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Abstract

Falciparum malaria may have infected Homo sapiens (and perhaps H erectus) in the Asia Pacific region for more than 100 000 years.
This estimate is based on the gene frequency of a-thalassaemia, the protection it affords against falciparum malaria and assumptions
of untreated mortality from the infection. Up until the end of the 19th century, there was a high mortality from malaria in the coastal
parts of Malaya, but the malaria control campaign, begun in 1901 at Klang, was described by Sir Ronald Ross as the first successful
antimalarial work in the (then) British Empire. This was extended to Singapore in 1911. When the Far Eastern Association of Tropical
Medicine held its Fifth Biennial Congress in Singapore in 1923, malaria was still a major killing disease in parts of Malaya and Sarawak.
The mechanism of life-threatening malaria involves cytoadherence of parasitised erythrocytes in microvascular beds, a process
enhanced by the products of macrophage activation induced by malarial pyrogen. Improvements in the chemotherapy of life-threatening
falciparum malaria with chloroquine and quinine have been countered by the emergence of resistant strains. Artemisinin derivatives
may become the treatment of choice during the coming decade. Apart from traditional anti-mosquito methods, control of malaria now
involves the use of insecticide-impregnated bed nets, new entomological strategies, including genetic manipulation of mosquitoes and
selective chemoprophylaxis. Antigenic diversity and antigenic variation of the malaria parasite have so far defeated attempts to produce

an effective vaccine.
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Introduction

Today, malaria is the single most important parasite
causing morbidity and mortality in the world, and is
second only to Mycobacterium tuberculosis as the single
most important infective agent. The global incidence of
malaria is estimated at around 400 million clinical cases
per year, of which the large majority occur in sub-
Saharan Africa. The annual mortality from malaria is
between 1 and 3 million. Virtually all of these deaths are
caused by Plasmodium falciparum (malignant tertian
malaria). The other malaria parasites of humans, P vivax,
P ovale and P malariae, can cause unpleasant acute febrile
symptoms and repeated attacks, as in the case of re-
lapses or reinfections with P vivax, can produce signifi-
cant morbidity, economic hardships if the victim is an
adult, and chronic anaemia. The few deaths from these
“benign” malarias result from rupture of enlarged
spleens, general debility and intercurrent infections.
However, there is historical evidence of high mortality
from vivax malaria when it was prevalent in parts of
Europe, for example in England in the 17th and 18th
centuries.” This review is confined to consideration of
falciparum malaria.

The Past

For how long has P falciparum infected humans?
Studies of the morphological and biological characters
of human and primate malaria parasites led Garnham?
to hypothesise the emergence of virulent P falciparum
(Laverania) in mid-Pleistocene times when humans
diverged from the higher apes. Recent studies of gene
sequences of plasmodia have been interpreted in differ-
ent ways. Waters et al* analysed small subunit ribosomal
RNA (SSU rRNA) of plasmodia infecting several classes
of vertebrates and found that P falciparum was closest to
the avian malarias. They suggested a transfer from
birds to humans in relatively recent times. They argued
that the transmission dynamics of P falciparum infection
required large human populations in stable relation-
ship with mosquito vectors, circumstances conceivable
only after the origins of agriculture, perhaps as recently
as 5000 years ago. However, P falciparum infection can
be maintained in quite small populations with an ap-
parently low rate of infection such as the pygmies of the
Ituri forest of Zaire. Escalente et al® studied conserved
regions of the gene coding for the circumsporozoite
protein (CSP) of 12 species of human and primate
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plasmodia. P reichenowi, of which the natural hosts are
chimpanzees and lowland gorillas, is morphologically
almost identical to P falciparum, and was found to be the
most similar genetically. These authors conclude that P
falciparum is an ancient human parasite, associated with
humans since the divergence of homonids from the
hominoids most closely related to them, perhaps 8.9
million years ago. If this interpretation is correct, we
may imagine that ancestral species in Southeast Asia,
such as Homo erectus (“Peking man”), whose fossil re-
mains have been found in parts of China and Indonesia,
may have suffered and died from falciparum malaria.

