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SUMMARY

The immune mechanisms leading to acquisition of tmmunity against blood stages of
malaria parasites include both cell-mediated and humoral responses. Resistance to
blood stages of Plasmodium chabaudi chabaudi AS is largely CD4" T lymphocytes
dependent. Both TH1 and TH2 cell subsets produce soluble mediators that have been
associated with protection or susceptibility. These include the cytokines Interferon-
gamma (IFNy), Tumour Necrosis Factor-alpha (TNFa), Transforming Growth
Factor-beta (TGFf) and Interleukin-4 (IL-4). The use of a live system for the delivery
of cytokines in vivo constitutes an alternative to injection of recombinant cytokines,
as a method of examining their role in induction, development and/or implementation
of immunity against blood forms of P. ¢. chabaudi AS. Attenuated S. typhimurium
expressing the genes for IFNy (5. #phimurium/IFNy), TNFo (8.

typhimurium/TNFo), TGFB (S. typhimurium/TGFp) or IL-4 (S. syphimurium/1L-4)
were used in mice to deliver these cytokines in vivo. The cytokines are secreted in

organs colonised by the bacteria, i.e. mesenteric lymph nodes, liver, and spleen.

The role of IFNy in acquisttion of immunity against erythrocytic forms of
P.c.chabaudi AS was studied. Inbred NIH mice given the construct 7 days before the
malana infection, showed a significant delay in the onset and in the level of the
recrudescent parasitaemia when compared with controls. Administration of the
construct 8 days before malaria infection resulted usually in a significantly decreased
primary parasitaemia in comparison with controls. No differences, however, were
observed in the recrudescent parasitaemia between the groups. NIH mice infected
with malarnia 3 days after or on the same day as the administration of the IFNy
construct, showed a primary peak of infection similar to controls, but the resolution
of this patent parasitaemia occurred 1 or 2 days earlier in the experimental mice when
compared with controls. In the same experiment, mice given the construct 10 days
before malaria infection had a similar course of infection as controls. Simultaneous
inoculation with two §. &yphimurium constructs: IFNy and TNFa, 8 days before
malaria infection resulted in a course of parasitaemia similar to that observed in mice
given the IFNy construct alone. On the other hand, inoculation of 'susceptible’ inbred
A/J mice with S. sphimurium/IFNy 3 days or 8 days before malaria infection had no
effect on the course of the parasitaemia when compared with controls. The immune
mechanisms involved in the better control of the malaria infection in NIH mice given
S. typhimurium/IFNY, seem to be independent of nitric oxide (NO) production, since
increased levels of the molecule were demonstrable around the peak of the primary




parasitaemia in control groups but not in experimental mice. In the latter basal levels
of serum NO were observed from the period after the S. fphimurium/TFNy
inoculation until up to three days after the peak of the parasitaemia. The role of
macrophages on the enhanced control of the malaria infection in S. yphimurium/IFNy

recipient mice remains unexplored.

To assess further the role of TNFa in acquisition of immunity against P. ¢. chabaudi
AS, 'resistant' NIH and 'susceptible’ A/J mice were given TNFo using the S.
typhimurium delivery system. NIH mice inoculated orally with the TNFa construct 5
and 3 days before, or simultaneously with the malaria infection, had a course of
infection similar to controls. However, A/J mice given the construct 3 or 5 days
before the malaria infection showed a significantly decreased peak parasitaemia when
compared with controls.

Other S. fyphimurium constructs were available and their effect on the course of
P.c.chabaudi AS infection was studied. Preliminary experiments with a TGFf
construct included its inoculation into NIH mice 4 and 7 days before malana
infection. No significant differences were observed in the course of parasitaemia of
experimental mice in comparison with control groups. Similarly, inoculation of this
construct into A/J mice 3 days before malaria infection had no effect on the course of
parasitaemia.

A S. typhimurium-IL-4 construct was given to NIH mice 4 or 7 days before malaria
infection. This resulted in a similar course of infection in experimental and control
mice. A/J mice infected with malaria 3 days after administration of the IL-4 construct
showed a course of parasitaemia which was not significantly different from controls.
A role for NO in the control the infection with P. c¢. chabaudi AS, has been
suggested by other authors. To investigate this further, inducible NO synthase (iNOS)
deficient mice were infected with the parasite and the course of parasitacmia was
followed. The mice had an increased peak parasitaemia when compared with controls.
However, the significance of these results was dependent on inclusion in the
experiments of a high number of mice in the experimental and control groups. In vitro
proliferation of spleen cells taken 6 days after malaria infection and stimulated with
ConA, showed a significantly increased response of cells from iNOS depleted mice in
comparison with controls. However, proliferation of spleen cells from iNOS depleted
mice obtained at days 0, 10, 14, and 18 was no different from controls The
supernatants from the spleen cell cultures showed that iNOS depleted mice had a
higher production of IFNy than controls, when cells were obtained at day 6 p.1., but
not at day 10, 14 or 18 p.1. The pattern and degree of sequestration of pRBC

observed at around the peak of infection, evaluated by taking peripheral blood
smears, was the same in INOS depleted and control mice. Furthermore, other

X1l



parameters such as anaemia and reticulocytaemia did not differ in the iNOS deficient
mice in comparison with controls.

