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ABSTRACT

During the course of malaria infection, a range of pro- and anti-inflammatory
cytokines are produced by the host immune system. Successful recovery from
malaria involves striking a balance between these counteracting cytokines. The
cytokine imbalance contributes to pathological features but their exact levels have
not been elucidated. The present study aimed at investigating the role played by
circulating cytokines in pathophysiology of cerebral malaria. Using an experimental
cerebral malaria (ECM) model, the profile of five serum cytokines was determined
by employing Cytometric Bead Assay. Seventy-two BALB/c mice (7-9 week/old)
were intraperitoneally inoculated with approximately 1 x 10° parasitisized red blood
cells at day 0 and randomized into six groups (six mice/group). Another set of non-
infected mice was included to serve as control. The mice were sacrificed at day 4, 6,
8, 11 and 20 pi. The possible role of cytokines in inducing T-cell apoptosis
associated with CM was investigated using the whole genomic DNA extracted from
splenic and brain lymphocytes. Significantly higher systemic levels (P<0.05,) of
IFN-y (mean +S.D 210.6+133, 169.8+80.5, 203.6+91.6, 22.0+3.5 pg/ml), were
observed between day 8 and 20 p.i while TNF-a levels were significant at days 4, 8
11, 14 and 20 respectively (M +S.D 2.9 + 0.2, 33.9+17.5, 955 +17.0, 22.1+3.6
pg/ml) inBALB/c mice that survived until day 20 pi with ahigher parasitemia (up
to 52.6%+0.8). Significant concentrations (P< 0.05), of IL-4 (M £S.D 14.6+2.5,
10.6£1.9, 9.6x1.3 pg/ml) were observed between day 4 and 8 respectively but

afterwards its levels remained low throughout the course of infection. IL-5 levels (M

XVili



+S.D 4.1+0.7, 3.4t£1.6) had significant differences at day 11 and 20 pi. The study
found IL-4 to be elevated between days 11 and 20 respectively with no significant
differences (P>0.05) being reported. T-cell pathology was revealed by fragmentation
of whole genomic DNA during the infection which coincided with elevated systemic
pro-inflammatory (IFN-y and TNF-a at day six) responses which further accelerated
the severity of CM. The study demonstrated a parallél link between T-cell pathology
and elevated levels of Thl cytokines concentrations in the brain and the spleen. This
study revealed that elevated levels of proinflammatory cytokines induce
inflammation and cellular apoptosis inhibiting parasite clearance. Thus,
interventions to regulate the Thl cytokine responses may be beneficial in the
prevention of severe CM. Further work is needed on IL-2 IL-10 and IL-12

cytokines that could be involved in the pathology
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CHAPTER ONE

1.0INTRODUCTION AND LITERATURE REVIEW

1.1 Background Information

The current World Health Organization estimate of malaria mortality is at 216
million cases and occurs mostly in children under the age of five (WHO 2012).

Cerebral malaria (CM) isamajor cause of malaria mortality.

Cerebral maaria is an immunophysiopathological process caused by Plasmodium
falciparum in humans and Plasmodium berghei ANKA in rodents. C M seen in
about 7% of P. falciparum malaria cases, is characterized by neurological features,
especially impaired consciousness (Maitland and Newton, 2005). Several host and
parasite factors have hindered the successful development of malaria vaccines.
During acute stage of malaria large amounts of pro-inflammatory cytokines such as
tumour necrosis factor (TNF) and interferon gamma (IFN-y) are released into the
circulation (Harpaz et al., 1992). This type 1-biased immune response contributes
either directly or indirectly to kill parasites, but is also implicated in the
development of clinical symptoms and complications of malaria. An adequate anti-
inflammatory response, to limit the otherwise overwhelming inflammation, has also
been shown to be important for beneficial outcome of malaria (Miller et al., 2002).
Therefore, a delicate regulation of cells producing pro- and/or anti-inflammatory
cytokines appears to be essential for a successful anti-malarial response (Miller et

al., 2002).



The multi-stage life cycle of the parasite in the human host allows the parasite to
present diverse antigens to the immune system (Miller et al., 2002). Some of these
antigens are highly polymorphic or undergo rapid antigenic variation to avoid
immune recognition. The host immune responses during malaria are also varied,

complex and incompletely understood (Riley et al., 2006).

1.2 Life Cycle of Plasmodium species

The genus Plasmodium belongs to the apicomplexa, a large subphylum of parasitic
protozoa that are characterized by the possession of an apical complex organelle that
lends the phylum its name (Cox-Singh et al., 2008). Four species of Plasmodium; P.
falciparum, P. vivax, P. ovale and P. malariae, traditionaly cause malaria in the
human host, although P. knowlesi has been established as the fifth causative agent of
human malaria (Cox-Singh et al., 2008). Of these, P falciparum causes the most life
threatening clinical episodes and is associated with the highest case-fatality rate. The
parasites are transmitted by the bite of female anopheline mosguitoes (Cox-Singh et

al., 2008).

Development in the human host begins when sporozoites are injected into the dermis
by an infected anopheles mosquito as it takes a blood meal. The sporozoites enter
the bloodstream and are carried into the liver within thirty minutes where they
invade hepatocytes, multiply and differentiate into merozoites. P. vivax and P. ovale
can differentiate into hypnozoites in the liver and persist for a long period of time

resulting in relapses From the liver, merozoites are released into the bloodstream



and invade red blood cells to initiate the blood stage of infection. Following
erythrocyte invasion, merozoites mature asexually into ring stages, trophozoites and
finaly schizont forms (Jones and Good, 2006). The schizonts rupture releasing
between 16-20 merozoites (depending on species), which invade more erythrocytes.
Some blood stage parasites differentiate into male or female gametocytes which are
subsequently transmitted to the mosquito as it feeds. The mae and female
gametocytes undergo sexual reproduction in the mosquito mid-gut forming more
sporozoites (Fig.1). The clinical symptoms of malaria are manifested during the
erythrocytic stage of infection and include fever, chills, and headache. The more
severe symptoms include, impaired consciousness, metabolic acidosis, coma,

anemia, shock and organ failure (Jones and Good, 2006).

Merozoites R
Merozoite invasion

Sporozoites

T

Adhesion in placenta

mOosquito !
Adhesion to endothelium

Endathelium

Figure 1l Lifecycle of plasmodium species (Adapted from Jones and Good, 2006).



The phylogeny of human malaria parasites remains controversial, although thereis a
genera consensus that the four species evolved separately and became parasitic on
humans at different times in history (Cox-Singh et al., 2008). It has been suggested
that the malignancy associated with P. falciparum infections might reflect a
relatively recent cross over by this species into humans (Ayala et al., 1999).
However, phylogenetic studies on the parasite’s ribosomal RNA suggest that P.
falciparum diverged from its closest relative, the apes parasite P. reichenowi, about
11 million years ago which is about the same time that man and apes are thought to
have diverged. Thus, P. falciparum may have been infecting humans since the

beginning of hominid evolution (Ayaaet al., 1999).

1.3 Clinical Features Of Malaria

Malaria presents as a spectrum of symptoms ranging from mild aches to a life
threatening condition athough only a minority of malaria case progress to

become severe (WHO, 2010). General symptoms include raised body

temperature in some cases above 39°C, general body weakness with muscle
pains, joint pains, occasional vomiting and headache (WHO, 2010). The severe
form of malaria may lead to maaria-associated anaemia, cerebral malaria,
respiratory complications and body bases imbalance leading to metabolic
acidosis (WHO, 2010). Fever in malaria is thought to be mediated by tumour
necrosis factor (TNF) and other pyogenic cytokines whose rel ease by monocytes
is triggered by toxins released during schizont rupture (WHO, 2010). Although

high fever causes discomfort and could precipitate convulsions during an acute
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malaria attack, it is not associated with risk of sequelae or death (Marsh et al.,

1995; Waller et al., 1995).

The finding that fever can kill malaria parasites in-vitro while anti-pyretic drugs
increases parasite clearance time in-vivo is an indirect evidence that fever may be
important in regulating parasitaemia (Brandts et al., 1997). Where cerebral
malariais seen, obstruction of the vasculature leading to the brain may precipitate
seizures leading to malaria-associated coma in fatal cases (Miller et al., 2002).
Splenomegaly is one of the common features of acute malaria infections in
children (Mackintosh et al., 2004). There is no single symptom of malaria and
the clinical picture is normally confirmed by confirmatory laboratory results to
detect the presence of the malaria parasites or parasite products in patients
(Dondorp et al., 2000). The most severe complications in malaria infections are
attributed to P. falciparum the most lethal of the four human infecting malaria

parasites (Dondorp et al., 2000).

1.3.1 Malaria-induced anaemia

Severe malarial anaemia was originally defined by a haemoglobin of below 50g/I
or a haematocrit >15% in the presence of more than 10,000 malaria parasites/ul of
blood but it is now recognised that there are other factors that might exacerbate
anaemia even at lower parasite densities (Newton et al., 1997). Increased immune
haemolysis, phagocytosis and splenic clearance of both infected and uninfected

erythrocytes following sensitisation with IgG and complement and changes in



deformability have been cited as potential mechanisms for anaemia (Waitumbi et
al., 2000; Dondorp et al., 2000). Dyserythropoiesis induced by malaria toxins and

cytokines ( Miller et al., 2002) has aso been implicated.

1.4 Cerebral malaria

Cerebral malaria (CM) is one of the major clinical manifestations of severe malaria,
leading to death or long-term neurological impairment if not treated. Patients often
present with unarousable coma, impaired consciousness, respiratory distress and
single or multiple organ failure (Marsh et al., 1999). CM causes over one million
deaths per year, mainly in young children primarily in sub-Saharan Africa (WHO,
2011). The clinical features of CM are well documented, but many aspects of its
pathogenesis remain unclear. CM is a mgjor cause of malaria mortality in endemic

countries (Newbold, 1997).

1.4.1. Development of cerebral malaria

A number of hypotheses have been put forward to try and explain CM development.
CM is an immunophysiopathological process caused by P. falciparum in humans
and P. berghel ANKA in rodents (Milner et al., 2012). The current paradigm of CM
pathogenesis suggests that parasite proliferation activates endothelia cells to
produce adhesion molecules that enable sequestration of infected and uninfected red
blood cells (RBCs) in brain capillaries which obstruct brain microvessels resulting
to severe inflammatory processes that lead to CM syndrome (Milner et al., 2012).

Recently it has been reported that regulatory inflammatory responses are associated

6



with CM but the mechanism by which they regulate its pathogenesis is unclear
(Sarfo et al., 2011). The mechanisms that lead to CM pathology are complex and
often result from a contribution of several factors which are not well defined (Milner

et al., 2012).