The gene frequencies of a number of potentially del-
eterious erythrocyte abnormalities, such as sickle cell
disease, thalassaemias and glucose-6-phosphate-
dehydrogenase deficiency, reach high levels in
countries with endemic falciparum malaria, suggesting
a protective effect. For example, along the north coast of
Papua New Guinea, in Nepal and in the Andhra Pradesh
province of India, the gene frequency of the single
a-globin gene deletion may exceed 80%.° The
a-thalassaemias result from rearrangements/deletions
of the a-globin gene complex on chromosome 16. The
time taken for mild a-thalassaemia (o+thal, -a./-o) to
reach its present gene frequency in parts of Southeast
Asia and New Guinea has been estimated at between
50 000 and >100 000 years, by making various assump-
tions (AVS Hill, personal communication). This implies
a “time depth” of malaria of a similar order. However,
Flint et al® have argued that malaria selection has oper-
ated relatively recently (within the last 5000 years) on

human populations. This is the only feasible explana- .

tion for the geographical patchwork of different
patterns of haemoglobinopathy, the majority of which
result from regionally specific mutations arising only
once. For example, there is good archaeological evi-
dence that the Vanuatu archipelago has been populated
for less than5000 years, and yet the commonest haplotype
-0, which is very unlikely to have been imported, has
reached a protective frequency.

Malaria in West Malaysia and Singapore

In the much more recent past, high temperatures,
heavy rainfalls, extensive mangrove swamps and luxu-
riant tropical vegetations contributed, at the end of the
last century, to devastating malaria and blackwater
fever along the coasts of peninsular Malaysia and Singa-
pore.”® However, this unpromising environment was to
be the site of what Sir Ronald Ross described as the first
successful antimalarial work in the (then) British Em-
pire. At the Fifth Biennial Congress of the Far Eastern
Association of Tropical Medicine, held in Singapore in
1923, when the foundation stone was laid for the new
College of Medicine, some of this pioneering work on
malaria control was reviewed. Sir Malcolm Watson,
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who was stationed in Klang for 28 years, gave vivid
descriptions of the malaria prevention campaign which
was started in 1901, a year after the foundation of the
Institute for Medical Research.”® Today, in these healthy
surroundings, it may be difficult to appreciate what life
must have been like in the early years of this century,
when malaria was the most prevalent of all diseases in
Singapore and was still increasing as its principal mos-
quito vector, Anopheles maculatus, colonised areas of
cleared jungle in the hills. There was an annual peak of
malaria cases and deaths from May to July. In July 1911
the death rate was 85.83 per 1000. In that year the
antimalarial campaign was started in Singapore. It
involved subsoil drainage with concrete channels and
pipes and larviciding using crude oil. This resulted in a
marked reduction in morbidity and mortality attribut-
able to malaria, shown by comparing average monthly
death rates from all causes 1903-1912 with 1913-1922.
The death rate in May was reduced from 53.76 to 37.27
per 1000, while the spleen rate fell from about 50% to 0.

In Selangor, malaria transmitted by A ludlowi and A
umbrosus was so intense that the government of the
(then) Federated Malay States ordered the closure of
Port Swettenham (Pelabuhan Kelang) in 1901. The de-
velopment of rubber and coconut estates on Pulau Carey
in the delta of the Klang and Langat Rivers was also
jeopardised. However, the malaria control programme,
which was started in the same year, was so effective that
the important economic developments near Klang were
able to go ahead. Other pioneering control programmes,
contributing to the economic growth of Malaysia and
Singapore, were at Gemas (Negri Sembilan); in the
rubber estates where annual death rates, attributable to
malaria rather than dysentery, were sometimes over 200
per 1000; and in Sarawak.

The Present

Falciparum malaria is now confined to tropical coun-
tries, in some of which, such as West Malaysia and
Singapore, it is wholly or partly controlled. As recently
as the 1940s, falciparum malaria caused hundreds of
deaths in Italy and some other southern European coun-
tries’ and there is speculation that global warming might
encourage a return of endemic malaria to some of these
regions. With the growth of international tourism, medi-
cal practitioners in western countries are increasingly
aware of falciparum malaria as an imported disease.
After the failure of the World Health Organisation’s
Global Malaria EradicationCampaign (1955-1969) which
relied on extensive DDT spraying and chloroquine
chemoprophylaxis, the strategy has changed to improv-
ing the treatment of affected patients and trying to
develop more effective control methods. Three of the
major challenges posed by falciparum malaria today are
1) understanding the pathophysiological mechanisms



382  The 1996 Runme Shaw Memorial Lecture-D A Warrell

leading to severe and potentially fatal malaria; 2)
development of new antimalarial drugs in the face of
increasing drug resistance and 3) improving personal
protection against malaria and reducing transmission.

