean level of SOD inhibition activity

(mean ROS level) was found to be significant in the uncomplicated malaria group as

compared to the controls (p = 0.005).

Table 4.9 SOD analysis of cases and controls for ROS levels

Mean SD p- value

Cases 50.71893 30.74505 0.005

Controls 34.61266 17.74475

Summary of inhibition activity of SOD (expressed in %) measured at 440nm for
all cases and controls.

4.8  Correlation analysis between 1L4+33 and IL 4Ra (Pro-478-Ser) genes and
SOD values

The amount of superoxide anion generated and its subsequent inhibition by the

dismutase enzyme was analysed for strength of relationship with the 1L4+33 and IL

4Ra (Pro-478-Ser) genes. The controls and the uncomplicated malaria group did not
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show significant level of association with the amount of superoxide anion measured

for the IL4 gene and its receptor (Table 4.10).

Table 4.10  Correlation between 1L4 (+33) and IL 4Ra (Pro-478-Ser)

genotypes and SOD values

Pearsons correlation P-value
IL 4 gene & SOD Controls 0.008 0.934
IL 4 gene & SOD Cases 0.123 0.373
IL 4Ra gene SOD Controls 0.019 0.913
IL 4Ra gene SOD Controls 0.235 0.439

The relationship between the 1L4+33 and IL 4Ra (Pro-478-Ser) genes and SOD activity
as expressed by the Pearson’s correlation value.

49  Univariate analysis of haematological parameters among controls and
uncomplicated malaria group
A generalised linear model using SOD vales as dependent variable and
haematological parameters as covariates showed that neutrophils and platelet levels
have significant effect on the SOD values in the control group (Table 4.11). Partial
Eta values showed that neutrophils exerted the greatest effect (0.197) followed by
MCHC (0.129). The remaining parameters did not show any significant effect on the
SOD values for controls. Summary of the generalized linear model using SOD values
as dependent variable and haematological parameters as covariates is shown in Table

4.12. HB, neutrophils and MCHC levels were found to have significant effect on the
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SOD values. Partial Eta values showed that neutrophils exerted the greatest effect
(0.144) followed by HB (0.123) and then MCHC (0.115).
Table 4.11: Generalised linear models (univariate analysis) of haematological

parameters among co ntrols

Sum of Mean  F- p- Partial Eta
Source Squares Square value value Squared
Corrected Model 15871.364 1587.14 2.789  0.014 0.482
Intercept 339.79 339.79 0597  0.446 0.020
Hb (g/dL) 587.94 587.94 1033 0.318 0.033
RBCs (X 10%/L) 179.48 179.48 0315  0.579 0.010
WBC (X 10°/L) 267.71 26771 047  0.498 0.015
NEUT (%) 4186.46 4186.46 7.357 0.011 0.197
LYMPHO (%) 157351 157351 2765 0.107 0.084
EOSINOPHILS(%) 17.00  17.00 0.03 0.864 0.001
MCHC (g/dL) 243.13 24313 0427 0.518 0.014
MCV (fL) 86.33  86.33 0.152  0.700 0.005
MCH (X 10%4/L) 1216 1216 0.021  0.885 0.001
PLT (X 10%L) 2532.80 2532.80 4.451  0.043 0.129
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Table 4.12: Generalised linear models (univariate analysis) of haematological

parameters among the uncomplicated malaria group

Type 11 Partial

Sum of Mean Eta
Source Squares Square F p-value Squared
Corrected Model 13305.272 1330.53 1.734 0.119 0.366
Intercept 2055.19 2055.19 2.678 0.112 0.082
Hb (g/dL) 5156.55 5156.55 6.72  0.015 0.123
RBCs (X 10'/L) 580.69 580.69  0.757 0.391 0.025
WBC (X 10°/L) 4949 4949 0.064 0.801 0.002
NEUT (%) 3870.02 3870.02  5.044  0.032 0.144
LYMPHO (%) 2796.90 2796.90 3.645  0.066 0.108
EOSINOPHILS(%) 11.91 1191 0.016  0.902 0.001
MCHC (g/dL) 3278.64 3278.64 4273  0.047 0.115
MCV (fL) 0.42 042 0.001 0.981 0.001
MCH (X 10™%%/L) 20.73 20.73  0.027 0871 0.001
PLT (X 10%L) 9731 9731 0127 0724 0.004

4.10 Correlation analysis of neutrophils, SOD levels and genotypes of I1L4

(+33) and IL4Ra (Pro-478-Ser)
An independent correlation analysis of SOD levels carried out in the uncomplicated
malaria group and controls did not show significant association (Table 4.13). The only

haematological parameter used in the analysis was neutrophil concentration, together
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with SOD levels and genotypes of IL4 (+33) and IL4Ra (Pro-478-Ser). Table 4.14
showed significant association (p = 0.002) following a similar analysis carried out for

the uncomplicated malaria group.

