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1.2.1 Humoral immunity

B-lymphocytes (B-cells) are the lymphocytes generally associated with the humoral
immune response. They carry clonally distributed membrane-bound immunoglobulins.
When appropriately activated they can proliferate and differentiate into B memory cells,
or into antibody forming cells which secrete antibodies into the surrounding medium.
Memory cells can be reactivated by subsequent contact with the same antigen, and will
rapidly produce a new wave of antibody forming cells. B-cells are produced in the bone
marrow of adult mammals. In fetal mice and humans, the first site of B-lymphopoiesis is
the liver. B-cells recognize antigens in their native conformation either free in solution,
bound to the membranes, or on the surface of the cells. They are able to process soluble

antigens and are involved in antigen presentation to the T-cells.

1.2.2 Cellular immunity

T-lymphocytes (T cells) are the lymphocytes associated with the cellular immune
response. Most T-cells can only recognize antigens, or more specifically fragments of
processed antigens, if they are presented to them physically bound to the major
histocompatibility complex (MHC) molecules of antigen-presenting cells. The receptor
involved i this recognition is called the T-cell antigen receptor (TCR). The T-cell
receptor is composed of two glycoprotein chains, o and B, linked by disulphide bonds
(Male D et al., 1995). It possesses two extracellular domains, one variable and the other
constant, and a cytoplasmic tail Although the predominant part (90%) of the T-cell
population bears o/3 TCR, a minority (10%) possesses a TCR composed of two other

glycoprotein chains y and 3.

The acquired cellular immune response is composed of CD4" and CD8" T-cells. CD4"
T-cells recognize proteins commonly referred to as antigens after they have been
processed by a specific group of cells termed antigen-presenting cells (APC). CD4" T-
cells recognize antigens that have been processed through the exogenous pathway by

antigen-presenting cells (such as dendritic cells, macrophages and B-cells), expressing



major histocompatibility complex (MHC) class II molecules (Roitt et al. 1997). Afier the
recognition of antigen in association with MHC class II molecules, CD4" T-cells become
activated, and differentiation can occur into functional subsets termed T helper 1 (Thl)-
type and T helper 2 (Th2)-type cells. The distinction of these subsets is based on their
production of a variety of proteins called cytokines. The signature cytokines for Thl and
Th2 cells are interferon-gamma (IFN-y) and interleukin 4 (IL-4), respectively. Thl cells,
through their production of IFN-y, mediate the killing of organisms responsible for a
variety of intracellular infections. For many intracellular infections the induction of a
functional Th1 response is crucially dependent on another cytokine, 1L-12, which is
produced by antigen-presenting cells such as macrophages and dendritic cells after
exposure to the pathogen at the initiation of the immune response. Thus, in response to
many intracellular infections, I1L-12 is the inducer of Th1 cells, and IFN-y is the effector
cytokine that mediates protection. CD8' T-cells also mediate their effector function
through the production of cytokines such as IFN-y and tumour necrosis factor-alpha
(TNF-a) and/or through a direct cytolytic mechanism. The mechanism of cytolytic
killing is mediated by release of granule contents such as perforin and granzyme from
CD8" T-cells. In addition, CD8" T-cells can kill cells by process of Fas-mediated lysis
(Roitt I et al. 1997).

1.3  Processes of immune response in malaria

Malarial infections stimulate each component of the immune response. CD4" and CD8"
T-cells, afy T-cell receptor (TCR), v TCR, B-cells and macrophages are all rapidly
activated during malaria infection. CD4" T-cells, however, play the major role in
protective immunity against asexual blood stages, with minor contributions from CD8"
T-cells and yd T-cells. This has been demonstrated in murine experimental malaria by
depletion of different populations of T-cells in vivo, adoptive transfer of purified T-cells
and T-cell lines and clones, and more recently, by disruption of all appropriate genes by
homologous recombination (Taylor-Robinson W et al. 1995, Yap G et al. 1994, von der
Weid et al. 1993). Immunization with irradiated sporozoites induced CD8" T-cells