Pathophysiology of Cerebral Malaria

A number of clinical features of P falciparum infection
have been identified which are associated with a poor
prognosis.® Of these severe forms, cerebral malaria is the
most common in most populations. This disease has
been the focus of clinical and laboratory work based in
the University of Oxford for the past 17 years. At the
start of the Wellcome-Mahidol University, Oxford Tropi-
cal Medicine Research Programme in Thailand in 1979,
the daunting case fatality reported for cerebral malaria
was almost 50% in some countries.’® Understanding the
pathophysiology of cerebral malaria was crucial if this
appallingly high mortality were to be reduced. At that
time, the “permeability hypothesis” was the most widely
accepted explanation for cerebral malaria. A toxic factor
released by the parasites was thought to increase perme-
ability of the blood-brain barrier leading to cerebral
oedema, coma and death.** This idea, supported by
some anecdotal clinical observations, had encouraged
clinicians to use high doses of corticosteroid, especially
dexamethasone, as an ancillary treatment for cerebral
malaria. The formal assessment of this popular treat-
ment was carried out in Chantaburi, in eastern Thailand
near the Cambodian border,'? where gem-mining in the
jungles attracted large numbers of young men from non-
malarious parts of the country, who were vulnerable to
severe malaria. The study prompted the development of
a practical case definition of cerebral malaria and pro-
vided an opportunity to test the permeability hypoth-
esis, since dexamethasone is the most potent known
anti-inflammatory agent affecting the blood-brain bar-
rier. In a randomised placebo-controlled trial, 100 adult
patients satisfying the new strict definition of cerebral
malaria, were given standard intravenous treatment
with quinine together with either dexamethasone (total
dose 2 mg/kg over 48 hours) or placebo. There was no
significant difference in mortality between the two
groups (deaths 16/50 dexamethasone; 18/50 placebo;
P = 0.8) but, in the dexamethasone-treated patients,
coma was prolonged (P <0.02) and there was an excess
of serious gastrointestinal bleeding and secondary bac-
terial infections.?> A subsequent study in New Guinea,
in which a much larger dose of dexamethasone was
given (11.4 mg / kg over 48 hours) confirmed these ob-
servations.” Prolongation of coma by dexamethasone
was not consistent with the permeability hypothesis.
Additional evidence against this concept was the lack of
evidence of raised intracranial pressure (reflected in
cerebrospinal fluid opening pressure measured at lum-
bar puncture)* and the absence in the majority of
patients of cerebral oedema detectable by computer-

ised tomography (CT) or nuclear magnetic resonance
(NMR) scans.™1¢ Blood-cerebrospinal fluid (CSF) bar-
rier permeability to albumin was not increased during
coma as compared to convalescence. However, in Afri-
can children with cerebral malaria, evidence of cerebral
swelling has been found.*® This is probably due to
increased intracranial blood volume. Some children
develop clinical signs of cerebral or brain stem
herniation.'”?

Two other hypotheses now provide a more compel-
ling explanation for the pathophysiology of cerebral
malaria.

Mechanical hvpothesis

Since the end of the 19th century, histopathologists
have observed, in the brains of patients dying of cer-
ebral malaria, red blood corpuscles containing mature
pigmented parasites apparently blocking the small
blood vessels. In Aotus monkeys, experimentally in-
fected with P falciparum, parasitised erythrocytes ap-
peared to stick to endothelium of small cardiac blood
vessels via electron-dense protuberances (knobs) on
their surfaces.??' An ultrastructural study of needle
necropsy samples of brain from patients dying of ma-
laria in Thailand showed similar appearances and pro-
vided evidence that selective cytoadherence and se-
questration in cerebral venules was a specific feature of
cerebral malaria.? Sequestration was seen only in pa-
tients with clinical features of cerebral malaria, not in
those dying of non-cerebral malaria and the packing of
parasitised erythrocytes was tighter in the brain than in
other organs.? Cerebral blood flow and metabolism
were studied in adult patients with cerebral malaria in
Thailand.? Total cerebral blood flow was not consist-
ently lower in coma than immediately after recovery of
consciousness, but the values were low in relation to
arterial oxygen content, one of the principal physiologi-
cal determinants of cerebral blood flow. Cerebral oxy-
gen consumption was low during coma and immedi-
ately after recovery of consciousness, but cerebral lac-
tate production decreased significantly with recovery,
suggesting that coma in cerebral malaria was associated
with a switch to cerebral anaerobic glycolysis.??