Table 4.13: Pearsons correlation analysis of neutrophils, SOD levels and

genotypes of 1L4 (+33) and IL4Ra (Pro-478-Ser) for controls

Pearson’s

correlation p-value
Neutrophils & 1L4-(+33) -0.106 0.51
SOD & IL4 Ra. (Pro-478-Ser) -0.054 0.77

Pearson’s correlation analysis between 1L4-(+33) gene and neutrophils, and
between mean SOD level and 1L.4 Ra (Pro-478-Ser).

Table 4.14: Pearsons Correlation analysis of neutrophils, SOD levels and

genotypes of 1L4-33 and IL4Ra PRO-478 for Cases

Pearson’s

correlation p-value
Neutrophils & 1L4 (+33) 0.345 0.002
SOD & IL4 Rao. Pro-478-Ser 0.457 0.017

Correlation study between 1L4-(+33) gene and neutrophils, and between mean
SOD level and IL4 Ra (Pro-478-Ser) among uncomplicated malaria group.
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CHAPTER FIVE

5.0 DISCUSSION

The clinical outcome of malaria infection in African children depends on multiple
factors and is particularly influenced by the age, immune status and genotype of the
host, and to a lesser extent, the geographical origin of the parasite (Weatherall et al.,
2002). In those with acquired or innate immunity to malaria, an infection may turn out
asymptomatic whereas others with partial or no immunity may suffer from a severe
acute illness. A constant feature of the epidemiology of clinical malaria, though yet
unexplained, is the age distribution of syndromes of severe disease. In the first 6
months of life, children born in malaria-endemic areas are protected from severity of
the disease, and this is due to the passive transfer of maternal immunoglobulins and

by expression of foetal haemoglobin (Weatherall et al., 2002).

From birth till infancy, the presentation of malaria is predominantly severe anaemia,
in children aged between 1 and 3 in areas of high transmission (Preiser et al.,1999). A
likely explanation for this trend is that in these areas where mosaqito-human
transmission of P. falciparum is intense, almost all of the children become infected
with the parasite and subsequently acquire a form of partial immunity, allowing them
to resist malaria without experiencing any of its associated illnesses. However, the
fact that some children do become ill with malaria while others manage to resist
suggests that some parasites are tolerated better than others. In this study, the IL-4

(+33) single nucleotide polymorphism was investigated together with IL-4 receptor
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(Pro-478-Ser), to determine their relationship with ROS production in uncomplicated
malaria infection in children aged fourteen years, or younger.

Anaemia has been shown to be a predictable outcome of malaria infection and its
degree reflects the duration ad severity of infection with a multi-factorial
pathogenesis (White, 1998) which may be related to the degree of parasitaemia and
erythrocyte destruction (Hommel, 1996). In this study, haemoglobin concentration
was measured as an index of the anaemic status of the subjects. It was observed that
the mean Hb value of the control group did not differ significantly when compared
with the cases (p = 0.07). Kulkarni et al., in 2003, however reported significantly
lower Hb concentration in a similar study. A number of factors including the lysis of
parasitised red blood cells and dyserythropoietic changes have been linked with the
cause of malarial anaemia (Cusick et al., 2005). In P. falciparum malaria, both
infected and uninfected red cells have structural and functional defects as a result of
an interaction between the membrane cytoskeleton proteins (Omodeo-Sale et al.,
2003). Infected erythrocytes are identified via the exposure of phosphatidylserine at
their surfaces by macrophages which engulf ard degrade these eryptotic celk,

resulting finally in the reduction of Hb concentration (Foller et al., 2009).