specific for the epitopes SYIPSAEKI and SYVPSAEQI, located in the circumsporozoite



protein of P. berghei and P. yoelii, respectively. The identification of these epitopes
permitted the generation of epitope-specific CD8" T-cell clones that were used to study
the in vivo antiparasite activity of these T cells (Romero P et al., 1989, Rodrigues M et
al., 1991, Weiss W et al., 1992). Cloned CD8" T cells transferred into mice subsequently
challenged with viable sporozoites inhibited the development of liver stages and thereby
prevented the infection of red blood cells. CD4" T-cells are divided into two major
subsets, Thl and Th2, based upon the repertoire of cytokines secreted following
stimulation, with distinct cytokine profiles that they display indicating their function
(Mosmann T et al. 1987). Th1 cells produce interleukin 2 (IL-2), IFN-y and TNF-o, and
through these mediate macrophage activation and delayed type hypersensitivity
responses. Th2 cells produce I1L-4, IL-5, IL-6, IL-13 and IL-10, and provide help for
maturation of B-cells to plasma cells and for the production of antibodies. This implies
that Th1 and Th2 cells mediate qualitatively distinct immune responses, with largely non-
overlapping cell-mediated and humoral elements. Central to an understanding of the
processes leading to resolution of parasitaemia or pathology is elucidation of the interplay
of the major CD4" T-cells, and their associated cytokines and other effector molecules
(macrophages and dendritic cells) involved in the immune response to the malaria

parasite.
1.3.1 Role of macrophages and dendritic cells in malaria

An antigen-presenting cell (APC) is defined as any cell that expresses MHC or related
molecules (e.g. CD1) that bind antigenic components such as peptides, and is recognized
by one class of T-cell or another (Austyn J., 2000). Thus, cytotoxic T-cells and helper T-
cells generally recognize peptide-class I and class II MHC complexes, respectively, on
the surface of the APC. Dendritic cells (DCs) are antigen-presenting cells with a unique
ability to induce primary immune responses (Banchereau J et al., 1998, Bell D et al.,
1999). DCs capture the antigen and transfer information from the outside to cells of the
adaptive immune system. DCs are critical not only for the induction of the primary
immune responses, but also in the induction of immunological tolerance, as well as in

regulation of the type of T-cell-mediated immune response (Banchereau J et al., 2000,



Hart D et al., 1997, Steinman R et al., 1991). DCs reside in tissues as immature cells
with high phagocytic capacity. Following antigen capture and activation, they migrate to
the Iymphoid organs where they prime antigen-specific CD4" and CD8" T-cells (Bruna-
Romero O et al, 2001). DCs play a pivotal role in initiating immune responses to
malaria. Urban and colleagues have shown that falciparum-infected erythrocytes bind to
the surface of myeloid DCs in vitro and profoundly modulate the maturation and function
of DCs (Urban B et al., 1999). Infected erythrocytes inhibit the normal upregulation of
MHC class II molecules, adhesion molecules, and co-stimulatory molecules (CD83 and
CD86) on DCs after stimulation with lipopolysaccharide (LPS). The ability to stimulate
not only the allogenic but also antigen-specific primary and secondary T-cell responses is
reduced in malaria (Urban B ef al., 1999). It has recently been shown that dendritic cells
presenting Plasmodium yoelii sporozoite antigens are able to activate specific CD4" and
CD8" T-cells and initiate protective immune responses against malaria in mice (Bruna-

Romero et al., 2001).