The work with the iINOS depleted model confirms that although not essential for the
resolution of parasitaemia, NO probably exerts cytostatic and cytotoxic effects
against blood forms of P. c. chabaudi AS which contribute with the control of the
infection around peak parasitaemia. A scheme to indicate immune interactions in mice
injected with P. c¢. chabaudi is drawn up.

The results using S. typhimurium/IFNy and S. typhimurium/TNFo confirm that these
two cytokines have a role in the control of P. c. chabaudi AS blood forms during
early stages of infection, and that the degree of their effect depends on the strain of
mice used. IFNy seems to dominate immunity during early stages of infection in NIH
'resistant' mice, while TNFa 1s important in acquisition of immunity by A/J
'susceptible' mice. Furthermore, the work reported here suggests the feasibility of
using S. fyphimurium mutants to deliver cytokines in vivo in mice. The next step
includes the use of these S. fyphimurium mutants to study synergistic effects of
cytokines and malarial antigens. This could be achieved by either creating a co-
expression system to deliver cytokines and malarial antigens in vivo or by
immunisation with malarial antigens of mice inoculated with §. typhimurium

expressing cytokine genes.
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CHAPTER ONE
GENERAL INTRODUCTION



INTRODUCTION

1.1. Historical outline

Malana is an ancient disease. For centuries 1t was attributed to the inhalation of
noxious vapours, or miasms, from marshes, and hence the derivation of the word
malaria from the Italian "Mala Ana" (bad air). Earliest references to the disease
seem to come from inscriptions found at the temple of Denderah (Tentyra, upper
Egypt) where accounts of an annually recurrent febrile disease have been found

(Boyd, 1949). The Orphic poems written three thousand years ago talk about tertian
and quartan fevers (Hoops, 1934 as cited by Boyd, 1949). Hippocrates (400 BC.)
made a very satisfactory description of malaria (Jones, 1923 as cited by Boyd, 1949).
In his writings he seemed familiar with the intermittent and periodic fevers of a
disease he considered to be related to living in proximity to marshes. Later, Celsius
(circa 50) and Galen (second century) contributed to characterise further clinical
aspects of the disease (Hoops, 1934 as cited by Boyd, 1949).

It was not until the seventeenth century when research on malaria was extended
further. Sydenham (1624-1689) studied the differences in the periodicity of the fever
and made a clinical characterisation of complicated malaria (Boyd, 1949).

No important contributions were made towards the control of malaria until the middle
of the seventeenth century, when the Peruvian Bark known by natives as "Quina-
quina" was introduced to Europe. The earliest mention in Europe of the bark is by
Heyden 1n 1643. It was first brought to England around 1660. Sydenham and
Morton (1637-1698) experimented with it and confirmed the efficacy against malaria
fevers. This bark was later called Cinchona by Carl von Linne (Linnaeus) who
classified 1t as a new genus.

Meckel in 1847, discovered the presence of black granules in the blood of a patient
dying from malaria. In 1880 Alphonse Laveran observed exflagellation and produced
the theory that a parasite was the cause of the infection. Almost simultaneously

Gerhardt reported successful inoculation of healthy persons with blood from infected
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patients. Together these observations were responsible for discrediting the doctrine of
miasms.
As early as 1883, American physicians implicated mosquitoes in the transmission of

malaria (King, 1883). Manson in 1894 suggested that when the malaria parasites

were ingested by a mosquito they underwent further development within it. Later,
Ronald Ross started studies in India which allowed him to confirm Manson theory by
infecting Culex and Aedes with blood of infected individuals and observed maturation
of gametocytes in the mosquito stomach, but they did not develop further. He then
(1897) carried on to demonstrate oocysts on the stomach of Anopheles that were fed
on a crescent carrier. However, all developmental stages were demonstrated in Culex
when studying malaria in birds (Ross, 1898 as cited by Boyd, 1949). Late in 1898

Grassi was the first to venfy the life cycle of P. falciparum in anophelines

completely.

The first demonstration of a cycle development outside the red blood cell was made
in avian species of Plasmodium. James & Tate described in 1937, the exo-
erythrocytic schizogony of P. gallinaceum in the reticulo-endothelial cells of
chickens. However, a tissue phase for malaria in mammals was not described until
after World War II. Shortt & Garnham (1948a) observed pre-erythrocytic forms of P.

cynomolgi in the liver of rhesus monkeys, soon similar forms were found in the livers

of human volunteers infected with P. vivax and P. falciparum (Shortt & Garnham,

1948b; Shortt, 1948)

1.2. Taxonomy

Malaria parasites are protozoans with the ability to form spores and therefore they fall
into the Phylum Sporozoa ( or Apicomplexa, due to the presence of a characteristic
apical complex) (Cox, 1993). Since the spores, which develop at the end of a trophic
cycle, lack polar capsules or filaments, they have been classified into the class

Telosporea. Their zygotes are motile and their sporozoites devoid of resistant
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membranes. The mature trophozoites are small and intracellular and are therefore
assigned to the Sub-class Coccidia. Within this Sub-class the Order Eucoccidia
comprises those which undergo sexual reproduction (sporogony) as well as asexual
reproduction (schizogony). Being unable to pass any part of their life cycle outside
the body of their host, they are in the Sub-order Haemosporina in which they
constitute the Family Plasmodiidae. This Family includes parasites that undergo
schizogony in the vertebrate host and sporogony in the mosquito. The Family
contains a single Genus, Plasmodium (Baker as cited by Phillips, 1983).