Erythrocyte surface ligands and endothelial receptors:
Recently, there has been a breakthrough in the under-
standing of an important family of antigens expressed
on the surface of P falciparum infected erythrocytes.
These proteins, known as Plasmodium falciparum eryth-
rocyte membrane protein-I (PfEMP- 1) are large (200-
350 kDa) proteins concentrated in the electron-dense
knobs under the surface of parasitised erythrocytes.
They show both clonal variation, allowing them to
evade host immune responses, and adhesive properties
involved in the cytoadherence phenomenon. During
the search for drug resistance genes in P falciparum, a
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family of more than 150 highly variable (“var”) genes
was discovered, constituting about 6% of the whole
P falciparum genome. These var genes have been found
to encode PfEMP-1. Several of the genes have been
sequenced, cloned and partially expressed and binding
of PfEMP-1 to several candidate endothelial receptors
has been demonstrated.?? Some of these receptors
(Table 1), such as CD36 and thrombospondin, seem to be
expressed at all times in a wide range of vascular beds
and are able to bind in vitro to all “wild” isolates of
P falciparum. They are regarded as constitutive and their
expression is not related qualitatively or quantitatively
to disease severity. Other receptors such as ICAM-1 and
E-selectin are inducible (show increased expression or
are only expressed) in the cerebral blood vessels of
patients with cerebral malaria, suggesting that they
may be responsible for cytoadherence in this disease.?®?
TNFa and other inflammatory mediators are able to
induce this expression. A recently discovered endothelial
receptor for cytoadherence, the glycoseaminoglycan,
chondroitin sulphate A, is expressed on placental
vascular endothelium and may specifically bind a strain
of malaria causing maternal infection.® Rosetting, the
adherence of non-parasitised to parasitised erythro-
cytes, is a phenomenon displayed in vitro by some
parasite strains responsible for severe disease.’** The
rosettes could contribute to microvascular obstruction
in cerebral and other vascular beds.

Toxin/cytokine hypothesis

A malarial “toxin” released at schizont rupture, was
first suggested by Sir Ronald Ross in 1911. There is now
renewed interest in this toxin as a stimulus to
macrophages to release TNFa, and other cytokines which
are responsible for the characteristic fever paroxysms of
malaria and for many of the pathological processes of
severe disease.* In African children with cerebral ma-
laria, there is a strong correlation between circulating

TABLE I: CYTOADHERENCE: CANDIDATE LIGANDS ON THE
SURFACE OF PARASITIZED ERYTHROCYTES AND
RECEPTORS ON CEREBRAL VENULAR ENDOTHELIUM

Erythrocyte surface ligands

PfEMP-1 (bindsto CD36, ICAM- 1 ?thrombospondin)
Erythrocyte band 3 (binds to CD36 ?thrombospondin)

anion transporter
Sequestrin (binds to CD36)

Endotheliad  receptors

Thrombospondin adhesive  glycoprotein

CD36 leukocyte differentiation antigen, platelet
glycoprotein IV (binds to OKM5)

ICAM-1 cell adhesion (binds to LFA- 1)
VCAM- 1 cell adhesion (binds to VLA-4)
E-selectin leukocyte-endothelial adhesion

Chondroitin-sulphate A glycosaminoglycan
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levels of TNFa and other cytokines and clinical severity
of the infection, case fatality and the incidence of neuro-
logical sequelae.®%

Treatment of malaria and severe sepsis syndrome with anti-
TNF Antibodies: In a pilot study in the Gambia, children
with cerebral malaria were treated with an anti-TNF
monoclonal antibody CB0006. There was a dose-related
reduction in fever and a hint of some clinical benefit.*”
However, in a large randomised placebo-controlled
trial recently completed in the same population, another
anti TNFa monoclonal antibody BC7 did not improve
case fatality and was associated with a small but
significant increase in the incidence of neurological
sequelae (Kwiatkowski D, personal communication).
Paradoxically, both these monoclonal antibodies
appeared to increase the level and persistence of TNFo.
in the circulation. It is possible that binding to the
antibody delayed clearance of the cytokine and did not
neutralise its active epitopes.