Macrophages are large phagocytic cells, derived from blood monocytes that also function
as antigen-presenting cell ~ Animal models and indirect evidence from clinical
observations suggest that phagocytosis of infected red cells by splenic macrophages is a
critical component of host defence mechanisms against blood-stage parasites.
Macrophages phagocytose malaria-infected erythrocytes. Macrophages not only ingest
intact erythrocytes but also extract parasites from recently infected erythrocytes, leaving
the erythrocytes to continue to circulate (Urban B et al., 2002, Angus B et al., 1997,
Chotivanich K ef al., 2002). Macrophages participate in the control of the infection
through both antibody-dependent and independent phagocytosis, and secretion of soluble
factors directly or indirectly toxic to the parasite, such as IL-1, TNF-a, granulocyte-
macrophage colony stimulating factor (GM-CSF), reactive nitrogen intermediates (RNT)
and reactive oxygen intermediates (ROI) (Pichyangkul S ef al., 1994, Yamada-Tanaka M.
S. et al., 1995, Prada J et al., 1996). Haemozoin is a key factor in malaria-associated
immunosuppression, affecting both the antigen-processing and immunomodulatory
functions of macrophages (Metzeger W et al., 1995, Taramelli D ef al., 2000). The

accumulation of pigment inside the macrophages has been shown to impair macrophages
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activation and function. The percentage of heavily haemozoin-laiden leukocytes and
macrophages correlate with disease severity (Metzeger W ef al., 1995, Taramelli D ef al.,

2000).

1.3.2 Role of cytokines in malaria

Cytokines are low molecular weight proteins that stimulate or inhibit differentiation,
proliferation or function of immune cells. An appropriate immune response is critical in
determining the outcome of malaria infection. It has been suggested that IFN-y
contributes to the immunity against blood-stage infection, as it is a potent activator of
effector cells, such as macrophages, in which it induces phagocytosis and killing
(Ockenhouse C et al. 1984, Gyan et al 1994). Increased serum levels of IFN-y have been
reported for some P. falciparum infected individuals (Kwiatkowski et al. 1989, Wenisch
et al. 1995). Cytokines may be beneficial for the host but they are also involved in the
pathogenesis of malaria. This dual role is most apparent for the inflammatory cytokine
TNF. Morbidity and mortality of severe P. falciparum malaria are related to the blood
concentrations of TNF (Grau G et al. 1989, Kwiatkowski D et al. 1990) which, in
addition to other cytokines, also plays a critical role as a mediator of malaria fever
(Kwiatkowski D et al. 1993, Kwiatkowski D et al. 1995). A critical role of IL-4 for
parasite clearance has been suggested by its elevated serum levels in parasitaemic
individuals living under perennial and holoendemic P. falciparum transmission (Mshana
et al. 1991). IL-10 has been shown to increase during the acute attack and then return to
normal levels when clinical symptoms have disappeared (Mshana et al. 1991). Other
cytokines believed to play a role in malaria immunity include GM-CSF and 1L-8. GM-
CSF acts synergistically with TNF in neutrophil-mediated phagocytosis and killing of
asexual blood stages (Kumaratilake et al. 1996).

1.3.2.1 Pro-inflammatory cytokines and malaria

A minimal pro-inflammatory response is beneficial in limiting parasitaemia, but an

exacerbated host response invariably leads to tissue damage. In human malaria, altered
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immune reactivity appears late in the acute phase of the disease and can last a long time
after the clearance of parasites from circulation. An explanation for the poor acquisition
of malaria immunity in naturally exposed populations is that the parasite actively
modulates the immune system of the host, preventing the development of specific
immune responses (Plebanski M et al. 2000). The inflammatory response that is needed
to remove parasites leads to considerable tissue damage, and activation of phagocytes to
kill intracellular or extracellular parasites requires the production of inflaimmatory
cytokines, which can cause or exacerbate systemic effects such as severe anaemia and
cerebral malaria (McGuire W et al., 1994, Luty A et al., 2000). The outcome of the
malaria infection then depends on a delicate balance between appropriate and

inappropriate induction of these mediators.