Being the most numerous blood leucocytes, neutrophils are considered paramount
phagocytes and are the probable immune effectors for the control of Plasmodium
blood stage infection. In this study, a significant mean difference (p = 0.001) in
neutrophil levels was observed when the uncomplicated malaria cases were compared
with the controls. Neutrophils undergo a critical mecharism of oxidative burst
involving the catalytic conversion of dimolecular oxygen intb superoxide anion

(Graham et al., 2007) which together with other reactive oxygen intermediates serve
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to combat a diverse array of pathogens (Lambeth, 2004). These reactive oxygen
species (ROS), effectively generated by neutrophils, have been shown to be highly
toxic for intra-erythrocytic malaria parasites (Bouharoun-Tayoun et al., 1995; Allison
and Eugui, 1983), and correlated with fast parasite clearance in Gabonese children
with P. falciparum malaria (Greve et al., 1999). Opsonized P. falciparum merozoites
are known to participate in triggering neutrophil respiratory bursts, and is enhanced
by cytokines (Kumaratilake et al., 1992). These observations suggest that cytokine-
mediated release of ROS might be more involved in immune protection from malaria
than is generally appreciated. Significantly differing levels (p = 0.005) of the super
oxide anion was observed when the mean values of the uncomplicated malaria cases

were compared with the controls of this study.

The damaging effect of ROS on Plasmodium DNA was demonstrated in this study by
the comet assay in each of the varying degrees of parasitaemia. The various lengths of
comet tail observed following the single cell gel electrophoresis of the uncomplicated
malaria samples provided evidence of the parasite DNA strand breaks that occur
within iRBCs upon release of he genotoxic superoxide anion. The difficulty
encountered in this study in determining the end of the comet tails in assessing DNA
damage has been similarly reported in previous work (Collins, 2004). Slides from the
control group showed only uninfected RBCs after carrying out the comet assay,
indicating absence of genetic material which could have undergone electrophoretic

migration.

Out of the several polymorphiams in the IL-4 gene discussed in oher studies

(Nakayama et al., 2000) this work focused on the +33 SNP, and the Pro-478-Ser
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polymorphism located in the a subunit of the IL-4 receptor. The relevance of the +33
SNP, relative to the transcription initiation site, is indicated in its promoter-enhancing
activity of the I1L-4 gene and has also been shown to be associated with severity of
malaria infection. A study conducted among Ghanaian children to investigate the
interleukin 4 gene and malaria severity did not show difference between the study
groups for the +33 genotype and its alleles (Gyan et al., 2004). In this work, a similar
no-association trend was observed as the +33 and Pro-478-Ser genotypes and alleles
did not show any significant relationship with the outcome of malaria infection.
Correlation analysis carried out in this study between the SOD levels and 1L4 Ra
(Pro-478-Ser) and also between neutrophils and IL4 (+33) showed significant

relationship (p = 0.017; p = 0.002).

51  CONCLUSION

This study demonstrated ROS-mediated damage of P. falciparum DNA in infected
red blood cells with haematological analysis revealing significantly higher mean
concentration of neutrophil, and the super oxide anion in the uncomplicated malaria
population. The assessment of correlation between SOD levels and IL4 Ra (Pro-478-
Ser) polymorphism as well between neutrophils and L4 (+33) SNP showed
significant relationships. Considering that human neutrophils express compkte
functional receptors for IL-4 including IL-4Ra, and also undergoes respiratory burst,
it is likely that the interaction between the gene and neutrophils could be involved
with parasite clearance in malaria infection via the genotoxic effects of the super

oxide anion.
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5.2 LIMITATION/RECOMMENDATION

This study did not cover other notable functional polymorphisms of IL-4 such as
(590C/T) and (Arg551GIn) of IL-4Ra which have been investigated in other malaria
studies and showed significant associations with clinical outcome of the infection. For
further studies, it is recommended that a larger sample size should be used to cover
the remaining clinical improve the understanding of the basis of the observations
documented in this work on malaria infection, and the otler IL-4 and IL-4Ra
polymorphisms determined. Haematological and ROS analysis in such a study could
provide in-depth understanding of the cell signalling events occurring in IL-4/IL-Ra

induced human neutrophil cells in malaria infection.
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APPENDICES

APPENDIX A

GENOMIC DNA EXTRACTION FROM BUFFY COAT (Qiagen Co. Ltd., UK)
Principle

DNeasy Tissue Kits are advanced silica-gel membrane technology for rgid and
efficient purification of total cellular DNA without organic extraction or ethanol
precipitation. The buffer system is optimised to allow diredt cell lysis followed by
selective binding of DNA to the DNeasy membrane. After lysis, DNeasy procedure can
be completed in as little as 20 minutes. Simple purification processing completely
removes contaminants and enzyme inhibitors such as proteins and divalent cations, and
allows simultaneous processing of multiple samples in parallel. In addition, the DNeasy
procedure is suitable for a wide range of samples.