There are about 120 species of Plasmodium, 22 of them infect primates and 19
rodents, bats and other mammals. Four species naturally infect humans: P.
falciparum, P. malariae, P. ovale and P. vivax. Of these P. falciparum is the most

important in public health as it is the parasite responsible for the high mortality

observed in malana.
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1.3. Life cycle

For mammalian malaria parasites infection of the host is initiated by the bite of an
infected female anopheline mosquito. During a blood meal, motile sporozoites
contained 1n the mosquito's saliva are inoculated into the host's bloodstream. A mean
of 15 sporozoites are inoculated (Rosenberg et al., 1990). Sporozoites remain in the
circulation for 15 to 60 minutes (Fatrley, 1947, Sinden & Smith, 1982) before
entering the hepatocytes where they undergo asexual division (pre-erythrocytic or
exo-erythrocytic schizogony) to develop into exo-erythrocytic schizonts (Garnham,
1966). The mature schizonts disrupt the hepatic cell and thousands of haploid
merozoites are discharged into the bloodstream. In human malaria this exo-
erythrocytic schizogony takes between 5.5 and 15 days, depending on the species,
and is thought to occur only once in the case of mammalian malaria parasites.

In P. falciparum and P. malariae, all sporozoites immediately undergo tissue
schizogony, while in P. vivax and, probably, P. ovale infections, a proportion of
sporozoites develop into latent forms known as hypnozoites which resume
development some time later. The presence of hypnozoites explains the relapses seen
in P. vivax (Krotoski ef al., 1982).

In avian malaria, the exo-erythrocytic development of the parasite occurs in the fixed
cells of the reticulo-endothelial system rather then in the liver. In addition, merozoites
coming from exo-erythrocytic and erythrocytic schizont can originate further cycles
of secondary exo-erythrocytic schizogony (Phillips, 1983).

Once released into the circulation, the merozoites rapidly invade the red blood cells
where they begin the part of the cycle known as erythrocytic schizogony. The
invasion of red blood cells 1s probably due to the presence of a species-spectfic
receptor in/on the erythrocyte membrane which enables the union of the cell
membrane with the apical complex of the merozoite. For the human malarias P. vivax

and P. falciparum, these receptors are known to be associated with the Duffy blood
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group antigen (Miller et al.,, 1975b) and glycophorin (Miller et al., 1977a; Perkins,
1981) respectively. This complex contains factors that cause invagination of the
erythrocyte membrane adjacent to the merozoite and the parasite is enclosed in a

parasitophorous vacuole (Dvorak ef al., 1975, Aikawa et al., 1978). It has been

known for many years that some species of malana preferentially parasitise young
erythrocytes (reviewed by Bray & Garnham, 1982). In vivo studies showed that P.
berghei preferentially infects reticulocytes. Similarly P. vivax has a preference for
young red cells (reviewed by Phillips, 1983). On the other hand, P. knowlesi, for
instance shows no preference for reticulocytes, while P. malariae prefer mature red
cells. Increased susceptibility of younger erythrocytes could be related to differences
in cell surface antigens affecting attachment and penetration (Pasvol ef al., 1980).
Within the red blood cell, the merozoite develops into ring and trophozoite stages and
undergoes asexual multiplication to form a schizont containing between 8-32
merozoites. Schizogony occurs by a process of budding which occurs just below the
surface of the schizont (reviewed by Phillips, 1983). Finally, the erythrocytic schizont
bursts releasing merozoites which invade further red blood cells (Dvorak et al.,
1975).

The erythrocytic schizogony takes 48 hours in P. vivax, P. falciparum and P. ovale,
while 1n P. malariae it lasts 72 hours. This cycle is relatively synchronous in the
natural host thus explaining the clinical symptoms of alternating fever and chills
characteristic of the disease (Hawking et al., 1968). The periodicity of the paroxysms
depends upon the time of occurrence of the schizogony, and fever coincides with the
bursting of infected red blood cells and reinvasion of new red blood cells by the
merozoites.