Histological studies from individuals who have died from CM have demonstrated
the presence of mature parasites sequestered within the endothelium of brain blood
vessels (Taylor et al., 2004). This causes the blockage of normal blood flow leading
to hypoxia, hypoglycemia and brain hemorrhage. Host adhesion molecules which
include intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), CD36 and E-selectin expressed in the brain endothelium
mediate binding of parasitized erythrocytes to the endothelia lining of blood vessels
(Schofield and Grau, 2005). In an autopsy study conducted in Maawi, 75% of
children diagnosed with CM had parasites sequestered in the brain and demonstrable
brain pathologies which included haemorrhages and accumulation of leukocytes
(Taylor et al., 2004). However, only 25% of the children diagnosed with CM
harboured sequestered parasites in the brain with no other demonstrable pathol ogy.
These findings suggest that parasite cytoadherence is vital, but not sufficient to
cause pathology in CM and therefore suggest a role of immune-mediated pathology

(Milner et al., 2012).

The accumulation of monocytes, macrophages and platelets in the brain
microvascul ature and the release of inflammatory mediators such as, prostaglandins

and microparticles obstruct blood flow within the brain and disrupt the blood brain

7



barrier, leading to brain damage (Patnaik et al., 1994). The increased expression of
the adhesion molecules, ICAM-1, E-selectin, VCAM-1 and inflammatory cytokines
TNF-a and IL-1 have aso been shown in autopsy brain tissues from fatal cases of
CM (Brown et al., 1999). Studies have aso demonstrated that levels of
inflammatory cytokines such as TNF-qa, IL-1 and IL-6 in serum are elevated in CM
patients (Kwiatkowski et al., 1990). These studies suggest a link between leukocyte

accumulation, inflammatory cytokines and the development of CM pathology.

1.4.2 Experimental cerebral malaria (ECM)

The host response to a primary infection with the erythrocytic stages of rodent

malaria is accompanied by proinflammatory cytokines and a pronounced T-cell
response (Li et al., 2001). Experimental malaria models have greatly contributed to

the understanding of immunological and pathological processes during CM (Jocelyn
et al., 2000). From the onset of infection, different cell types and organs can be
examined in animals though ultimately, the relevance of these findings must be
validated in humans (Jocelyn et al., 2000). Susceptible mouse strains such as
C57BL/6 infected with P.berghel ANKA (PbA) have been developed to investigate
the pathogenesis of CM because they exhibit similar characteristics to human CM
(Desruisseaux et al., 2008), including hemorrhage, axonal and neuronal damage as
well as behavioral and neurological impairments during active infection (Lackners et
al., 2006). Although a few in vivo studies have been performed in rhesus monkeys

using P. knowlesi and P. fragile, most research have been done in mice using P.



berghet ANKA, which causes ECM in susceptible C57BL/6 and CBA mice (Lou et

al., 2001).

The clinical symptoms and pathological features observed during P. berghei ANKA
infection are similar to those in humans (Kwiatkowski et al., 1990). Susceptible
mice develop ataxia, convulsions and coma six to nine days following infection,
with demonstrable brain hemorrhages, sequestered parasites and leukocytes in the
brain (Fernanda et al., 2010). The development of ECM is mainly mediated by
lymphocytes (Renia et al., 2001), initially shown by the resistance of nude mice,
which lack T cellsto ECM (Milner et al., 2012). Amongst the cells infiltrating the
brain during ECM, cytotoxic CD8" T cells comprise the highest proportion and have

been shown to cause brain damage by the production of perforin (Nitcheu, 2003).

The relative contribution of CD4" T cells to ECM pathogenesis however, is
currently disputed due to contradictory findings. A study by Belnoue et al. (2002)
demonstrated that CD4" T cells are only required during the onset of ECM as their
depletion after establishment of clinical symptoms does not alter disease outcome in
susceptible mice. Other studies have also shown that CD4" T cells are essential for
the pathological manifestations of ECM (Renia et al., 2001). The role of T
regulatory cells has also been demonstrated in P. berghei ANKA infection
(Fernanda et al., 2010). Depletion of CD4'CD25" (natural T regulatory cells) leads
to a marked decrease in parasite sequestration in brain blood vessels and increased
inflammatory responses in the spleen (Amante, 2007). Therefore, T regulatory cells

play a role in inhibiting protective immune responses during P. berghei ANKA

9



infection. Other subsets such as Th17 cells have however not been described during

P. berghel ANKA infection (Schmitz et al., 2012).

The recruitment of cellsto the sites of inflammation is mediated by chemokines (Rot
and Andrian, 2007). During ECM, the expression levels of interferon-induced
protein of 10kDa (IP-10), monokine induced by gamma interferon (MIG) and
chemokine motif ligand 5 (CCL5) are upregulated in the brain during P. berghei
ANKA infection (Nitcheu 2003). Their main effector function is trafficking T cells
to the brain. In support of this, mice deficient in CXCR3, the receptor for 1P-10 and
MIG and CCR5 have been shown to harbor relatively few CD8" T cellsin the brain
compared to wild type mice which develops ECM (Belnoue et al., 2002). Similar to
human CM studies levels of TNF-a, LTa and IFN-y increase during P. berghel
ANKA infection (Amante, 2007). These cytokines may therefore influence the
expression of chemokines and their receptors as well as contributing to other
pathological features such as activation of endothelial adhesion molecules and

cellular activation (Belnoue et al., 2002).

1.4.3MurineCerebral Malaria

Anima models of malaria have provided convincing evidence of the important
role of inflammatory processes in the development of CM (de Souza and Riley,
2002). Monkey, rat, and mouse models for CM have been developed, although
none of them completely duplicates the situation in humans. The most complete

information has been obtained from experiments in mice. Lou et al. (2001) have
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reviewed this issue, emphasizing the role of adhesion molecules and platelets in
immune-mediated damage of vascular endothelium of the brain. A number of
approaches have been used to understand CM pathogenesis in the murine model,
including interventional approaches, such as the blockage or addition of a given
mediator (de Souza et al., 2009), comparisons between CM -susceptible and resistant
mouse strains or between CM-inducing and non-inducing parasite strains (Beghdadi

et al., 2008).

In both human and mouse, tumor necrosis factor apha (TNF)-induced upregulation
of endothelial adhesion molecules has been invoked as a factor in pathology
involving the sequestration of cells within the microvasculature of the brain and
other magjor organs of the body (Grau et al., 1993). However, other studies have
suggested that there are differences between the two species, with a preference for
leukocyte sequestration in the mouse Grau et al. (1993), rather than for parasitized
red blood cell sequestration, as seen in humans (Aikawa et al., 1990). de Souza et al.
(2009) studied the role of cytokines during various blood-stage malaria infections
and observed that P. berghei ANKA infections in “young” 8-week-old (BALB/c x
C57BL/6) F1 mice frequently resulted in neurological symptoms and early death.
These characteristic CM-associated symptoms were less common in “older” (15 to
20 weeks) animals. These observations have now been extended further and show
that this model of murine malaria does indeed bear a strong resemblance to human
CM, including the characteristic feature of parasite sequestration within the

microvascul ature of the brain (Jocelyn et al., 2000).
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The current paradigm of CM pathogenesis suggests that parasite proliferation
activates endothelial cells to produce adhesion molecules that enable sequestration
of infected and uninfected red blood cells (RBCs) in brain capillaries which obstruct
brain microvessels which results in severe inflammatory processes that lead to CM
syndrome. Recently it has been reported that regulatory inflammatory responses are
associated with CM but the mechanism by which they regulate CM pathogenesisis
unclear. For example, mice lacking T-cells do not develop CM, and CM is
attenuated when CD4" and CD8" T-cells are blocked. Thus, blocking activation of T

cells appears to decrease the risk of CM severity (Hafallaet al., 2011).

1.5 Immunology of Malaria

Innate and acquired immunity are important factors in determining the outcome of
amalariainfection in an individual. Most episodes of infection with P. falciparum
in malariaendemic areas lead to mild clinical symptoms and after repeated
exposure children eventually develop immune responses that protect against
severe disease (Gupta et al., 1999). Thisimmunity does not fully prevent infection
but reduces severity of the disease with low-grade infections continuing to occur
with few or no clinica symptoms. Many targets for the humora immune responses
are polymorphic or clonadly variant antigens exposed on the surface of merozoites or

infected erythrocytes (Dodoo et al., 2001).

During acute infection, individuals develop specific antibody responses to antigens of

the parasite variant they are exposed to. Maximum protection is generally achieved
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by late childhood to early adulthood (Milner et al., 2012). Over this time children
in endemic areas develop an immunity that reduces the frequency and severity of
disease, however immunity is not sterile. Immunity is a combination of variant-

specific and non-variant responses (Bull et al., 2002).

In previous studies it has been shown that antibodies directed against the surface
exposed protein PFEMP-1 agglutinate infected red blood cells (iIRBC) in a variant-
specific manner, associated with protection against disease (Newbold et al., 1992).
As explained below, PFEMP1 are variant antigens, and cumulative exposure to a
broad range of different P. falciparum serotypes leads to the development of a
large number of anti-PFEMP-1 antibodies to cover most antigenic variants (Bull et
al., 2002). Mechanisms of cellular immunity thought to play a role in maaria
includes direct activities of immune cells, such as phagocytosis and cytolysis, as
well as soluble mediators, such as cytokines and nitric oxide, secreted or induced
by these cells (Milner et al., 2012). Such immunity can be specific or non-specific,
and may require or be enhanced by antibody. Important immunologic cells
thought to play a role in immunity to malaria includes; T cells, macrophages, B

cells, Natural killer cells (NK) and dendritic cells (Milner et al., 2012).

1.5.1 Humoral Response Important For Malaria Protection

Antibody responses are important in protection against malaria. Evidence for in-
vivo protection against malaria by antibodies comes from passive transfer

experiments both in animal models and humans (Groux et al., 1990).
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Sera from malaria non-immune Europeans did not show the parasitocidal effect,
indicating that antibodies in African serawere malaria specific (Cohen et al., 1961).
In addition it was also shown that antibodies that protected against malaria could be
obtained from cord blood thus demonstrating the maternal transfer of anti-malaria
antibodies (Edozien et al., 1962). Sabchareon et al. (1991) repeated these
experiments by treating malaria patients in Thailand with intravenous 1gG from
malaria immune African adults. A marked drop in parasitaemia within 24 hours of
treatment was observed in the patients. In-vitro, antibodies from immune individuals
have been shown to inhibit sporozoites invasion of hepatocytes, prevent merozoites
invasion of red blood cells, depressing parasite growth, and promote parasite
phagocytosis by macrophages (Pasquetto et al., 1997). In addition, immune serum
can disrupt rosetting and the binding of infected erythrocytes to endothelia cell
ligands, two processes that are implicated in the pathogenesis of severe maaria
(Ricke et al., 2000). However it is not clear how the in vitro antibodies activates
correlates with in vivo mechanisms. Despite the evidence cited, there is lack of a

correlation between total antibody titres and malaria protection (Marsh et al., 1995).