High levels of circulating TNFo and other cytokines
have also been found in patients with severe sepsis
syndrome, and there has been great interest in
neutralizing TNFa and interleukin- 1 with monoclonal
antibodies or receptor antagonists.®® Although these
strategies have proved effective in animal models of
severe sepsis,®* clinical trials have shown no signifi-
cant benefits. There was even a trend towards increased
mortality in some groups of patients.**! However, an
ovine Fab fragment anti-TNF polyclonal antibody given
before antibiotic therapy, prevented the development of
the Jarisch-Herxheimer reaction, associated with explo-
sive release of TNFo and other cytokines, in louse-
borne relapsing fever (Borrelia recurrentis infection).*24
The efficacy of this polyclonal antibody is now being
assessed in adult patients with sepsis syndrome in
intensive care units in the USA and with cerebral
malaria in Thailand (Looareesuwan S, personal commu-
nication).

The most convincing evidence that excessive TNFa
release causes cerebral malaria is from genetic studies
in the Gambia.* Children homozygous for the TNF-2
allele at the TNFa promoter region of human chromo-
some 6 showed a 4.0-fold increased risk of cerebral
malaria and a 7.7 increased risk of death or sequelae
from cerebral malaria. A number of other genes have
been implicated in resistance or susceptibility to ma-
laria infection or to its severe manifestations such as
cerebral malaria and malarial anaemia (Table II).

Understanding the molecular mechanisms of malaria
pathogenicity is not of purely academic interest. It might
lead to new interventions in severe disease, such as
competitive inhibition of the tissue targets of malaria
toxin, TNFa and other cytokines and the receptors in-
volved in cytoadherence or rosetting. These discoveries
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TABLE II: MALARIA RESISTANCE GENES

a, B-globin Major histocompatibility complex class
I &l
Glucose-6-phosphate
dehydrogenase deficiency Spectrin
Blood group 0 Glycophorin A & B
Erythrocyte band 3 Chemokine receptor  (Duffy-negative
blood group)
Tumour necrosis
factoro promoter

could also stimulate new ideas for “anti-disease”
vaccines (see below).

Chemotherapy in the Era of Multi-resistant P falciparum

A crisis in the chemotherapy of severe falciparum
malaria has been developing over the last 30 years.
Strains of P falciparum have become resistant to
pyrimethamine and other antifoles, biguanides,
chloroquine and most recently, to quinine and
mefloquine. Chloroquine resistance reinstated quinine
as the drug of choice in the treatment of severe falciparum
malaria, but in countries such as Thailand, a progressive
increase in the minimal inhibitory concentration of qui-
nine for local strains of P falciparum has been observed
and individual cases of RIII resistance (complete unre-
sponsiveness of parasitaemia to the drug during 7 days
of treatment) have been documented. The increasing
doses of quinine required for cure have resulted in
greater dose-related toxicity, especially hypoglycaemia,
while the familiar unpleasant side effects known as
cinchonism, limit patient compliance to extended courses
of oral quinine in convalescence.

Qing Hao Su

The most promising group of drugs to replace quinine
are the artemisinin derivatives, extracted from the sweet
wormwood (Artemisia annua Linné). Extracts of this
plant, known as huang hua cao (yellow flowered herb)
were mentioned in prescriptions from the Mawang Dui
Hang Dynasty Tomb dating back 2000 years. Their use
in malaria dates from the middle of the 4th century AD
(Zhouhou Bei Gi Fang-the Handbook of Prescriptions
for Emergencies).”® Artemisinin (ging hao su) was first
obtained in crystalline form in China in 1972 and the
efficacy of it and its derivatives, artesunate and
artemether, was quickly established in China and later
in Burma, Thailand and some other countries.***” How-
ever, there have been reports of fatal neurotoxicity ass-
ociated with lesions in the caudal brain stem in several
species of laboratory animals® and only recently, have
large randomized studies compared the efficacy and
safety of artemether (an oily suspension given by intra-
muscular injection) with quinine (Table III).#-!