Most of the merozoites released after schizogony invade red blood cells and undergo
asexual replication, but a small proportion may differentiate into sexual forms or
gametocytes. The stimulus which makes a merozoite transform into macrogametocyte
(female) or microgametocyte (male) is unknown. However, in vitro gametogony of P.

falciparum has been induced by the addition of antimalarial antibodies, hypoxanthine,
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lymphocytes and serum from infected children, corticosteroids or N-
acetylglucosamine (reviewed by Cornelissen & Waliker, 1985) Gametocytes complete
their sexual cycle in the female mosquito after being taken up from the circulation in
a blood meal. Once in the midgut of the vector, the microgametocyte undergoes a
process of mitotic division and exflagellation before fertilisation of the macrogamete.
The resultant diploid zygote undergoes meiotic division and transforms into a motile
ookinete, crosses the gut wall and develops into a haploid oocyst between the basal
lamina and the epithelial layer (Sinden & Strong, 1978). During the next 10-16 days
the oocyst divides and liberates up to 10,000 motile sporozoites into the mosquito's
haemocoel (reviewed by Russell et al, 1963). The sporozoites migrate to the

mosquito's salivary gland ready to be injected into the host during the next blood meal

(Vanderberg, 1975) (Figure 1).
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INTRODUCTION

1.4. Clinical aspects

Malarial illness may take a variety of clinical forms differing in pattern and severty.
Some infections are symptomless, others are fatal. The reason for such a spectrum of
disease is only partially understood. One important factor known to atfect the clinical
picture of the infection is the parasite species, P. falciparum being the most likely
cause of complicated and fatal malaria. Innate or acquired resistance of the host can
influence the severity of symptoms or prevent them entirely. Similarly, the use of

antimalarial drugs and the susceptibility of the parasites to them do affect the clinical

presentation of the disease (Molyneux, 1995).

The classical picture of malaria in humans consists of alternate episodes of chills and

fever. Anaemia and splenomegaly may develop with heavy infections by any species
of Plasmodium. Febrile periods last for 6-8 hours and recur every 2-3 days depending
on the parasite species and the synchrony of the cycles. Fever in P. falciparum, P.

vivax and P. ovale recurs each third day, while in P. malariae is present each fourth
day. The periodicity of the fever is always related to the rupture of an important
number of mature schizonts with the discharge of merozoites and antigenic material

into the bloodstream.

Other associated symptoms of malaria are headache, myalgias, sweating, vomit and
occasionally, diarrhoea. Most of the fatalities occur during the acute P. falciparum
malaria. Some, however, are secondary to immune sequelae due to chronic infection.
Such is the case of P. malariae which can result in nephrosis and chronic
Splenomegaly.

A proportion of cases of P. falciparum malaria, progress from mild illness to severe
or complicated disease. In areas of intense transmission children are most affected.
The definition of "severe" disease is difficult to establish in a condition with a
continuous spectrum of clinical forms. However, in general, malaria is considered as
being severe when it is life-threatening. WHO (1990) recommended some criteria to

help classify a malaria infection as severe. These criteria include the presence of the
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following complications: coma, renal failure, severe anaemia, acidosis, respiratory
distress syndrome, hypoglycaemia, bleeding, shock, intravascular haemolysis, altered
consciousness, prostration, convulsions, jaundice and hyperparasitaemia.

During pregnancy, the clinical impact of malaria differs according to the level of
endemicity. In holoendemic areas of P. falciparum infection, pregnant women are
more likely to be parasitaemic and at higher levels than non-pregnant women.
However, there is no convincing evidence that pregnant women suffer more
symptomatic malaria that non-pregnant women. Maternal and placental malana are
associated with low birth weight in the case of primigravidae (Brabin, 1983;
McGregor et al., 1983). In areas of low or unstable transmission, pregnant women
suffer more severe disease than non-pregnant women when infected with P.

falciparum (Subramanian et al, 1992; Nosten et al, 1994). In these, there is an
increased risk of foetal loss, intrauterine or neonatal death, and increased maternal

mortality (Molyneux, 1995). Congenital cases of malaria in holoendemic areas are

rare, but in areas of low transmission, malaria in the mother at term may be followed
by congenital malaria. Symptoms begin to appear between 2 weeks and 2 months and
include fever, anorexia, hepatosplenomegaly and anaemia (Molyneux, 1995).

Chronic complications can develop in populations subjected to intense transmission of
malaria. Although rare, some individuals may develop a hyperactive splenomegaly,
nephrotic syndrome (secondary to P. malariae infection) or, when co-infection with

Epstein-Barr virus exists, Burkitt's lymphoma (Molyneux, 1995).
1.5. Diagnostic methods

The cornerstone of diagnosis and still the basis of clinical practice is the stained
peripheral blood film. Morphological examination of the parasite can be done through
evaluation of thin blood films. A thick blood film 1s a more approprnate screening test

as it allows diagnosis of low-density parasitaemias.
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A dipstick antigen detection test constitutes an attractive alternative for the diagnosis
of the infection in field, where staining and microscopy equipment are not easily
available. Sensitivity and specificity of this method for the diagnosis of P. falciparum

infection, are between 80% and 100% when compared with blood films (Shiff ef al.,

1994),

Other methods for the detection of malaria parasites include the quantitative bufly
coat method, which uses acridine orange (Spielman & Perrone, 1989) and polymerase
chain reaction (PCR) (Snounou et al, 1993). The latter detects low numbers of
parasites in small sample volumes and has been reported of particular utility in
epidemiological studies as it allows genotyping of different P. falciparum isolates

(Viriyakosol et al, 1995). Although these methods have high sensitivity and

specificity, they are impractical for field work.