Magjority of malaria antibodies are probably directed against cellular debris released
when schizonts burst and are of little consequence. However, even antibodies
against antigens that are deemed to be important for parasite survival often do not
correlate with protection (Hoffman et al., 1987). There are several reasons why this
could happen. The immunodominant regions of many malaria antigens consist of

tandem amino acid repeats, altering in number which generates polymorphisms that
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may help the parasite escape immune recognition (Day et al., 1991). At the same
time, polymeric antigens can cross-link B cell antigen receptors and induce T cell-
independent antibody production that is characterised by IgM dominance and poor
affinity, maturation and memory cells induction (Hoffman et al., 1987). Besides
being short-lived and ineffective, T cell independent responses can aso thwart
protective responses to adjacent critical epitopes through epitope inhibition

(Schofield 1991).

Under avariety of in vitro situations, malaria antibodies are often ineffective against
parasites in absence of effector cells and may even promote parasite growth (Shi et
al., 1991). Despite exhibiting potent anti-parasitic activity in vivo, the antibodies
used in transfer experiments showed no activity in vitro except in presence of
monocytes (Sabchareon et al., 1991). Conversely antibodies that do not protect in
Vivo were unable to interact with monocytes in vitro (Groux et al., 1990). Thus the
ability of antibodies to cooperate with effector cells may be more important than
their quantity. It has been observed that humora responses to maaria show
pronounced tilting towards cytophilic antibodies 1gG1 and 1gG3, unlike responses to

other antigens where IgG1 and 1gG2 dominate (Ferrrante et al., 1997).

1.5.2 Role of Immune Cdlsin Malaria I nfection

1.5.2.1 Roleof B cellsin Malaria Infection

B cells have ability to present antigen as well as activate production of antibody

secreting plasma cells. The CIDR-1 domain of PFEMP1 has been implicated in
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mediation of B cels activation in vitro and induction of hyper-
gammaglobulinaemia, two distinct features of P. falciparum infections (Donati
et al., 2004). It has been shown that iRBC of the laboratory isolate FCR3S1
attach to B cells and induce their activation from malaria non-exposed controls
(Donati et al., 2004). This interaction is thought to be mediated by the P.
fal ciparum erythrocyte membrane protein-1 and involve the extracellular portion
of the cysteine-rich interdomain region-1 (CIDR-1). Stimulation with
recombinant CIDR-1 derived from the var gene FCR3S1 induced multiplication
and changes in B cell resulting in induction of activation molecules and
production of cytokines accompanied by production of IgM. However the effect
on B cells seems to be mediated by binding of this specific CIDR- 1 sequence to

immunoglobulin molecules rather than binding to CD36 (Donati et al., 2004).

1.5.2.2 Role of Dendritic cellsin Malaria infection

Dendritic cells (DCs) are a small population of white blood cells constituting less
than 1% of the total white cell count in a norma person (Stevenson and Riley,
2004). DCs are unigque antigen presenting cells with the ability to activate naive
immune responses and hence capacity to prepare subsequent memory immune
responses. DCs participate in initiation of immune responses, and maintenance
of peripheral tolerance (Banchereau et al., 2000). Studies on mouse models of
mal aria suggest activation and migration of DCs into the T-cell areas of the spleen
upon malaria infection leading to induction of IFN-y-producing T cells (Stevenson

and Riley, 2004).
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1.5.2.3 Role of Macrophagesin malariainfection

Macrophage can activate T cells by presenting antigen in the context of MHC class
I1, and have the ability to ingest iRBC using opsonic or non-opsonic phagocytosis
pathways (Ayi et al., 2005). Macrophage function is modulated in malaria infections
to control DC function. Macrophages are essentia effector cells of the host innate
defence against malaria (Serghides et al., 2003). There is experimental evidence that
non-opsonic phagocytosis contributes significantly to the uptake of iIRBC by both
rodent and human macrophages (Ayi et al., 2005). Wild-type macrophages
displayed an enhanced phagocytic activity for non-opsonized iRBCs, compared with
those for CD36 null mouse and rat macrophages (Patel et al., 2004). In addition, the
uptake of ring-infected iIRBCs by humans could be inhibited with anti-CD36
antibodies (Ayi et al., 2005). Haemozoin loading of macrophages, resulting from
either the uptake of free malaria haemozoin or the phagocytosis of mature iRBCs,
can lead to macrophage dysfunction (Schwarzer et al., 1996). Dysfunction is
characterized by an inability to repeat phagocytosis, generate an oxidative burst
upon stimulation and activate protein kinase C after exposure to haemozoin
(Schwarzer et al., 1996). Macrophages are the only antigen presenting cells that can
act as a vital connection in immune responses with the ability to link the innate and
adaptive responses and are responsible for presenting antigen, activating naive T-

cells and enhancing antibody production (Liu et al., 2001).
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15.24 Roleof T cellsin Malaria Infection

The role of T cell subsets in immunity to malaria have been described either by
indirect observations in humans or in animal models. The limitation here is that
many animals in which immunity experiments have been carried out are poor
models of human malaria. The suppressive mechanism by which T- cells control
CM pathogenesis is not fully e€ucidated. Regulatory T-cells (T-
regs,CD4"CD25Foxp3*) are a class of T-cells which limit excessive activation of
T-cells, and over-production of pro-inflammatory factors, and have been
implicated in many infectious diseases but their role in CM immunopathogenesis

isunclear (Stileset al., 2011).

1.5.2.5 Roleof CD4" T cellsin Malaria I nfection

Mature CD4" T cells are placed in two groups that are associated with distinct
cytokine profiles. Production of interferon alpha/gamma (IFN-a/y), lymphotoxin-a
(TNF-B), IL-12 defines type 1 helper cells (TH1) and is associated with a strong
cell-mediated immunity, while production of IL-4, IL-6, IL-9, IL-10 and IL-13
defines type 2 (TH2) helper T cells associated with antibody production. However,
because some T cells and non-T cells can produce both TH1 and TH2 cytokines, it
may be more appropriate to distinguish them as type 1 (TR1) or type 2 response
(TR2) (Clerici et al., 1994). In malaria, TRL/TR2 dichotomy is most clearly seenin
the mouse P. chabaudi model. In this model, TR1 dominates the early response of

mice to acute P. chabaudi infection and parasite killing is mediated by IFN-y,
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tumour necrosis factor (TNF-a) and nitric oxide (NO) secreted by activated TH1
CD4", macrophages and natural killer cells. TR1 cytokines- NO, INF-y and TNF-a
are also thought to mediate disease symptoms. On the other hand a shift toward
TR2 leads to less symptomatic chronic infections. Along with inhibiting both INF-y
and TNF-a, type 2 cytokines aso stimulate B cells to secrete antibodies (Fell et al.,
1998). The dual anti-parasite/pathogenic nature of TR1 is also evident in P. berghei
infections (Rudin et al., 1997). Other malariaamouse models display variable
tendencies towards either type of response during acute and chronic infections

(Taylor-Robinson et al., 1999).

The distinction between type 1 and 2 responses is less clear in human malaria
Increased IFN-y is associated with the resolution of parasitaemia in acute malaria
episodes (Winkler et al., 1999) and a delay in re-infection (Liu et al., 2001), while
reduced levels accompany hyper-parasitemiain children (Winkler et al., 1999). IFN-
y levels have been found to be higher in pregnant women with placental malaria than
in those without malaria (Moore et al., 1999). These observations suggest a possible
anti-parasite role of TR1 in human. On the other hand, IL-10 and IL-4 both type 2
cytokines have been associated with protection against malarial anaemia (Biemba et

al., 2000).

1.5.2.6 Roleof CD8" T cells(CTL) during Malarial infection

Hepatocytes unlike red blood cells, express class 1 HLA, the liver stage of malaria

parasites is thought to be a target for induction of CTL responses ((Desruisseaux
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et al., 2008). Classical adoptive transfer and depletion experiments have
confirmed the protective role of CTL in anima models (Weiss et al., 1988). The
fact that adoptively transferred CTL pre-primed with P. berghei failed to protect
from infection by P. yoelii indicates that this protection is species-specific
(Romero et al., 1989). Indirect evidence for CTL involvement in maaria
immunity in man is borne in the association of some class | HLA alleles with
protection against malaria (Hill et al., 1991). Over 40 epitopes on the sporozoites
and liver stage antigens of malaria parasites have been identified as epitopes for
human CTL (Aidoo et al., 2000). Some of the epitopes exhibit extensive
polymorphism generated by non-synoymous mutations, an indication that they are
under selection probably from host immunity (Hughes et al., 1995). CTL could
kill parasites by perforin-mediated lysis, FAS-induced apoptosis of infected cells
(Lowin et al., 1994), or via a cytokine pathway in which IFN-y stimulates the host

cell to kill the parasites through nitric oxide production.

15.2.7Roleof yd T cellsin Malaria | mmunity

In healthy individuals, the majority of T cells receptors are made up of a and 3
chains, however a minority of T cells, whose restriction is uncertain, express
receptors made of y and & chains. Infection with malaria causes a marked increase
in the proportion of yd T cells (Ho et al., 1990) but the significant of this
phenomenon is yet to be established. Most of the work indicates a role for yo T
cells in resistance to maaria is based on mice that have immunological

disruptions (Yanez et al., 1999) and may not necessarily reflect the situation in
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immunologically intact mice. Nonetheless, there is evidence that yd T cells from
both malaria immune and non-immune individuas can produce IFN-y, TNF-a in

response to malariainfections (McKenna et al., 2000).

1.5.3 Pathological Consequences of Polarized Immune Response

Strong pro-inflammatory responses in rodent malarias and in human infections
characterized by production of IL-12, TNF- a, IL-6, and IL-1 by DCs and
macrophages, and IFN-y by CD4f3, CD8p, yd T cells and NK cells (Seixas et al.,
2002) can be associated with severe complications of maaria However, the
relationship between high TNF levels and pathology is not straightforward.
Studies of human malaria disease showing lower IL-10 plasma concentration and
IL-10/TNF-a ratiosin children with malarial anaemia suggest that an imbalance in
pro- inflammatory and anti-inflammatory cytokines, such as IL-10, may be related to

the development of disease (Kurtzhals et al., 1999).

1.5.4 Cytokine Pathology During Cerebral Malaria

Studies using a murine model of experimental cerebral malaria (ECM) with P.
berghei ANKA indicate that ECM is a T cell-mediated disease. In particular,
CD8'cytotoxic T cells are involved in the destruction of the blood-brain barrier
(BBB) by perforin-dependent processes (Nitcheu et al., 2003). Overadl, parasite-
triggered cerebral inflammation is considered to be a possible cause of death from

CM (van der Heyde, 2006).
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The harmful, dysregulated immune response leading to CM or ECM is mainly of the
Thl type, with overproduction of some cytokines, such as IFN-y (initially produced
by Thi cells, and at a later stage also by CD8" cytotoxic T cells), combined with
underproduction of others such as IL-10 (Hunt, 2003). Both sequestration and
inflammation are needed for induction of cerebral pathogenesis (van der Heyde,
2006). Inflammatory cytokines play an important role in human immune responses
to malaria although the balance between pro- and anti-inflammatory cytokines and
the pathogenic effects that can result from dysregulation are poorly understood (van

der Heyde, 2006).