1.3.2.1.1 Tumour Necrosis Factor (TNF)

TNF and its receptors are members of the extended super gene families (Thomson ef al.,
1998). Although several different cell types synthesize TNF under in vitro conditions
(Vassalli et al., 1992), its production is mainly attributed to macrophages and T-cells.
TNF and related proteins such as lymphotoxin are structurally homologous and encoded
by genes clustered on human chromosome 6 and mouse chromosome 17 within the MHC
locus (Locksley R ef al., 2001). TNF can be expressed in two biologically active forms
namely as a precursor membrane bound protein (26 kD) which can be cleaved to a
soluble mature protein (17 kD) by TNF converting enzyme (TACE). TNF and membrane
bound TNF can bind to TNF-receptor (TNFR)-1 and TNFR-2. TNFRI1 and TNFR2 are
expressed on a broad spectrum of cell types and can exist in both a soluble form or can be
attached to the membrane (Locksley R ef al., 2001).

The role of TNF in malaria has been extensively studied in both humans and mice. The
first characterized parasite-induced cytokine is TNF-a, induced in macrophages by
erythrocytes infected with plasmodium, malarial pigment (Pichyangkul et al., 1994). The
amount of TNF-o produced by malaria parasites varies between people in the same
endemic area exposed to similar parasites and inoculation rates (Peyron F et al., 1990). It

has also been shown that the variation of concentrations and appearance of TNF-a in
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people with severe malaria and subclinical malaria could be modulated by other factors
such as reactive nitrogen, oxygen radicals, leukotrienes, and cytokines such as IFN-y, 1L-
4 and IL-10 (Fiorentino D et al., 1991, Essner R et al., 1989). Luty ef al., 2000 showed a
close association between the presence of severe anaemia, high TNF-a concentrations,
and a large number of circulating haemozoin-containing monocytes, suggesting that
TNF-a-production plays a part in either mitiation or exacerbation of anaemia as a clinical
outcome of chronic, uncontrolled parasitaemia. Several clinical studies have attempted to
determine the association between serum TNF-a levels and cerebral malaria (Grau G et
al., 1989, Kwiatkowski D ef al., 1990, Shaffer N ef al., 1991). In a Malawian study, the
mean serum level of TNF-o was higher in patients with P. falciparum infection who died
than those who survived. In another study involving children from Gambia, a similar
correlation between serum TNF-a levels and the severity of cerebral malaria was
reported (Grau G et al., 1989, Kwiatkowski D ef al/ 1990). In this study it was further
reported that TNF-a was a better indicator of fatal outcome in childhood cerebral malaria
than other parameters such as parasite density and blood glucose levels. The role of
TNF-o in cerebral malaria has been studied extensively using rodent malaria models.
Infection of susceptible CBA/Ca mice with Plasmodium berghei Anka (PbA) induces a
fatal cerebral disease (Grau G et al., 1987). In these mice, anti-TNF antibody treatment
has been found to abrogate the symptoms of CM (Grau G ef al., 1987). However, it is
difficult to extrapolate these findings to human cerebral malaria because this rodent
model does not reproduce the pathological features observed in human cerebral malaria.
There are at least two theories that explam the role of TNF-a in the pathogenesis of
cerebral malaria. Ian Clark and Cowden et al, 1992, proposed that TNF-a maybe
directly involved in cerebral malaria by inducing toxic compounds, such as nitric oxide,
which may cause brain dysfunction. An alternative hypothesis takes into account the role
of TNF-o inducing the expression of receptors for the cytoadherence of P. falciparum on
microvascular endothelial cells (de Kossodo et al., 1993). TNF-a activates expression of
cell adhesion molecules such as ICAM-1, VCAM-1, and ELAM-1 on microvascular
endothelial cells (Mantovani A et al,, 1992). These molecules on the cerebral

microvascular endothelial cells serve as receptors for the binding of parasitized
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erythrocytes. In contrast to the pathogenic role of TNF-o during malaria infection, TNF-
o can increase the phagocytic capacity due to an increased expression of Fc-receptors on
monocytes, or to the modulation of Fc-receptor signaling pathways by signals originating
from the binding of TNF-a to its receptors. TNF-o also acts on lymphocytes and
monocytes by increasing the inhibition of P. falciparum via a mechanism unrelated to
phagocytosis. This then suggests that TNF-a has a pleiotropic antimalarial effect and
that this protective effect depends on the interplay of different factors, such as
monocyte/macrophages, lymphocytes, and antibodies, in addition to the other cells and

molecules (Muniz-Janqueira M ef al., 2001).