1.6. Chemotherapy

For nearly two centuries following its introduction, cinchona was largely dispensed as
a powder prepared from the bark of the tree. By 1810 Gomez, a Portuguese chemist,
had extracted an impure alkaloid called cinchoquine, which did not come into wide

use. In 1820 the French chemists Pelletier and Caventou, found two alkaloids which
were named quinine and cinchonine (Scott, 1939 as cited by Boyd, 1949). Quinine
was soon found to be a more reliable therapeutic agent than the bark (Kremers, 1931
as cited by Boyd, 1949). By the middle of this century, Ledger collected a species of
cinchona which was found to have a high quinine content. This was subsequently
named Cinchona ledgeriana and soon constituted the main source of quinine. In all
more than twenty crystallizable and amorphous alkaloids have been isolated from
cinchona. Quinine remained the standard treatment for malaria until synthetic
substitutes were developed. Schuleman (1927), synthesised plasmochin and atabrine
(Boyd, 1949). During the 1930s-1940s, quinine was largely replaced by less toxic and

more efficacious synthetic compounds (Geary & Jensen, 1983).

11
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Chloroquine is the prototype of 4-aminoquinolines, which also includes amodiaquine
(reviewed by McChesney, 1983). They are rapid blood schizonticides which by
binding to DNA, block synthesis of nucleic acid (reviewed by Cox, 1993).

Primaquine, an 8-aminoquinoline, is useful in the control of tissue schizonts. In

addition, it is effective against sexual forms of P. falciparum. Primaquine is
metabolised to a quinoline diquinone structure which blocks electron transport
(reviewed by Cox, 1993) disrupting the parasite's energy mgtabolism.

Antifolates drugs include pyrimethamine and sulphadoxine. They act by blocking
synthesis of tetrahydrofolate, an important cofactor in the parasite's metabolism.
Pyrimethamine is a competitive inhibitor of dihydrofolate reductase, while
sulphadoxine blocks dihydropteroate synthetase (reviewed by Cox, 1993). They are
useful blood schizonticides and are used in combination in the case of chloroquine
resistant P. falciparum infections. Another antifolate, proguanil, is a biguanide which

has a similar mechanism of action as pyrimethamine, and is effective as a blood

schizonticide. A biguanide, chlorproguanil, in combination with dapsone (an anti-
leprosy compound), have been used as an alternative treatment in cases of non-severe

P. falciparum malaria (reviewed by Watkins, 1995) .
Mefloquine and halofantrine, both arylaminoalcohol compounds have potent action

against blood schizonts and are highly effective in the treatment of acute malaria.

Artemisin (Quinghaosu), a sesquiterpenelactone, is the antimalarial principle isolated
from Artemisia annua. Artemether, artesunate and dihydroartemisin have been
produced from artemisin. They all have a more potent malarial activity than the parent
compound and appear to be the most rapidly acting of all the antimalarials developed

so far. Their action 1s mainly against schizonts but their mechanism of action 1s not

completely understood.

Pyronaridine and atovaquone are two new antimalarials. The former exhibits a
marked blood schizonticidal activity and it may have potential as replacement for oral
formulations of chloroquine. Atovaquone, a hydroxynaphthoquinone, has a broad-

spectrum antiprotozoan activity. It has a novel mode of action by inhibiting electron

__——_____————_———--—_——__-—-—'_-—_'——__—
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transport with a high intrinsic activity in vitro against erythrocytic stages of P.
Jalciparum . It has also been found effective against the liver stages (reviewed by

Olliaro & Trigg, 1995).

Finally, benflumetol, a fluoromethanol, is an active blood schizonticide. In preclinical

studies synergy between this and artemether has been observed (reviewed by Olliaro

&Trigg, 1995).

Drug resistant strains may arise as a result of mutation which are selected after

frequent use of the drug or incomplete treatments. Dissemination of resistance results

after genetic recombination between strains (reviewed by Phillips, 1983). Increasing
drug resistance is particularly observed in countries where P. falciparum is endemic.
The parasite has developed resistance to chloroquine, sulpha/pyrimethamine
combinations and, to some extent, quinine. Chloroquine resistance is widespread in
Africa, particularly in eastern Africa. Multidrug resistance of P. falciparum is has
been observed in certain countries of East Asia and Western Pacific and constitutes a

serious problem as it may spread to African countries (reviewed by Olliaro & Trigg,

1995).
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1.7. Host resistance to malaria

1.7.1. Innate resistance

Innate resistance is observed in some hosts that have not been exposed to the
parasite. Some of the mechanisms so far identified involved in this type of resistance
are genetically controlled whilst others may simply be incidental, reflecting changing
environmental factors.