Malaria disease manifestations differ and appear to be regulated by age and the
acquisition of immunity, host and parasite genetic polymorphisms, and regiona
variation. Variations in human cytokine responses and their link to malaria disease
manifestations are the subject of much debate (Sztein et al., 2004). The pathogenic
mechanisms underlying are not fully understood and remain a subject of debate
(Wassmer et al., 2003). CM has been associated with the sequestration of parasitized
red blood cells (pRBC) in the brain microvasculature with the accumulation of
mononuclear cells in brain tissue and with the increased expression of pro-
inflammatory cytokines such as tumor necrosis factor (TNF) both in the brain and
systemically (Hunt and Grau, 2003). Studies done both in humans and experimental
murine models have demonstrated that IFN-y and TNF play an important role in the
development of CM mediated pathology (Sébastien et al., 2004). IFN-y can be

secreted by a variety of cell populations such as NK cells, 3y T cells, CD4™ T cells
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or CD8" T cells. These cells contribute to ECM mediated pathology during P.
berghei ANKA infection, nevertheless, the principal sources of IFN-y during ECM

are not well defined (Rest, 1982).

Accumulating leukocytes occlude brain blood vessels and cause damage by release
of cytotoxic molecules such as perforin by CD8" T cells. Similarly, during malaria,
IFN-y can promote apoptosis of CD4" T cells which may contribute towards
impaired parasite clearance and promote sequestration (Milner et al., 2008). The
mechanisms by which IFN-y induces apoptosis during P. berghei ANKA infection

are not known (Takahiko et al., 2011).

IFN-y is important in the effector phase of the immune response to activate
macrophages and T cells for effective parasite clearance. It is however not well
established whether IFN-y is required for the activation and function of splenic
macrophages, DCs and T cells during P. berghei ANKA infection (Takahiko et al.,
2011). It is aso unclear whether IFN-y is required for the activation of brain-
migrating T cells (Sébastien et al., 2004). Ultimately, IFN-y production must be
well regulated during P. berghei ANKA infection to achieve an anti-parasitic effect
and also prevent its pathogenic effects (Xu et al., 2002). In a number of different
studies and mouse strain/parasite combinations, it is clear that, in the absence of an
IFN-y response, mice are less able to control and clear their primary infection (Su
and Stevenson, 2000). IFN-y is produced by NK cells, yd T cells, and CD4 T cells
(Seixas et al., 2002 ), al of which may play some role in controlling parasitemia,

but it isthe CD4 T cellstogether with B cells that are crucial for the development of

23



protective immunity (Langhorne et al., 2002).

TNF-a has been postulated to have antiparasitic effects, but its role in protection in
vivo is less easy to demonstrate. Neutralization of TNF by antibody treatment in
vivo does not lead to a lethal infection, and mice are able to control a P. chabaudi
infection with only minor increases in peak parasitemia (Li et al., 2003). In addition
to their contribution toward eliminating the parasite and to the development of
protective immunity, IFN-y and TNF-a are strongly associated with severe
complications of maaria infections in humans and experimental models (Langhorne
et al., 2002). Themost likely host cell to be responsiblefor the initiation of the pro-
inflammatory response is the DC. DCs provide a critical link between the innate
and adaptive immune response, and they are specidliized for the uptake,
processing, and presentation of pathogen-derived antigensto T cells (Langhorne et
al., 2002). To initiate the adaptive immune response, parasites or parasite materia is
taken up by DCs, processed in the antigen-processing pathways, and presented to T
cells (Langhorne et al., 2002). As maaria is a systemic infection, the spleen is the
most likely organ to play a mgor role in antigen presentation (Langhorne et al.,

2002).

1.5.5 Thelmmune Responseto Malaria

During Plasmodium infection, the balance between host pro-inflammatory and anti-
inflammatory immune responses play important roles in pathogenesis of CM. A

weak pro-inflammatory response may lead to persistence and replication of parasites
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while an excessive pro-inflammatory response may result in immunopathol ogical
consequences such as CM. Therefore, identifying regulatory mechanisms that
control CM pathogenesis is important in developing interactions for CM (Stiles et

al., 2011).

Malariainfection induces innate, humoral, and cell-mediated responses, and the
cross talk between these responses affect the outcome of the disease (Casares and
Richie, 2009). Evidence from immune-epidemiological studies shows that immunity
to malaria develops with exposure. Older children and adults experience fewer
malaria episodes which are rarely life threatening This protected state is referred to
as anti-disease immunity as sterilizing immunity is not achieved and individuals
continue to become infected throughout their lives but remain asymptomatic (Trape

et al., 1994).

Severa effector immune responses are induced during different stages of infection.
During the liver stage, CD8" T cells and IFN-y are the main effectors in the
clearance of infected hepatocytes (Hafallaet al., 2011). During blood-stage infection,
the rapid clearance of parasites and their toxic products is both cell-mediated and
humoral (Meding and Langhorne, 1991). These effector responses though crucial,
ultimately require adequate regulation, since much of the pathology observed during
malaria (and other infections) stems from the dysregulation of pro-inflammatory

mediators (Riley et al., 2006).
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When merozoites exit from the liver, they are released into the bloodstream where
they are exposed for seconds before invading erythrocytes. Merozoite antigens
expressed on the surface or released from apical organelles prior to invasion are
antibody targets. Antibodies can inhibit the invasion of erythrocytes (Pandey et al.,
2002) by binding to the merozoite surface and enhancing uptake and killing by
macrophages (Bouharoun et al., 1995). Parasites that evade antibodies at this stage
mature within erythrocytes and encode proteins which are transported to the surface
of the infected erythrocyte. These parasite proteins mediate binding to host receptors
expressed on the microvascul ature to evade splenic clearance, but are aso targets of
antibodies (Bull et al., 1998). Recognition and uptake of the infected erythrocyte by
macrophages and DCs can occur directly by binding of parasite ligands to the CD36
scavenger receptor (Serghides et al.,, 2002). Other molecules released during
schizont rupture such as glycosyl phosphatidylinositol (GPI) and hemozoin (product
of haem breakdown) interact with toll like receptors (TLR) on macrophages and
DCs mediating release of the inflammatory mediators; TNF-a, IL-12 I1L-18 and NO

(Coban et al. 2005).

1.6 Statement of the problem

Cerebral malaria is a clinical manifestation of severe malaria, leading to death or
long-term neurological impairment if not treated. Mechanisms leading to CM
pathology are complex and often result from a contribution of factors which are not
well defined. Cerebra malaria is associated with sequestration of parasitized red

blood cells (pRBCs) in the brain microvasculature and secretion of toxic molecules
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by parasites, as well as inflammatory components of the host immune response,
including secretion of cytokines and recruitment of activated leukocytes to the brain
(Amante et al., 2010). During malaria, the successful resolution of infection is
mediated by the early secretion of pro-inflammatory TH-1 cytokines that promote
parasite killing by macrophages and thereafter to prevent immune-mediated damage
(Desruisseaux et al., 2008). Cytokines imbal ance contributes to pathol ogical features
such as activation of endothelial adhesion molecules and cellular activation
(Takahiko et al., 2011). The mechanisms by which the different TH-1 cytokines

cause pathogenic effects during CM are diverse and have not been fully elucidated.

1.7 Justification of the study

Plasmodium berghei ANKA murine malaria has many features in common with
human disease and is thus the best available model for certain important aspects of
clinicd malaria. Despite extensive research, the precise mechanisms leading to
pathogenesis during cerebral malaria are not fully understood. Because of the
difficulty in following up human cases with CM and the limited possibility to
examine its pathological process, laboratory models are important to elucidate the
immunological mechanisms involved in CM and the way of aleviating this serious
condition. Experimental cerebral malaria (ECM), caused by infection of mice with
Plasmodium berghet  ANKA (PbA), is characterized by T cell-mediated
neuropathology. Early immune events in the spleen during PbA infection are critical
for ECM devel opment. The development of ECM ismainly mediated by T cells. The

recruitment of cellsto sites of inflammation is mediated by cytokines. IFN-y targets
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various cell populations and influences their function during infection. It is however
not well established whether TH1 cytokines are required for the activation and
function of splenic macrophages, dendritic cells and T cells during P. berghei
ANKA infection. It is also unclear whether they are required for the activation of
brain-migrating T cells. Ultimately, TH1 cytokines production must be well
regulated during P. berghei ANKA infection to achieve an anti-parasitic effect and
aso prevent its pathogenic effects. This study therefore seeks to elucidate the
diverse mechanisms by which the different pro and anti-inflammatory cytokines

cause pathogenic effects during CM.

1.7.1 Resear ch questions

i.  What istherole of T-helper 1 and T-helper 2 cytokines in the induction of
CM pathology?

ii. Is there a relationship between elevated levels of Thl cytokines and
apoptosis of brain migrating T cells which thus interfere with parasite

clearance in the spleen and brain?

1.8 HYPOTHESIS

Pathology during cerebral malariainfection do not concide with cytokine production

1.9 GENERAL OBJECTIVE

To determine cytokine levels and T cell apoptosis associated with cerebral malaria

pathology during Plasmodium berghei anka infection in a mouse model
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1.9.1 Specific Objectives

To determine parasitemia in Balb/c mice infected with P. berghel ANKA
during ECM

To determine production of T-helper 1 (TH1) cytokines by activated T cells
in the spleen and brain-migrating T cells during ECM.

To determine production of T-helper 2 (TH2) cytokines by activated T cells
in the spleen and brain-migrating T cells during ECM.

To assess apoptosis of splenic and brain migrating T cells during ECM.
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CHAPTER TWO

20MATERIALSAND METHODS

2.1 Study site and Maintenance of Mice

The study was carried out at the Kenya Medical Research Institute’s Centre for

Biotechnology Research and Development (CBRD), Nairobi, Kenya.

BALB/c maes of 7-9 weeks old were donated from Kenya Medical Research
Institute’s animal facility and used for experiments. They were weighed before the
experiment to ascertain if they had acquired an adult weight of >20g. The animals
were caged for a week to acclimatize to their new environment. They were alowed
unlimited access to pellets (Laboratory chow, Unga Feed ® Co.) and water ad
libitum on a twelve hour light—dark cycle with observation for vibrancy and any

signs of disease.