Procedure:

1. 20pl of proteinase K was pipetted into 1.5ml microcentrifuge tube.

2. 100pl of buffy coat was added onto the proteinase K.

3. 100pI of PBS was added to adjust the volume to 220pl.

4. 200ul Buffer AL was added and mixed thoroughly by vortexing.

5. The mixture was incubated for 10min at 56°C.

6. 200pl of absolute ethanol was added to the sample and mixed thoroughly by
vortexing.

7. The mixture from step 6 (including precipitate) was pipetted into Dneasy

column and centrifuged at 8000rpm for 1 min. Flow-through and collection tube

were discarded.
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8. The Dneasy column was placed in a new 2ml collection tube. 500ul Buffer
AW1 was added and centrifuged at 8000rpm for 1 min. Flow-through and collection
tube were discarded.

9. The Dneasy mini spin column was placed in a new 2ml collection tube and
500pl
Buffer AW2 added and centrifuged for 3min at 14000rpm to dry the Dneasy
membrane. Flow- through and collection tube were discarded.

10. Dneasy mini spin column was placed in a 1.5ml microcentrifuge tube. 50ul
buffer AE was added and incubated at room temperature for 1min and
centrifuged at 8000rpm for 1min. The resulting DNA sample was divided into
2 aliquots of 25ul each and stored at -20°C.

Table showing Master Mix for PCR for IL-4 (+33) gene

REAGENT X 1pl X n pl
Nuclease-free water 32.75
5X buffer + MgCl, 10.0

dATP (10mM) 0.5
dTTP (10mM) 0.5
dGTP (10mM) 0.5
dCTP (10mM) 0.5
Primer 1 (F) [20pmol] 1.0
Primer 2 (R) [20pmol] 1.0
Genomic DNA 3.0

Taq polymerase (5U/ pl) 0.25
TOTAL 50.0

n represents the total number of samples run at any given time plus one negative

control
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Restriction enzyme digestion reaction for IL-4 (+33) gene

Reagent X1ul Xnul
1 X NE Buffer 3 2.0
BSA 0.2
PCR product 12.0
Restriction enzyme (BsmAl) 1.0
DdH,0 4.8
TOTAL 20 pl

n represents the total number of samples run at any given time plus one negative

control

Table showing Master Mix for PCR for IL-4Ra (Pro-478-Ser) gene

REAGENT X 1pl X n pl
Nuclease-free water 32.75
5X buffer + MgCl, 10.0

dATP (10mM) 0.5
dTTP (10mM) 0.5
dGTP (10mM) 0.5
dCTP (10mM) 0.5
Primer 1 (F) [20pmol] 1.0
Primer 2 (R) [20pmol] 1.0
Genomic DNA 3.0

Taq polymerase (5U/ pl) 0.25
TOTAL 50.0

n represents the total number of samples run plus one negative control
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Restriction enzyme digestion reaction for IL-4Ra (Pro-478-Ser) gene

Reagent X1ul Xnul

1 X NE Buffer 3 2.0
BSA 0.2

PCR product 12.0
Restriction enzyme (Kpn 1.0

)
DdH,0 4.8
TOTAL 20 pl

n represents the total number of samples run at any given time plus one negative

control
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APPENDIX B

COMET ASSAY PROTOCOL
Materials and Equipment
Lysis Low Melting Agarose (LMA)
Trevigen CometSlide™
200mM EDTA, pH 10
10X PBS, Ca?* and Mg?*
NaOH pellets
Dimethylsulfoxide (DMSO)
10X TBE Buffer
Silver Staining kit
Methanol
Deionised water
Temperature-regulated water bath
Eppendorf tubes
Refrigerator
Horizontal electrophoresis apparatus
Improved Neubauer counting chamber
Light microscope

Pipettes and pipette tips
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REAGENT PREPARATION

Principle of Comet assay

The principle of the assay is based upon the ability of denatured, deaved DNA
fragments to migrate out of the cell under the influence of electric field; undamaged
DNA migrates slower and remains within the confines of the nucleoid when a current
is applied. Evaluation of the resulting DNA *“comet” tail shape and migration patterns

allows for assessment of DNA damage.