Incompatibility between the conditions found within the host and the btochemical or
physiological requirements of the parasite may affect survival and/or reproduction.
Biochemical incompatibility can take different forms. For instance, this may exist
when essential molecular structures, such as those mediating attachment to and
penetration of the parasite into cells, are missing or altered. Phystological
Incompatibility may occur when parameters such as pH, oxygen tension or the
concentration of various metabolites are unfavourable for parasite survival.
Furthermore, a host which could offer an acceptable biochemical environment to the
parasite may be resistant to infection due to the occurrence of natural immune
mechanisms different from those evoked secondary to infection.

Malaria merozoites have to invade red blood cells as an integral part of the life cycle.
In order to invade these cells, malaria parasites must make specific attachment
through specific ligands to chemical groupings (receptors) present on the cell. In P.
knowlesi , specific attachment leading to invasion does not occur when receptors on
the erythrocyte surface are removed with chymotrypsin (Miller ez al., 1975a). Miller
et al., (1975b) provided evidence that the Duffy antigen on human erythrocytes was
the receptor for P. knowlesi . Their in vitro studies showed that P. knowlesi failed to

invade Duffy-negative red blood cells. This was later suggested in P. vivax infection

(Miller et al., 1976). Dutly-negative homozygous enjoy almost complete protection

whereas heterozygous are susceptible.
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Red blood cell surface glycophorins have also been implicated as major determinants
of invasion by merozoites (Pasvol ef al, 1982). Glycophorins are sialic acid-rich
glycoproteins comprising four subgroups (a, b, ¢ and d). Cells lacking glycophorin a
(En(a-)- cells) or b (S-s-U-cells) are significantly resistant to P. falciparum merozoite
invasion (reviewed by Cox, 1993).

The susceptibility of the erythrocytes to invasion by malaria parasites is dependent
upon the age of the cell (reviewed by Bray & Garnham, 1982). Of the human
malarias, P. vivax and P. ovale are predominantly found in either reticulocytes or
slightly older normocytes. P. falciparum is thought to have a preference for
metabolically young red blood cells (Phillips, 1983). In murine malanas, P. berghei

has shown preference for invasion of reticulocytes.

Ring forms of the parasite feed on host cell cytoplasm, mainly haemoglobin. Thus
growth of the parasite is dependent on the catabolism of haemoglobin. Mutations in
or near the globin genes which alter the structure (amino acid sequence) of or the rate

of synthesis of a particular globin chain, have been associated with protection against
malaria. Most of the pathologic genetic variants result from a single amino acid
substitution in one of the normal globin chains (HbA). The most representative of
these haemoglobinopathies is sickle-cell anaemia, where a single gene mutation
determunes that the sixth amino acid from the N-terminal end of the B-globin chain
substitutes valine for glutamic acid. As a result the abnormal haemoglobin (HbS)
causes the erythrocyte to adopt the shape of a sickle when oxygen tension 1s low.
Innate resistance to P. falciparum infection in individuals with HbS has long been
recognised (Allison, 1954; Luzzato, 1979). In vitro experiments have shown that
potassium loss and not the HbS related sickling is responsible for killing of the
parasite, since abrogation of potassium loss prevents parasitic death even in sickled
HbAS cells. In addition, HbS polymer has being shown to impair parasite growth in
spite of aerobic conditions. In the case of homozygous cells (HbSS) needle-like

aggregates of deoxyhaemoglobin formed when the cell is under low oxygen tension,

disrupt the parasite (reviewed by Phillips, 1983).
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Other haemoglobins have also been associated with protection against malaria these
include: a and B thalassaemias; C, E and foetal haemoglobin.

Glucose 6-phosphate dehydrogenase (G-6-PD) is another red blood cell defect which
has been suggested to give some protection against P. falciparum malaria (reviewed
by Weatherall, 1987; Martin, 1994). Although questionable, oxidative stress is the
most plausible explanation for reduced susceptibility observed in female heterozygous
(Roth et al.,, 1988). Support for this theory comes from the fact that isouramil, an
oxidant isolated from fava beans, has been found to be more damaging to parasites in
G-6-PD-deficient cells (Golenser ef al., 1983).

Structural membrane defects of the red blood cell seem to exert a protective effect
against infection. Individuals with ovalocytosis have a lower parasitaemia than normal
when infected with P. falciparum, P. vivax, or P. malariae (Serjeantson et al., 1977).
Similarly, eliptocytosis has been reported to promote resistance to invasion by both P.

knowlesi and P. falciparum (Hadley & Miller, 1988).

Diet has been shown to affect the course of malaria infection. Erythrocytic stages,

and probably pre-erythrocytic, of the parasite appear to be suppressed by a diet with
low para-amino benzoic acid (PABA) (Hawking, 1954; Gilks, 1988). Similarly, low
protein intake has been reported to depress rodent P. berghei (Gilks et al., 1989)

infections. This may in part explain why famine relief in humans is sometimes
accompanied by outbreaks of malaria (Murray ef al., 1981).