2.2 Parasite acquisition and passage

Cryopreserved P. berghei ANKA parasites were obtained from KEMRI parasite
bank, thawed and inoculated intraperitonealy (ip) into donor mice. Parasitaemia in
mice used for passage was determined on the third day of infection and adjusted
downwards to 5 x 10* parasitessml using sterile physiological saline. Experimental
mice were in turn infected (ip) by inoculations of 0.2 ml stock which translated to
1x10° parasitized red blood cells (pRBC’s) and randomized into 12 groups of 6 mice

per cage. Control uninfected group received an equal dose of sterile normal saline.
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2.2.1 Sample Size Deter mination

The experimental study compared two groups’ means of continuous variables that is
cytokine and apoptosis. The sample size was caculated using the formula
n=1+2C(s/d)?, where s is the standard deviation, d is the difference to be detected
and C is a constant dependent on the value of a and B selected (Snedecor and
Cochran 1989). C was determined from a table which gives values for C for two
levels of a and B. The cytokine levels for the control group at day O of the
experiment were used to compute the sample size required for the experiment, and

in total 120 mice were used.

2.2.2 Sampling Design

Completely randomized sampling was applied, where 120 mice were assigned

randomly into three groups namely;

i. 72 miceinfected with 1 x 10° P. berghei
ii. 24 miceinjected with adose of normal saline

iii.  Uninfected group (24 mice)

The infected mice were randomized into six groups of 6, each group corresponding
to selected day post-infection when cytokine level s were determined. Each of the six
groups received two control mice from each set of the control groups. Two parallel

experiments (n=2) were modeled on this setup.
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2.2.3 Deter mination of Parasitaemiain mice

Thin blood films were prepared on days 4, 6, 8, 11, 14 and 20 post infection by
removing 1 mm section of the distal end of the tail and spotting 3ul of blood onto a
microscope slide. Slides were air dried, fixed with 100% methanol and stained with

a 10% Giemsa solution diluted in Phosphate Buffered Saline solution (PBS) for 10

min at room temperature (RT). Slides were observed at a 1000X magnification (oil-

immersion) using an Olympus (CX31RBSF) microscope by reading 10 fields per

dide (Homel and Gilles, 1998).

Number of infected RBCs

%X 100
RBC per field X fields counted

Parasitaemia =

2.2.4. Serum Processing For Cytokine Analysis

Mice were sacrificed on days 4, 6, 8, 11, 14, and 20 post- infection by carbon
dioxide asphyxiation and approximately one millimeter blood drawn into non-
heparinised tubes via cardiac puncture using sterile 1cc syringe and 21 gauge needle.
Serum was obtained by pooling blood from a set of six mice in the respective day
post infection and processed by leaving the blood tubes to stand for 30 minutes at
RT. The blood was then centrifuged at 1,000g for 10 minutes and serum collected

was preserved at -80°C until use.
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2.3 Serum Cytokine Assays

Mouse cytokine kit bearing sensitivities for IFN-y, IL-4, IL-5 and TNF-a
representing the TH1 and TH2 cytokines was used (appendix 1-2). Cytokine profiles
were analyzed from the serum samples by cytometric bead Array (CBA) according

to the manufacturer’s instruction (BD Pharmigen®, 2010).

2.3.1 Reconstituting the Standardsfor Cytokine Assays

One via of lyophilized mouse Th1l/Th2 standard was transferred in to a 15-ml
conical polypropylene tube. The tube was labeled “Top Standard.” The standards
were reconstituted with 2.0 ml of assay diluent and allowed to equilibrate for 15 min
a RT and mixed gently by pipetting. Nine (12 x 75-mm) polystyrene tubes were
labeled and arranged as. 1.2, 1:4, 1.8, 1:16, 1:32, 1.64, 1:128, and 1:256

respectively.

Three hundred microliter of assay diluent was pipetted in each of the 12 x 75-
mm tubes. Serial dilution was done by transferring 300 L of the top standard to the
1:2 tube and continually diluted in a stepwise manner to 1:256 tube. One 12 x 75-
mm tube containing assay diluent only was prepared to serve as the 0 pg/mL

negative control (Hodge et al., 2004).

2.3.2 Mixing Mouse Th1/Th2 Cytokine Capture Beads

Each capture bead suspension was vigorously vortexed for 5 seconds before

mixing and 10-pL aiquot of each capture bead transferred into a single tube
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labeled “Mixed Capture Beads” and the bead mixture vortexed thoroughly (Hodge

et al., 2004).

2.3.3 Mouse Th1/Th2 Cytokine Assay

The mixed capture beads were vortexed and 50 pL added to all assay tubes. Fifty
microliters of the Mouse Th1/Th2 Cytokine Standard dilutions was added to
the control tubes. Fifty microliters of each unknown serum sample was added
to the appropriately labeled sample assay tubes followed by 50 pL of the Mouse
Th1/Th2 PE detection reagent. The assay tubes were incubated for 2 hours at RT
in the dark. One millimeter of Wash Buffer was added to each assay tube and
centrifuged at 200g for 5 min. The supernatant was carefully aspirated and
discarded from each assay tube. Three hundred microliters of wash buffer was
added to each assay tube to resuspend the bead pellet. The samples were then
acquired on a FACS cdibur flow cytometer (BD Pharmigen®). Each sample was
vortexed for 3-5 seconds immediately before acquiring it on the flow cytometer

(Blank, 2004).

2.3.4 Analysis of Cytokine Levels

Analysis was done using CELLQUEST (3.3) software (BD Pharmigen®, 2010).
The FACS Calibur flow cytometer (BD Pharmigen®) was calibrated with setup
beads and the samples acquired. Cytokine concentration was indicated by its

fluorescent intensities and then computed using the standard reference curve of



CELLQUEST software. Cytokine levels for IFN-y, TNF-qa, IL-4 and IL-5 were

analyzed. FCAP array software (BD Pharmigen®, 2010) was used for analysis.

2.4 |solation of T-cellsfrom Mouse Brain and Spleen Tissues

Whole brain and spleen tissues from individual infected mice and obtained on day 4,
6, 8, 11, 14 and 20 post infection were perfused in 15ml of 2% Fetal Caf Serum-
Hanks Buffered Saline Solution (FCS-HBSS) in sterile petri dish by teasing them
until they turned pale in colour according to methods of Sébastien et al., 2004 .
Briefly, the pieces were aspirated using a syringe to break up the chunks. Each tissue
suspension was transferred into a 50ml Falcon tube (BD) and centrifuged at 15009
for 5min at RT. The suspension was discarded and the supernatant resuspended in
10ml of collagenase diluted to 1ug/upl in 2% FCS-HBSS. The tissue suspensions
were incubated for 45 min then centrifuged at 1500g for 5min at RT and the filtrate
resuspended in 6ml of 2% FCS-HBSS. To separate leukocytes from tissue debris,
the cell suspensions were layered onto 10ml of 30% (vol/vol) iso-osmotic percoll
gradient solution (Pharmacia®) diluted in 2% FCS-HBSS in 15ml falcon tubes and
centrifuged at 1500g for 10 min at room temperature without breaks. The upper
layer cells were separated and stained with mouse anti-CD3 (Clone 145-2C 11) (BD,
Biosciences) T-cell lineage marker then washed with 2% FCS-HBSS and finally
washed with LymphoPrep™ and centrifuged at 1500g for 10 min. The white layer
of leukocytes (plate 2) was carefully separated from the rest of the cell suspension

and preserved at -80°C for use in demonstrating DNA fragmentation.
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Plate 1 Spleen lymphocytes isolated from infected mice on day 6 post infection

at a 1000x magnification.

2.5 DNA Extraction

Deoxyribonucleic acid(DNA) fragmentation was investigated using the whole
genomic DNA extracted from spleen and brain lymphocytes since internucleosomal
degradation of DNA is the biochemical hallmark of apoptosis (Muregi et al., 2011).
Genomic DNA was extracted from the isolated T-lymhocytes using a modifaction of
the Chelex ® DNA extraction method (Abdel-muhsin, 2002). Two hundred
microliter cell suspension of the T-lymhocytes was placed into sterile 1.5ml vial and

Iml of 0.5% saponin in 1xPBS was added. The vial was inverted several times and
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incubated at 4°C for 24 hr. The filtrate was resuspended in 1ml of X1PBS and then

incubated for further 30 min at 4°C. The tube was centrifuged at 10,000g for 30 sec
a R T. The filtrate was resuspended in 50pl of 20% chelex ® and 100ul of DNAse
water added. The vial was heated for 10 min at 95°C in a heating block while
vortexing at intervals of 3 min. The vial was centrifuged at 10,000 g for 2 min at
room temperature. The filtrate was collected into a sterile vial (Epperdorf®) and
centrifuged at 10,000 g for 2 min at room temperature. The supernatant which had
the eluted DNA sample was collected into a sterile 1.5ml vial for use to demonstrate

apoptosisof T cellsthrough DNA fragmentation (Abdel-muhsin, 2002).

2.5.1 Agarose Gel Electrophoresis

To demonstrate DNA cleavage, the eluted DNA samples were run on agarose gel
and visualized on a UV light box. Agarose gel (1.0% w/v) was prepared by
dissolving 1.0g of agarose powder into 100 ml of 1XTBE buffer. The gel solution
was stirred, brought to boil in a microwave for 3 min to completely dissolve the
powder. The gel solution was poured in a casting tray having combs and left for
10min to polymerise. Ethidium bromide (3ul) was incorporated before setting of the
gel to facilitate visuaisation of DNA under UV light. The DNA sample (5ul) was
mixed with 3ul of loading dye (Bromophenol blue) and loaded into the wells and
subjected to electrophoresis at 80V for 45 min. The gel was viewed on a UV light
box to visuaize the DNA ladder pattern (Sambrook et al., 1989). DNA samples

(5ul) from non-infected healthy mice were run alongside as controls.
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2.6 Ethical and Biosafety Considerations

Permission to carry out the study was obtained from Kenya Medical Research
Ingtitute (KEMRI) Scientific Committee and Ethical Review Committee (KEMRI
SSC No 2217). The experiment was carried out in compliance with Animal Care and
Use Committee (ACUC) Regulations of KEMRI. Standard operating procedures
(SOPs) available at the malaria and immunology |aboratories were followed in all
experiments. These included injecting of BALB/c mice using a standard 21 gauge
needle, anaesthetizing them using 6% sodium pentobarbitone and killing them using
carbon ether asphyxiation. Dead animals were sterilized by dipping them in 70%
ethanol and disposing in biohazard bags before transfer to the incinerator at KEMRI.
Further precautionary measures included putting on protective gear and carrying out

the experimentsin alaminar flow hood (Nuair Biological Cabinets).