In this assay cells are immobiized in a bed of low melting point agarose on a
Trevigen Comet Slide. Following a gentle cell lysis, samples are treated with alkali to
denature the DNA and hydrolyse sites of damage. The samples are then subjected to
horizontal gel electrophoresis. The samples are then visualised after silver staining
which allows standard light microscopy analysis. The Comet or Single Cell Gel
Electrophoresis (SCGE) assay provides a simple and effective procedure for assessing

DNA damage in cells.

PREPARATION OF SOLUTIONS
1. TBE (1X)

100mls of TBE (10X) was added to 900mls of distilled water to obtain TBE (1X).
To prepare 10X TBE:

Tris Base = 1089

Boric acid = 55¢

EDTA =9.3g
Tris base was dissolved in 900mls of distilled water; the volume was adjusted to 1

litre and stored at room temperature.
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2. 5% Acetic acid v/iv
25mls of acetic acid was added to 475mls of distilled water to obtain the needed total
volume of 500mls.

3. 70% ethanol
280mls of absolute ethanol was added to 120mls of distilled water to obtain the

required total volume of 400mls.

4. PBS (1X) (Ca®* and Mg*-free)
Used concentration w/v: weighed 9.55g of the PBS is dissolved in litre of distilled

water; it is homogenised, and then autoclaved.

LYSIS SOLUTION

40mls of lysis solution (from manufacturer) / 4mls of DMSO

40mls of the lysis solution is added to 4mls of DMSO and chilled at 4°C (to prevent
damage) or on ice for at least at least 20mins before use. (Addition of DMSO is
optional and is required only for samples containing haeme, such as blood cells or

tissue samples).

SAMPLE PREPARATION

1. Melt LMAgarose in a beaker or boiling water (1004°C) for 5min (loosened cap).
2. Transfer to water bath (37°C) for at least 20min to cool.

3. Add LMAgarose (37°C) 500ul + 50ul PBS + cells

4. 500l + 50l cells 1:10

5. 1:10 cells (PBS) + 50pl agarose
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6. Pipette 75ul immediately onto comet slide and spread evenly.
(When working with many samples, place aliquots of molten agarose in a pre-warmed
micro centrifuge tubes placed at 37 °C to prevent hardening. If cells (sample) are not

spreading evenly on the slide, warm the slide at 37 °C before application).

7. Place slide flat at 4°C in the dark (refrigerator) for 10mins. A 0.5mm clear ring
appears at the edge of CometSlide area. Increasing gelling to 30mins improves

adherence of samples in  high humidity environments.

8. Prepare lysis solution 20mins after chilled on ice before use. For ten slides, prepare

40mls lysis + 4ml DMSO chilled on ice for 20mins before use.

9. Immerse slide in pre-chilled lysis solution and leave on ice or at 4°C for 30mins to

60mins.

10. Tap excess buffer from slide and immerse in freshly prepared alkaline solution,
pH >13. (Alkaline solution is prepared by dissolving 0.6g NaOH in a mixture of
EDTA (200mM, 250 pl) and distilled water (49.75ml). the solution warms during
preparation and so should be stirred and allowed to cool to room temperature. Gloves

should be worn when preparing or handling the solution.

11. Leave CometSlide in alkaline solution in the dark for 20mins to 60mins, at room

temperature.
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TBE ELECTROPHORESIS
12. Remove slide from alkalire solution and gently tap excess buffer from slide;

wash by immersing in 1X TBE buffer for 5Smins, twice.

13. Transfer slide from 1X TBE buffer to a horizontal electrophoresis apparatus.
Place slides flat onto gel tray and align equidistant from the electrodes. Pour 1X TBE
buffer until level just covers samples. Set power supply to 1 volt per cm (measured

electrode to electrode). Apply voltage for 10mins.

14. Gently tap off excess TBE, and dip slide in 70% ethanol for 5mins.

15. Air-dry samples. Drying brings all the cells in a single dane to facilitate
observation. At this stage samples may be stored at room temperature, with desiccant.

Samples must be well-dried before staining.