The genetic background of the host has also been shown to affect predisposition to
infection. An association between certain HLA class I and II haplotypes and
protection from severe malaria has been observed in the Gambia (Hill ef al., 1991).
Molecular analysis of the HLA B53 association has been studied by sequencing of
peptides eluted from the B33 molecule followed by screening of canditate epitopes
from pre-erythrocytic stage antigens of P. falciparum (Hill et al, 1992). Among
malaria-immune Africans, HLA-B33-restricted cytotoxic T lymphocytes recognised a

conserved peptide from liver-stage-specific antigen-1 (LSA-1).

16



INTRODUCTION

In the rodent model of malana, P. chabaudi in inbred mice, which is used in this
study, susceptibility to infection seems to be under genetic control by a single
dominant, autosomal, non H-2-linked gene (Stevenson ef al, 1989). Susceptible
mouse strains, such as A/J, develop a fulminating parasitaemia and succumb to
infection. Resistant hosts, such as C57BL/6 and NIH mice, develop a moderate level
of peak parasitaemia, eliminate the acute infection in five weeks and are immune to
reinfection. The ability to produce high amounts of NO early during P. chabaudi
infection has been correlated with resistance to infection . Resistant C57BL/6 mice
had an increased expression of INOS mRNA during early stages of the infection when
compared with susceptible A/J mice (Jacobs et al., 1995). Furthermore, high levels of
nitrate, an oxidised form of NO, have been observed in infected mice. during primary
parasitaemia and a sharp peak of nitrate production has been associated with the peak
of infection (Taylor-Robinson ef al., 1993). Others have demonstrated increased
levels of nitrate in plasma of individuals infected with P. falciparum or P. vivax (Cot
et al., 1994; Nissler ef al., 1994). The mechanisms mediating the NO-dependent
control of the blood forms of the malaria parasites are not clear. In P. falciparum a
direct cytostatic effect has been observed in vitro in cultures treated with SNAP (an

NO producer) (Balmer et al., 1995), while NO derivatives had a cytostatic effect in

vitro, on the parasite.

The cytokines IFNy and TNFa are critical in the regulation of the production of NO.
Resistant C57BL/6 mice treated with anti-IFNy and anti-TNFoa. mAb had a reduction
of both INOS mRNA in the spleen and serum NO;~ and an increased peak

parasitaemia during infection with blood forms of P. chabaudi (Jacobs et al,
1996a). IFNy production peaks in resistant mice 2-3 days before the peak of infection
with P. chabaudi AS (Slade & Langhorne, 1989). In vitro production of the
cytokine by spleen cells from resistant mice has been observed 1-2 days before peak
parasitaemia (Stevenson et al, 1990a, Taylor-Robinson & Phillips, 1994a).
Furthermore, neutralisation of IFNy in vivo results in exacerbation of infection and

injection of rIFNy depress parasitaemia (Stevenson ef al., 1990a). Tsuji et al. (1995)
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have reported a slight delay (2-3 days) in the clearance of a blood infection with P.
chabaudi adami in IFNy-receptor B-chain deficient mice in comparison with

controls. Infection of IFNy-deficient mice with blood forms of P. chabaudi adami,
resulted in a higher peak parasitaemia and prolonged infection when compared with

controls (van der Heyde et al., 1997).

Stevenson & Ghadirian (1989) showed that treatment of resistant C57BL/6 mice with
human recombinant TNFa. has no effect on the course or outcome of P. chabaudi AS
Infection. On the other hand, similar treatment of susceptible A/J mice resulted in
survival from a P. chabaudi AS infection and a significant decrease in the peak
parasitaemia (Stevenson & Ghadirian, 1989) compared with controls. More recent
work into the role of TNFa in the genetically dependent resistant to P. chabaudi
infection has shown that resistant C57BL/6 mice have higher levels of TNFa
messenger RNA (mRNA) in spleen and liver, than susceptible mice (Jacobs et al,
1996b). Furthermore, increased levels of TNFa in serum and of TNFa mRNA in liver
later during infection, were found in susceptible A/J mice. This suggests that TNFa
has a protective role during a P. chabaudi infection when it is produced in the spleen
and the liver early during infection and has a deleterious effect when it is found in
hugh levels only in the liver. Jacobs ef al. (1996b) proposed that the paradoxical role
of protection (or resistance) versus pathology (or susceptibility) of TNFo. in malana
infection may be dependent on the amount of TNFa released and the timing and site
of its expression. In humans, a genetic propensity of the host to produce high levels
of TNFa during P. falciparum infections has been observed (McGuire ef al., 1994),
as a result of changes in the TNFo gene promoter region. Therefore, children who

are homozygous for the TNF-2 allele have a significantly increased risk of suffer

neurological sequelae due to cerebral malaria.
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1.7.2. Immunity to malaria

1.7.2.1. Innate immunity

Non-specific acquisition of resistance against malarta has been observed after
administration of unrelated agents. In murine malarias previous exposure to
Mycobacterium bovis (BCQG) resulted in resistance to infection (Clark et al.,, 1976,
Murphy, 1981), Similarly, inoculation with killed Propionibacterium acnes (formerly
known as Corynebacterium parvum) have conferred a degree of protection against
subsequent challenge with P. chabaudi (Clark et al., 1977), P. vinckei (Lucia &
Nussenzweig, 1969; Cottrell et al, 1977) and P. berghei (Nussenzweig, 1967,
Murphy, 1981).