2.7 Data Analysis

Cytokine levels were measured in pg/ml from standard curves calibrated from
reagent standards using the flow cytometer’s software. Readings falling below the
detectable threshold (<0) were disregarded in the statistical analysis. The levels of
TH1 and TH2 cytokines were expressed as means * the standard deviation. The
student t-test was used to examine the differences in cytokine concentrations using
XLSTAT (2012) satistical software. Statistical significance levels were set at

p<0.05.
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CHAPTER THREE

3.0RESULTS
3.1 Parasitemia Levels and Survival Rates

Cerebral symptoms such as convulsion, paralysis and coma were observed between
day 6 and 14 post infection and the mice became moribund. All the experimenta
mice developed a patent parasitemia by day 4 post-inoculation with gradual increase
in parasitemia between day 0 and day 4 and thereafter, the parasitemia rose rapidly
reaching mean peak of 52.6 + 0.8(mean+SD) at day 14 with only 6% of the mice

surviving and dying at day 20 post infection due to overwhelming hyperparasitemia.
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Figure 2 Parasitemia levels in BALB/c mice infected with Plasmodium berghel

ANKA
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Mice that developed CM were identified as ill by coat ruffling and general
immobility prior to death. Mortality of the experimental mice was observed from
day 6 post-inoculation, although some mice survived up to day 20 post infection as
indicated in Fig. 3.2. On day 14, only 6% of the mice were still aive and al the
surviving mice died at day 20 post infection respectively with a parasitemia of
<3.2% + 0.5 with few schizonts detectable on blood films. These mice died later at

day 20 of severe anaemia and hyperparasitemia (Fig 3).
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Figure 3 Comparison of parasitemia levels and survival incidence curve for

BALB/c miceinfected with P. berghel ANKA.
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Serum was obtained from mice sacrificed at days 4, 6, 8, 11, 14 and 20 post
infection. Four serum cytokine levels representative of both T-helper 1 and T-helper
2 cytokines were measured in BALB/c infected mice during the course of ECM
(mean £ standard deviation of the mean). Serum was pooled from a set of six

experimental mice per day.

3.2 T helper 1 cytokines

3.2.1IFN-y Levels

Analysis on IFN-y showed no significant difference (P>0.05) in IFN-y production at
day 4 post infection between the test group (Mean + S.D, 4.6+1.7), and that of
control mice (2.3 £ 0.5) [P=0.2]). Similarly, no significant increase was registered at

day 6 p.i (15.4 = 9.5), compared to control mice (2.6 + 0.3) Fig 4.

Peak IFN-y levels were observed at day eight post infection (210.6+133.0) compared
to control mice (2.2£0.5 [P=0.05]) followed by a drop in levels at day 11 post-
infection (169.8+80.5) compared to control mice (2.3£0.3 [P=0.02] P<0.05).
Conversely, there was a significant (P<0.05) upsurge at day 14 post-infection
(203.6+£91.6) while control mice (2.6t 0.2 [P=0.02]) registered an insignificant
increase. There was a significant decline of the levels at day 20 post-infection (Fig
4) in the experimental group (22.0+3.5) compared to control mice (2.6x0.2

[P=0.01]).

41



350 -
325 -
300 - -
275 - E1FN-y (test group)
250 -
225 -
200 -
175 -
150 -
125 -
100 -
75 -
50 -

25 - 4
0 = gb *

4 6 8 11 14 20
Days post infection

8 |FN-y (control)

333553535355 5538350

I TTrrTeyYYYYYYYTYY

2322000080800 004!

Mean IFN-y concentration levels (pg/ml)

Figure4 Mean | FN-y levels for the experimental and the control groups during
the course of ECM infection. Error barsrepresent standard deviation

of the mean

3.2.2 TNF-a Levels

Tumour Necrosis Factor-a for the test group at day 4 post infection (2.9+0.2), was
significantly different compared to that of control d mice (2.5+0.1 [P=0.04] P<0.05,
Fig. 5). Although TNF-a levels rose exponentialy (Fig. 5) for the test group at day 6
post infection (32.2+7.6) compared to control group (2.5+0.3 [P=0.4]), this change
was not satistically significant (P>0.05). The levels for the test group were
significantly higher (33.9£17.5) compared to control mice (2.5+0.1 [P=0.04]) at day

8 post-infection (P<0.05, Fig 5). The levels remained significantly higher (P<0.05)
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for the test group (95.5 +£17.0) compared to controlgroup (2.2+0.2 [P=0.01]) at day

11 post-infection (Fig 5).

Conversely, athough not statistically significant (P>0.05), the levels of the test
group declined (31.6+19.1) while that of control group was 2.6+0.2 [P=0.06] at day
14 post-infection (Fig. 5). At day 20 post-infection, the levels of the experimental
group declined significantly (22.1+3.6, Fig 5) compared to control (2.6+0.2 [P=

0.01], P<0.05)).
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Figure 5 Mean IFN-y levels for the experimental and the control groups during
the course of ECM infection. Error barsrepresent standard deviation

of the mean.
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3.3 T helper 2 cytokines

3.3.1Interleukin-4 Levels

Interleukin-4 (IL-4) for the test group was significantly higher (14.6+£2.5) compared
to that of control uninfected mice (3.1+£0.6 [P=0.04], P<0.05]) at day 4 post-
infection (Fig 6). The levels for the experimental group remained significantly

elevated at day 6 p.i (10.6+£1.9) compared to control mice (2.6+0.2, P<0.05, Fig 6).

There was a decline in the IL-4 levels for the test group (9.6x1.3) compared to
control group (3.1+0.6, P<0.05) at day 8 post-infection (Fig. 3.5). There was an
increase in the IL-4 levels in the test group at day 11 post-infection (10.6+£2.8)
compared to control mice (2.9+0.5 [P=0.5]) athough no significant difference
observed (P=0.5) (Fig. 3.5). The levels then declined (4.9£4.3, Fig. 3.5) while
control mice increased (2.5+0.2) while no significant differences were observed
(P>0.05), whereas at day 20 post-infection, no significant increment was noted

(5.1£3.9) compared to the control mice (2.7+0.3, P>0.05) Fig 6.
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Figure 6 Mean IL-4 levels for the experimental and the control groups during
the course of ECM infection. Error barsrepresent standard deviation of

the mean

3.3.2Interleukin-5 Levels

There was no significant increase in IL-5 levels for both the experimental group
(4.5£0.7) compared to that of control mice (7.8+0.8, [P=0.06], P>0.05) at day 4 p.i.
Correspondingly, the levels of the test group (4.9+1.1) and that of the control mice
(5.8+1.1, [P=0.16]) were not significantly different (P>0.05) at day 6 p.i (Fig 7).
Similarly, there was no significant difference for IL-5 levels (P>0.05), at day 8 p.i in

the test group (4.3 £0.8) compared to control group (5.9+0.9 [P=0.2])Fig 7..
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The IL-5 levels in the test group was lower (4.1+0.7) than control group (5.8+1.4
[P=0.05], P<0.05) at day 11 post-infection. At day 14 post-infection, no significant
production levels were observed in the test group (5.6£2.0) compared with control
group (5.8+1.4 [P=0.9], P>0.05). However, the levels rose significantly in the test
group (3.4+1.6) compared to control group (7.8+0.8 [P= 0.01], P< 0.05) at day 20

post-infection (Fig 7).
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Figure7 Mean IL-5 levelsfor the experimental and the control groupsduring
the course of ECM infection. Error barsrepresent standard
deviation of the mean

Interferon gamma-y levels were the most dominant TH1 cytokine in circulation
followed by TNF levels. An exponentia upsurge in IFN-y levels were detected

between the 4™ and 8" day and subsequently decreased on the 11™ day, although the

concentration rose again on the 14™ day but decreased significantly (P<0.05) on the
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20" day for the surviving mice. TNF-a levels were a distant second to IFN-y levels.
Between the 4™ and 6" day, an exponential increment in TNF o levels was detected
indicating its early involvement in protection against the parasite and constantly
increased until day 11. However, TNF a production increased between the 6" and
8™ day with peak levels being detected on the 11™ day, and subsequently decreased

between the 14™ and 20" day (Fig 8).
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Figure 8 Basal T helperl cytokine production trends during the course of
infection with Plasmodium berghei ANKA. Error bars represent

standard deviation of the mean

On the 4™ day post infection significant levels (P<0.05) of IL-4 were detected while
|atter it tended to decrease, although on the 11™ day the concentration rose again and

subsequently decreased on the 14™ day and thereafter it hit a bottom low till the 20"
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day. 1I-5 levels were the lowest across in al the intervals and there was a
corresponding drop in IL-4 during the course of infection. IL-5 production was
constant between the 4™ and 11™ day, although arise was detected on the 6" day and

subsequently increased between 11" to 20" day post infection (Fig 9).
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Figure 9 Basal T helper2 cytokine production trends during the cour se of
infection with Plasmodium berghei ANKA. Error barsrepresent

standard deviation of the mean

3.4 Cytokine Induced T-cell Apoptosis

In the experimental group, laddering patterns were observed showing that apoptosis
was being induced by high levels of Thl cytokines since internucleosomal cleavage
of DNA is the biochemica hallmark of apoptosis (Plate.2A and B).

Fragmentation of the DNA was shown to be extensively induced in T
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cells from infected mice and was held to account for severity in pathology of

malaria (Plate 2 A and B).
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Plate 2 Cytokine induced DNA cleavage during infection with ECM

Key: DNA cleavage from infected mice observed Plate 2A Lane M (100-bp
DNA Molecular marker); Lane C, positive control (Cellular DNA from uninfected
control mice); Lanes 1, 2, 3, 4, 5 and 6—Cellular DNA isolated on Day 6-20 post-
infection). Initiation of DNA fragmentation from the spleen and brain lymphocytes
was observed starting day 6 post-infection. Further DNA cleavage observed from
brain Plate 2B; Lane M(100-bp DNA Molecular marker); Lane C (negative control);

Lanes1, 2, 3,4 & 5 (Cellular DNA cleavage as observed from day 6 p.i)

On day 8 post-infection when the levels of Thl cytokines were at their optimum,
concomitant DNA cleavage of T cells was detected with extensive apoptosis
(lanes 1-6 in plate A and B). Apoptosis patterns of DNA cleavage were amost

comparable at al intervals (Plate 2-A and B).
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CHAPTER FOUR
4.0 DISCUSSION CONCLUSION AND RECOMMENDATIONS
4.1 Discussion
4.2 Deter mination of Parasitemiain Balb/c Mice

In the present study, the development of cerebral complications was analyzed in
BALB/c mice that are susceptible to ECM. Although severa mechanisms have been
proposed to explain cerebral malaria immunopathogenesis, the precise mechanisms
is still unknown. Dysregulation of homeostasis of pro- and anti- inflammatory
factors has been linked to the severity of CM (Stiles et al., 2011). Upon infection
with P. berghei, BALB/c mice exhibited varied parasitaemia responses to the
infection which formed the basis for monitoring the cytokine concentrations

depending on the survival rates.