1.3.2.1.2 Interferon-gamma (IFN-y)

Interferon-y is a macrophage-activating factor involved in the innate immune response to
malaria. It is mainly produced by CD4" and CD8" T lymphocytes in a specific immune
response and by NK cells in a non-specific response (Weiss W et al., 1993). Studies of
experimental murine models as well as human models suggest an important role for
interferon-y in protective immune responses to blood stage malaria. Luty A ef al., 1999,
demonstrated that IFN-y production by CD4" T-cells to specific erythrocytic antigens is
associated with protection against malaria reinfection in Africa. IFN-y, chiefly produced
by T-cells, may also help to induce IgG blood-stage specific antibodies and assist in
antibody-dependent cellular mhibitory mechanisms (Bouharoun-Tayoun H et al., 1995).
There is evidence which suggests that nitric oxide (NO) has an important role in the
destruction of imtrahepatic malaria parasites in response to IFN-y and other cytokines
released by T-cells and NK-cells. IFN-y, via signal transducers associated with
transcription, activates inducible nitric oxide synthase and induces the L-arginine-
dependent NO pathway, subsequently eliminating the infected hepatocytes or the hepatic
schizonts within the cells (Malaguarnera L et al., 2002). The in-vitro treatment of
plasmodium-infected hepatocytes with IFN-y eliminated P. falciparum parasites from
culture, and in-vivo administration of IFN-y partly protected against sporozoite challenge

with Plasmodium berghei in mice. Winkler S ef al., 1999, demonstrated that children
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with P. falciparum hyperparasitaemia have lower concentration of CD4" T-cells secreting
IFN-y than children with uncomplicated malaria. IFN-y is essential for the resolution of
primary infection by limiting the initial phase of parasite replication, but also contributes
to the acute symptoms of malaria infection such as fever, nausea, and headache through
the induction of TNF-o and IL-1 (Riley E et al., 1999). IFN-y plasma concentrations are
higher in clinical cases of malaria than in symptomless cases and a temporal association
between IFN-y or TNF-oo predisposes to severe pathology (Riley E et al, 1999).
Treatment of mice with exogenous IFN-y delays the onset of parasitaemia and decreases
the number of infected erythrocytes during P. chabaudi adami infection (Clark I et al.,
1987). Shear et al., 1989 demonstrated that daily treatment with recombinant IFN-y
resulted in a less severe course of infection and increased survival in mice infected with
the lethal strain of P. yoelii 17X. They further found a correlation between timing and
level of IFN-y production in vitro by spleen cells and outcome of infection with lethal

versus nonlethal strains of P. yoelii 17X.
1.3.2.1.3 Imterleukin-12 (IL-12).

IL-12 is a 70-kDa-heterodimeric cytokine composed of two disulphide-linked subunits of
35 and 40 kDa (Thomson A et al., 1998, Gately M et al., 1998). In both man and mouse,
the two genes for these proteins are located on separate chromosomes. The two subunits
together form the p70 protein, which is the biological active molecule of IL-12. For
release of IL-12p70, the two genes must be expressed in the same cell. Earlier evidence
suggests that while the expression of p40 mRNA is highly upregulated following
activation of IL-12-producing cells, p35 mRNA expression is constitutive. Evidence now
suggests that the induction of both genes can be upregulated, but compared to p3S, the
p40 gene appears to be much more highly regulated. I1L-12 is produced primarily by
antigen presenting cells, macrophages and dendritic cells, in response to bacteria and
bacterial products such as LPS, intracellular parasites and viruses, and through
engagement of CD40 on APC’s by its ligand, CD40L, on activated T-cells (Trinchieri G
et al., 1998). It has also been described in other cell types, including neutrophils and

microgial cells.  Multiple mechanisms appear to regulate IL-12 production, both
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