Exposure to a range of products can result in protection against malana. These
include Concavalin A (ConA), lipopolysaccharide (LPS) (Cottrell et al., 1977),
Coxiella  burnetti extract (Clark, 1979), freeze-thawed Toxoplasma gondii
tachyzoites (Omata et al,, 1981), endotoxin (Martin et al,, 1967), and magnesium

silicate 1n calcium phosphate gel (Michel et al., 1982).

The mechanisms which mediate such non-specific immune response to malaria have
not been completely elucidated. These may include, amongst others, macrophage
activation (Nussenzweig, 1967) (with or without the production of macrophage
autocrine factor, TNFa), and increase of natural killer (NK) cells levels. In separate
observations TNFa was implicated in parasite death through the release of nitric
oxide (Green et al., 1990) and superoxide ions (Allison & Eugui, 1982).

Endogenous environmental factors such as hormones play an important role in the
modulation of the immune response (reviewed by Schuurs & Verheul, 1990). In
murine infection with P. chabaudi, a spleen-dependent mechanism has been
implicated in the suppression of acquisition of immunity to blood forms of the

parasite (Benten ez al., 1991).
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The processes involved in naturally acquired immunity to malaria are not well
understood. The fact that many different antigens are presented to the host's immune
system throughout a malaria infection, results in a complex immune response to the

disease. As a result the immune responses generated tend to be stage specific as well

as species and strain specific.

The development of malarial immunity is related to the level of endemicity (Bjorkman
et al., 1986). Evidence of acquired immunity to malaria infection in humans starts to
appear at the beginning of the second week of patent parasitaemia and is manifested
as a reduction in the parasite's reproduction rate and in the number of pRBC in the
blood. After a variable period, the immunity decreases the parasitaemia to low or
undetectable levels (McGregor, 1956). The immune response can diminish the clinical
symptoms of infection. However, there i1s no direct correlation between parasitaemia
and the presence of symptoms. "Anti-disease" immunity, results after development of
an immune response against certain parasite antigens, probably different form those
conferring anti-parasite immunity (reviewed by Playfair, 1991). As acquired
immunity is short-lasting, constant exposure to the parasite is required in order to be
maintained. The presence of sterile immunity has been described in rodents infected
with P. berghei (Cox, 1962), but epidemiological studies indicate that it does not
exist in humans.

Infants born to P. falciparum immune mothers are protected from infection up to the
age of 6 months. This protection might be explained by the effect of maternal
antibodies and the less favourable intracellular environment created by the presence of
foetal haemoglobin (reviewed by Bruce-Chwatt, 1979), 1n addition to PABA deficit
(milk is deficient in PABA) (Hawking, 1954). During the following 2 years of age,
they suffer from severe infections, after which high parasite densities persist, but less

pronounced illness 1s observed ((Wilson ef al, 1950; McGregor, 1960, Playfair,
1990).
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1.7.2.2. Acquired immunity against asexual erythrocytic stages

Although asexual forms of Plasmodium are not the initial stage of the parasite to be
encountered by the host, they are responsible for essentially all of the pathology
associated with malaria. In natural infection, the synchronous rupture of infected
erythrocytes allows massive antigen release. Subsequently, on invasion of new RBC,
different antigens are expressed on the surface of the cell. Therefore, most of the
parasite antigens that are exposed to the immune system derived from the asexual
blood stage. However, elucidation of the nature of the effector immune mechanisms
to the asexual blood stages have been difficult, with many host as well as parastte

factors affecting the outcome (Hviid ef al., 1992).

a). Humoral immunity

In human malaria, in vivo evidence for the importance of antibodies in protection

against infection comes from studies of passive transference of IgG (Cohen ef al,
1961; Sabchareon et al, 1991). In addition, in vitro studies have shown that
antibodies are involved in the inhibition of red cell invasion by merozoites of P.
knowlesi (Miller et al., 1975a) or P. falciparum (Phillips et al., 1972; Mitchell et al.,
1976). Puntied IgG anti-P. falciparum antibodies promote in vitro phagocytosis of
merozoites and schizont-infected erythrocytes by monocytes (Bouharoun-Tayoun ef
al., 1990). The observation that some individuals with high levels of antimalarial
antibodies may evidence clinical disease can be explained by functional differences
existing among antibodies of the same antigenic specificity (Bouharoun-Tayoun &
Druilhe, 1992). Opsonization by cytophilic antibodies may be inhibited by IgG, and
IgM, which in addition are unable to arm monocytes (Ho & Sexton, 1995). It has
been observed that in a P. falciparum endemic population, IgGy and IgM level are

increased in susceptible groups, while IgG) and IgG; increase with age was

correlated with clinical immunity (Bouharoun-Tayoun & Druilthe, 1992).
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b). Cellular immunity
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