This condition in P. berghei is well characterized and defined as the development of
cerebral complications (ataxia, paralysis, convulsions, coma) at day 6-9 after
infection of mice with 10° parasites (Engwerda et al., 2005). In the current study,
mice were injected intraperitonealy with 10° infected erythrocytes. The
commencement of cerebral complications was determined by observing severd
clinical signs such as ruffled fur, hunching, limb paralysis and coma T helper 1
(Thl) cytokines (interferon-gamma, and tumour necrosis factor) have been

implicated in driving the immunopathol ogical process leading to CM, whereas some
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Th2 cytokines such as interleukin-4 and Interleukin-5 appear to oppose this process

(Hunt and Grau, 2006).

4.3 T helper 1 cytokinesin ECM

The cytokine response is critical in determining the outcome of malarial infection
(Maitland and Newton 2005). Cerebral Malaria is characterized by a Thl response,
with overproduction of some cytokines combined with underproduction of others
(Hunt and Grau 2003). In this study T helper-1 set of cytokines showed
significantly different patterns across the course of infection compared to their
corresponding concentrations in control groups. The parasite load estimations
correlated with high pro-inflammatory cytokines concentrations (IFN-y and TNF-a)
suggesting that the parasites were critica for inducing dysregulated pro-
inflammatory disease pathogenesis among other factors. An exponential surge of
IFN-y and TNF-a for the test group was observed between day 6 and 14 respectively.
IFN-y levels in the tex group were significantly different (P<0.05) between day 8

and day 14 post-infection respectively.

Nevertheless, unusua production of IFN-y concentrations was observed all along in
the progression of ECM infection which demonstrated that TH-1 pro-inflammatory
cytokine dysregulation induced disease severity in ECM (Amante et al., 2010). At
start of the infection (day 4 post infection), the high levels of TNF-a production
levels for the test group were significantly higher (P<0.05) suggestive of its early

involvement in parasite clearance. This observation of high levels of TNF-a
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cytokine in serum at the initial stages of the infection process (day 4 post infection)
IS consistent with previous studies in mice by Hunt and Grau (2003), equally, IFN-y
levels were exceedingly elevated which had higher impact on the pathology of T-
lymphocytes this is because IFN-y is absolutely critical for disease onset (Belnoue et
al., 2008), possibly by promoting tissue sequestration (Amante et al., 2010). TNF-a
is involved in the immune response to maaria as well as in the pathogenesis of
severe disease (Rénia et al., 2006). TNF-a is activated following the release of
malaria antigens after schizont rapture and induces the local production of of 1P-10.
Subsequently 1P-10 in concert with TNF-a may induce apoptosis of endothelial cells
(Syarifah et al., 2003). Conversaly, with the surge in IFN-y levels, TNF-a levels
remained a distant second in circulation despite its earlier elevated production

during the infection.

The mice displayed an increased trend in IFN-y and TNF-a over the entire
infection period which isinitially beneficial by reducing the parasite load and later
detrimental by decreasing the humoral response. A significant linear elevation for
IFN-y was observed between day 6 and day 8 post-infection when the parasitaemia

levels were a'so on the upward trend.

Interferon -y controls the activation and expansion of T cells by driving STAT1-
dependent expression of T-bet in CD4" T cells, which is the initial step in the
differentiation of T helper-1 cells and concurrently inhibiting both T helper-2 and T
helper-17 lineages (Schulz et al., 2009). In the present study, the cytokine seems to

suppress T cell hyperactivity by limiting CD4" and CD8" T cell accumulation or
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expansion through the induction of apoptosis as the high levels of the cytokine
coincided with DNA cleavage as observed between the 6™ to the 14™ days post

infection.

Tumour Necrosis Factor-a is the most potent pro-inflammatory cytokine during
ECM that is induced by IFN-y and is associated with severe malaria disease (Good
et al., 2005). IFN-y and TNF-a cytokines initially mediate protection as elevated
levels of TNF-a in serum have been demonstrated to correlate with protective
immunity to P. falciparum malaria, but also it may be alternatively involved in
disease severity (Syarifah et al., 2003). The results presented in this study show that
the TNF-a produced at day 4 post-infection correlates with protection from CM, as
T-cell apoptosis was not observed converging with previous studies by Andrew et
al., (2005) showing that a later production of TNF-a is essentia for the
development of CM. Tumour Necrosis Factor-a up-regulates the expression of
adhesion molecules, thereby exacerbating parasite sequestration and correl ates with

severe disease (Andrew et al., 2005).

Moreover in murine models, IFN-y and TNF-a cytokines initially mediates
protection as elevated levels of IFN-y in serum have been demonstrated to correlate
with protective immunity to P. falciparum malaria (Syarifah et al., 2003), but also
they may be aternatively involved in disease severity. Similary, pro-inflammatory
cytokines in murine models, seem to play an important role in protective immunity
rather than in promoting CM by up-regulating expression of some adhesion

molecules such as ICAM-1 (Syarifah et al., 2003). IFN-y plays divergent roles at
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different stages of P. berghei infection (Andrew et al., 2005). These results confirm
the observation that T helper-1 responses are initialy involved in protection against
infection which is consistent with the findings of Kashiwamura et al., (2002) who
found that IL-18 characterized as T helper-1 plays a protective role in murine
malaria. These observations increase our understanding of the levels of T helper-1
cytokines in the pathogenesis of ECM and have relevance for understanding the role
of cytokines in the pathogenesis of human CM. Although the study provides
evidence that T helper-1 cytokines are detrimental in ECM it is reasonable to
assume that optimal development and maintenance of severity relies on a
complexity of severa other host mechanisms rather than upon the levels of a single

immune response.

44T helper 2 cytokinesin ECM

The kinetic pattern of T helper-2 cytokines during immune responses is to limit the
consequences of an exaggerated proinflammatory response and to counterbalance
the production of T helper-1 cytokines (Hunt et al., 2005). Significant transient
increase in concentrations of 1L-4 (P<0.05), was noted between day 4 and 8 post-
infection but afterwards its levels remained low throughout the course of infection
which is critical for biasing the immune reaction toward a T helper-2 phenotype
(Waknine-Grinberg et al., 2010). Interleukin-4 is an anti-inflammatory cytokine and
thus increased production during initial parasite infection (days 4 to 8 post infection)
was necessary to ameliorate the disease outcome as evidenced in the absence of CM

symptoms in those mice (Hunt et al., 2005). The current study show that P. berghei
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infection caused an immediate significant shift in the IL-4 response of infected mice
skewing towards a T helper 2 shift and later the mice displayed a prevaently T
helper 1 response as it directs polarization of naive T helper cells towards the Th2
phenotype variety of anti-inflammatory effects (Waknine-Grinberg et al., 2010).
This early regulation of pro-inflammatory response during murine malaria infection
is mediated by regulatory T- cells in an IL-4 dependent manner (Chen, 2009). The
regulation of TNF-a levels by IL-4 and IL-5 appears to contribute to the prevention
of severe maarial anemia in humans (May et al., 2000) as observed in this study,
however, the role that both IL-4 and -5 plays may depend on their levels, since very
high levels of IL-4 have been associated with severe malariain humans (Lyke et al.,

2004) and some animal models (K obayashi et al., 2000).

The study revedls a relative deficiency in IL-5, albeit not statistically significant in
days 6, 8, and 14 post-infection, whereas significant differences were observed in
days 11 and 20 post-infection in mice that died of severe malaria suggesting a loss
of down-regulatory function. IL-5 concentrations were remarkably low throughout
the infection course but it was peculiarly significant (P<0.05) at day 11 and 20 post-
infection because the transient increase was necessary to ameliorate the disease
outcome in the late stages of the infection. Interleukin-4 and IL-5 levels in the test
group were significantly higher (P<0.05) compared to control group at day 6 post-
infection which demonstrates that T helper-2 cytokines were counter balancing the
pro-inflammatory cytokines during the initial phase of infection. The inverse

relationship between T helper 1 and T helper 2 cytokine milieu was striking as
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revealed by a continued suppression of T helper--2 responses in the test group
during the course of infection which in effect led to the overproduction of the T
helper-1 immune responses. The early production of IL-4 together with IL-5 acts
predominantly in an autocrine manner by down-regulating the activation of antigen-
presenting cells, which then has the downstream effect of inhibition of T-cell
activation and expansion (Andrew et al., 2005). The T helper-2 cytokines in the
study were marginally up-regulated in and therefore they have played no rolein CM

pathology as this part of normal fluctuation.

4.5 Cytokine Induced Pathology on Splenic and Brain Migrating T Cells

In this study, evidence is provided indicating that various cytokines are atered in
CM pathology. The elevated levels of IFN-y and TNF-a is particularly remarkable
since they are involved in parasite clearance and preserve erythropoiesis (Stevenson
and Riley 2004) The possible involvement of cytokines production in disease
severity was investigated by DNA fragmentation of T-lymphocytesin the spleen and
brain tissues during malaria infection. The study demonstrates an elevated systemic
significant increase in pro-inflammatory cytokines (IFN-y and TNF-q) in the serum
conciding with T-lymphocytes pathology in the spleen and brain. This is because
while the Th1/Th2 dichotomy is highly stereotypic (Kelso, 1995) the activation of
inappropriate effector responses conceivably could lead to the development of

immune-mediated pathol ogy.
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The study found circulating elevated levels of TNF-a and IFN-y to associate with
severity of CM in mice because their concentrations are deleterious for the host
lymphocytes although at low doses they promote the clearance of parasites (Peyron
et al. 1994) since early secretion of T helper-1 cytokines promotes parasite killing
by macrophages (Peyron et al. 1994). Although TNF-a concentrations were lower
compared to IFN-y, it is the most potent inducer of apoptosis. Thus, in the present
study, death of T-cells in the course of infection was demonstrated to occur via
apoptosis, confirmed by genomic DNA fragmentation, coinciding with elevated
systemic pro-inflammatory (IFN-y and TNF-a) responses. This inturn accelerated
the severity of CM. This suggests that apoptosis results from paracrine signaling
such as from one T cell to another rather than autocrine signaling. Although the
study did not determine the concentrations of cytokines in the brain and spleen, it
can be deduced that up-regulation of TNF-a and IFN-y in these tissues was higher

asindicated by the fragmentation of the T-lymphocytes DNA from this tissues.