COMET ASSAY SILVER STAINING

Trevigen’s CometAssay '™ Silver staining kit (Gaithersburg, MD, USA) is designed
for the convenient silver staining of Comet Assay or Single cell gel electrophoresis
results. Using the silver staining kit, permanent records that can be visualized using
standard light microscopy are prepared, thereby avoiding the problems associated
with fluorescent stains and epifluorescence microscopy. The silver staining kit is
designed specifically for use with comet slides to minimize unwanted background and
the amount of hazardous waste generated by silver nitrate. It is used for research only,

not for use in diagnostic procedures.
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REAGENT PREPARATION

Fixation Solution

Prepare immediately before fixation. Mix per sample:
10ul 10x fixation Additive

30ul de-ionised water

50ul methanol

10ul glacial acetic acid

2X Staining Reagent #4

Before first use, add 12ml of de-ionised water to bottle, stir until dissolved. Store at
4°c, pre-warm to room temperature before each use.

Staining Solution

Prepare immediately before staining. The staining reagents 1, 2 and 3 are ready to use
in the staining solution as described here:

Per sample, mix in a microfuge tube:

35ul de-ionised water

5ul 20x staining reagent #1

5ul 20x staining reagent #2

5ul 20x staining reagent #3

Mix by tapping tube then add 50l 2x staining reagent #4(at room
temperature)

Stop Solution

Prepare a 5% acetic acid solution, 100ul per sample area.
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ASSAY PROTOCOL

To reduce assay-to-assay variability, slides are dried, fixed and then silver stained.
1) Drying: slides should be dried completely before the fixation step. To accelerate
the drying step, simply immerse the slides into cold 80% ethanol for 5 minutes,

gently tap off excess and air dry.

2) Fixing: fixation is recommended as it improves repeatability of staining between
assays. After electrophoresis and drying, samples are covered in fixation solution.

a) Cover the sample area with 100l of fixation solution

b) Incubate for 20 minutes at room temperature.

c) Rinse in de-ionised for 30 minutes.

3) Staining Reaction

a) Cover sample area with 100l of staining solution.

b) Incubate at room temperature for 5 to 20 minutes. (Intensity of staining can be
visualized under the microscope using 10x objective and reaction stopped
when comets are easily visible).

c) Stop reaction by covering samples with 100ul of 5% acetic acid and incubate
for 15 minutes.

d) Rinse in de-ionised water.

e) Airdry.

f) Store in the dark.
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APPENDIX C
SUPEROXIDE DISMUTASE (SOD) PROTOCOL FOR CELL LYSATE
ASSAY
Reagents
WST solution
Enzyme solution
Buffer solution

Dilution buffer

Preparation of reagents

1. WST working solution; prepare 1:19 dilution of WST solution using buffer solution
2. Enzyme working solution; prepare 3:500 dilution of enzyme solution using dilution
buffer

3. SOD solution; prepare two-fold serial dilution of SOD sdution using dilution

buffer

Preparation of sample

1. Spin the blood down at 3000rpm for 10mins at 4°C

2. Take off the supernatant (serum/plasma) and the buffy coat

3. Take a known volume of the RBC and dilute 5X using ddH,O
4. Allow the cells to lyse while standing on ice for 5-10mins

5. Spin the lysed cells at 12000rpm for 15mins at 4 °C

6. Take off the supernatant and use for the assay or store at -80°C
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SOD assay

1. Dilute the supernatant 100X using ddH,0

2. Add 20pl of samples to each well including blank 2 except blanks 1 and 3

3. Add 200pl of WST working solution to each well and mix well

4. Add 20ul of dilution buffer to blanks 2 and 3 wells

5. Add 20ul of enzyme working solution to samples and blank 1 except 2 and 3
6. Mix thoroughly

7. Incubate at 37°C for 20mins

8. Read absorbance at 450nm

SOD activity is calculated as follows:
SOD activity (inhibition rate, %) =

{(Ablankl - Ablank3) - (Asample - Ablankz)} X 100

(Ablank1 — Ablank3)

SOD Analysis

xanthine 20, -0.\3‘0_« g WST-1 formazan
0, \ / N-NO
\l NO,

xanthine oxidase

/ I
/ \ / i\ LT
uric acid . - {5_4 "N :
Hy0% 20, 0,8 N"“ . WST-1
‘ X,

SOD e O3 + H20,
inhibition reaction

Principle of the determination of SOD activity using SOD Assay Kit — WST
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