This study established that high levels of parasitemia and cytokines correlate with T-
cell apoptosis. This concurs with previous studies by Tewari (2007) which
demonstrated that IFN-y induces apoptosis of activated CD4" T cells as apoptosis
was largely observed in the brain lymphocytes. T lymphocytes become activated in
response to adequate stimulation to undergo proliferation or to be effector cells; this
is accompanied by the expression of a variety of genes, including those for various

cytokines or effector molecules (Ucker et al., 1994).
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Through a comparison of the patterns of cytokine responses in the mice, the present
study was able to exhibit different courses and outcomes of infection that can be
used to deduce instances of cytokine excess or deficiency. Elevated cytokine
levels for IFN-y and TNF-a coincided with the development of CM, implying
their dual roles in the pathogenesis of malaria. Therefore, the complications seen in
ECM may be related to cytokine-mediated injury required for parasite clearance. A
study by Ramnath et al. (2006) on inflammatory mediators in microbia sepsis
found that detectable plasma Thelperl cytokines were indeed the cause of
pathophysiology of T-cells by inducing DNA fragmentation. An elevated systemic
significant increase in pro-inflammatory (IFN-y and TNF-q) in the serum resulted to
T-lymphocytes pathology in the spleen and brain. Under several circumstances,
however, T lymphocytes respond to the stimulation by a programmed cell death
response or apoptosis rather than activation (Helmby et al., 2000). Apoptotic cell
death is induced with severa kinds of reagents, cytokines, and stimulations.
Parasite or cytokines induced apoptosis in the host may also mediate the severity of

maaria.

The study was able to compare the patterns of cytokine responses in the mice
exhibiting different courses and outcomes of infection used to deduce instances of
cytokine excess or deficiency. The cytokine levels for IFN-y and TNF-a appears
to coincide with the development of CM implying their dual roles in
pathogenesis of malaria thus implying that complications seen in ECM may be

related to cytokine-mediated injury required for parasite clearance.
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4.6 Conclusions

i.  Parasitemiainduces cytokine production

ii. Elevated Levels of T helper 1 cytokines (IFN-y and TNF-a) induces
inflammation inhibiting parasite clearance

iii.  TNF-a and IFN-y appear to coincide with disease severity and
suppression of IL-4 and IL-5 since elevated levels were noted in mice
that had severe malaria

iv.  The study demonstrated a parallel link between T-cell DNA cleavage and
elevated levels of serum TH1 cytokines in respect to the findings above,

the null hypothesisis rejected.

4.7 Limitations

These results suggest that cytokine production is a dynamic process. The limitations
inherent in examining cytokine production at a single time point and in circulation
rather than in the local microenvironments complicate the interpretation of these
results. Nevertheless, insights could be gained from the cytokine differences
observed because cytokines appear to maintain a delicate balance between the
control of infection and contribution to disease in ECM infection. The mouse CBA
kit used for the analysis handles four cytokines only (IL-4, IL-5, TNFa and IFN-y)
and therefore does not alow the profiling of other maor cytokines such as IL-10,
IL-12 and IL-1 that are important during ECM. Due to limited resources it was not

possible to test for other key cytokines during ECM.
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4.8 Recommendations

i.  TNF-aand IFN-y for use in cytokine therapy and vaccine development
ii.  Further work on other cytokines such as IL-2 IL-10 and IL-12 that could be
involved in the pathology
iii.  Interventions to regulate T helper 1 cytokine response may be beneficial in

prevention of cerebral malaria
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APPENDICES

Appendix 1; Cytometric Bead Array (CBA) Mouse Th1/Th2 Cytokine Kit

The BD™ CBA Mouse Th1/Th2/Cytokine Kit can be used to measure
Interleukin-2 (IL-2), Interleukin-4 (IL-4), Interleukin-5 (IL-5), Interferon-y (IFN-
y), and Tumor Necrosis Factor (TNF), protein levelsin a single sample. The kit
performance has been optimized for analysis of physiologicaly relevant
concentrations (pg/mL levels) of specific cytokine proteins in tissue culture
supernatants and serum samples. The kit provides sufficient reagents for 80

tests.

Principle of CBA Assays

BD CBA assays provide a method of capturing a soluble analyte or set of
anaytes with beads of known size and fluorescence, making it possible to detect
analytes using flow cytometry. Each capture bead in a BD CBA kit has been
conjugated with a specific antibody. The detection reagent provided in the kit isa
mixture of phycoerythrin (PE)-conjugated antibodies, which provides a
fluorescent signal in proportion to the amount of bound analyte. When the
capture beads and detector reagent are incubated with an unknown sample
containing recognized analytes, sandwich complexes (capture bead + analyte +
detection reagent) are formed. These complexes can be measured using flow
cytometry to identify particles with fluorescence characteristics of both the bead

and the detector. The Kit uses bead array technology to simultaneously detect
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multiple cytokine proteins in research samples. Five bead populations with
distinct fluorescence intensities have been coated with capture antibodies
specific for IL- 2, IL-4, IL-5, IFN-y, and TNF proteins. The five bead
populations are mixed together to form the bead array, which isresolved in a red

channel (FL3 or FL4) of aflow cytometer.

Table 1 Theoretical limit of detection for serum cytokine levels using the M ouse

CBA kit
Cytokine Limit of detection(pg/mL)
IL-2 0.1
IL-4 0.03
IL-5 14
IFN-y 05
TNF-a 0.9

Appendix 2; Bd CBA mousekit contents

Bead reagents

Mouse Cytokine Capture Beads (A1-A7): An 80-test vial of each specific
capture bead (Al1l-A7). The gpecific capture beads, having discrete
fluorescence intensity characteristics, are distributed from brightest (Al) to

dimmest (A7).

Cytometer Setup Beads (D): A 30-test vial of setup beads for setting the initia
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instrument PMT voltages and compensation settings is sufficient for 10
instrument setup procedures. The Cytometer Setup Beads are formulated for

use at 50 pL/test.

Antibody and standard reagents

Mouse Th1/Th2/Thl7 PE Detection Reagent (B): An 80-test vial of PE-
conjugated anti-mouse IL-2, IL-4, IL-5, IFN-y and TNF a antibodies that is

formulated for use at 50 pL/test.

Mouse Thl/Th2/Thl7 Cytokine Standards (C): Two viads containing
lyophilized recombinant mouse cytokine proteins. Each via should be

reconstituted in 2.0 mL of Assay Diluent to prepare the top standard.

PE Positive Control Detector (E1): A 10-test via of PE- conjugated antibody
control that is formulated for use at 50 plL/test. This reagent is used with the

Cytometer Setup Beads to set theinitial instrument compensation settings.

FITC Positive Control Detector (E2): A 10-test via of FITC-conjugated
antibody control that is formulated for use at 50 pL/test. This reagent is used
with the Cytometer Setup Beads to set the initial instrument compensation

settings.

Buffer reagents Wash Buffer (F): A 130-mL bottle of phosphate buffered
sdline (PBS) solution (1X), containing protein and detergent, used for wash steps

and to resuspend the washed beads for analysis.
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Assay Diluent (G): A 30-mL bottle of a buffered protein solution (1X) used
to reconstitute and dilute the Mouse Th1/Th2 Cytokine Standards and to

dilute unknown samples.

Advantagesover ELISA

1) The required sample volume is approximately one-seventh the quantity
necessary for conventional ELISA assays due to the detection of seven analytes
in asingle sample.

2) A single set of diluted standards is used to generate a standard curve for
each analyte.

3) A BD CBA experiment takes less time than a single ELISA and provides

results that would normally require seven conventional ELISAS.

Limitations

The theoretical limit of detection of the BD CBA Mouse Th1/Th2 Cytokine Kit
is comparable to conventional ELISA, but due to the complexity and kinetics of
this multi-analyte assay, the actua limit of detection on a given experiment may

vary.

The BD CBA Kit is not recommended for use on stream- in-air instruments for

which signal intensities may be reduced, adversely affecting assay sensitivity.
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Appendix 3 Cytokinelevelsanalysisfor day 4 post infection with P berghel anka

95% Confidence

Interval  of the
Difference
Std. Std. Error Sig. (2-
Cytokines M ean Deviation M ean L ower Upper df tailed)
IFN-yvs IFN-y(control) =5 33333 519303 1.26667 -3.1167 778336 1842 2 0207
TNF-a vs TNF-a
(control) 0.62333 0.33262 0.19204 -0.2029 14496  3.246 2 0.043
IL4 vsIL4 (control) -0.175 0.16039 0.0926 -0.5734 0.22343 -1.89 2 0.04
IL5 vs IL5(control) -3.1033 1.41737 0.81832 -6.6243 0.41761 -3.792 2 0.063
Appendix 4; Cytokine levels analysis for day 6 post infection with P berghel anka
95% Confidence
Interval of the
Difference
Cytokines Mean Std. Std. Error L ower Upper t df Sig. (2-
Deviation Mean tailed)
IFN-y vs IFN- (control)  1.12E+01 9.84133 5.68189 -13.251 356439 1971 2 0.188
TNF-a vsTNF-a 2.98E+01 47.8547 27.6289 -89.094 148.661 1.078 2 0.404
(control)
IL-4 vsIL-4 (control) 8.04167 1.88595 1.08885 3.35671 127266 7385 2 0.018
IL-5vsIL-5 (control) -0.92333 0.73112 0.42211 -2.7395 0.89286 -219 2 0.16
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Appendix 5; Cytokine analysis levelsfor day 8 post infection with P berghel anka

95% Confidence Interval
of the Difference

Std. Std. Error Sig. (2-
Cytokines Mean Deviation Mean L ower Upper t df tailed)
IFN-y vs IFN-y (control) 2.08E+02 133.0989  76.84471  -122.246 539.0261 2712 2 0.05
TNF-a vs TNF-a
(contral) 3.15E+01 17.41427 10.05414 -11.7861 74.73279 3.13 2 0.04
IL-4 vsIL-4 (control) 6.50333  1.64233 0.9482 242357 10.5831 6.859 2 0.021
IL-5vsIL-5 (control) -1.60333  1.62608 0.93882 -5.64274 243607 -1.708 2  0.23
Appendix 6; Cytokine analysislevelsfor day 11 post infection with P berghei anka
95% Confidence Interval
of the Difference
Std. Std. Error Sig. (2-
Cytokine Mean Deviation Mean L ower Upper t df tailed)
IFN-y vs IFN-y (control) 167E+02 80.13438 46.26561 -31.6182 366.5115 3.619 2 0.029
TNF-a vs TNF-a (control)  9.33E+01  17.17336 991504  50.62235 135.9443 9408 2 0.011
IL-4 vsIL-4 (control) 7.71333 3.31219 1.9123 -0.51461 15.94128 4.034 2 0.056
IL-5vsIL-5 (control) -1.70333 0.70671 0.40802 -3.45889 0.05222 4175 2 0.053
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Appendix 7; Cytokine analysislevelsfor day 14 post infection with P berghei anka

95% Confidence Interval
of the Difference
Std. Std. Error Sig. (2-
Cytokine Mean Deviation Mean L ower Upper t df tailed)

IFN-y vs IFN-y (control) 2.00E+02 91.72386 52.95679 -28.0347 427.6747 3.773 2 0.024
TNF-a vs TNF-a

(control) 2.90E+01 18.98759 10.96249 -18.2078 76.1278 2642 2 0.063
IL-4 vsIL-4 (control) 232333  4.40519 2.54334 -8.61977 13.26644 0913 2 0.457
IL-5vsIL-5 (control) -0.22 2.39357 1.38193 -6.16597 5.72597 -0.159 2 0.888
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