These studies, the most powerful carried out in the

TABLE Ill: ARTEMETHER (BY INTRAMUSCULAR INJECTION)
VERSUS QUININE (BY INTRAMUSCULAR INJECTION
OR INTRAVENOUS INFUSION) IN CEREBRAL/SEVERE
FALCIPARUM MALARIA

Reference Boele van Murphy et al* Hien et al®!

Hensbroek

et al*
Country The Gambia Kenya Vietnam
Agerange(y) 1-9 0.4-12 15-79
Number 576 160 560
Cerebral 576 160 290
Casefatality % 205 (21.5)F 20.2(11.3) 13 (17)
Cerebral neurol sequelae% 3.3 (5.3) 8.3 (11.1) 1 (04
Parasite clearance 50% (h) 9 (14)” 7.3 (15.5)* 103 (115
Fever clearance (h) 30 (33) 32 (32) 127 (90)"
Coma clearance (h) 26 (20)* 12 (13) 6 6 (48)*
Convulsions % 385 (28)"

t artemether group (quinine group)
* statitically significant (<0.05)

history of antimalarial chemotherapy, confirmed that
artemether was as effective as quinine in reducing case
fatality of cerebral and severe falciparum malaria. How-
ever, coma was significantly prolonged in the
artemether-treated patients in two of these studies. In
Gambian children there was an excess of convulsions in
the artemether-treated group, and in the Kenyan study,
children with metabolic acidosis were less likely to
survive when treated with artemether rather than qui-
nine. Both artemether and quinine have advantages and
disadvantages (Table 1V) but artemether may be the
preferred treatment where quinine resistance is sus-
pected, in patients with recurrent quinine-induced
hypoglycaemia and in those with “blackwater fever” in
which quinine sensitization may be involved. For the
early treatment of severe falciparum malaria at the most
peripheral levels of the health service, artemisinin and
artesunate suppositories have produced very promis-
ing results,>* but cinchona alkaloids and chloroquine
may also prove bioavailable and effective when given
by this route.%

Control Of Malaria Transmission

The traditional methods of malaria control and pro-
tection of individuals and populations have been di-
rected against adult and larval mosquitoes and against
the malaria parasite (Table V). The success of these
methods in some parts of the world, such as peninsular
Malaysia and Singapore (see above) is unquestionable
and, during the WHO’s global malaria eradication cam-
paign (1955-1969), elimination of malaria, almost to the
point of eradication, was achieved in parts of the Indian
subcontinent. However, this effort could not be sus-
tained and there has been a massive resurgence of
malaria in many parts of the endemic region. Attention
has moved from attempted eradication to containment
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TABLE IV: ADVANTAGES AND DISADVANTAGES OF
ARTEMISININ DERIVATIVES

Advantages

Effective against quinine-resistant parasites

Resistance not yet observed

Easy and convenient to administer (daily injection, suppository)

Clinically safe (does not induce hypoglycaemia)

? Specid role in pregnancy hypoglycaemia and “blackwater fever” caused
by quinine

Kills young ring forms, rapid parasite clearance**>

Disadvantages

? Lessrapidly effective than quinine (coma,**! fever’' clearance)
? Less effective in African children with metabolic acidosis®
Neurotoxic in animals® ?in children (convulsions)®

Optimal dosage and pharmacokinetics uncertain

Insufficient data in pregnancy (fetal toxicity in animals)*

TABLE V: MALARIA CONTROL METHODS: PRESENT AND FUTURE

Mosquitoes  kill adults insecticides
kill larvae larvicides, drainage, larvivorous
predators etc
prevent insecticide-impregnated bed nets
transmission repellants

[? genetic manipulation]
Parasites kill asexua parasites
kill gametocytes

chemoprophylaxis, chemotherapy
[? vaccines)

with a greater emphasis on personal protection and the
early diagnosis and treatment of clinical attacks of
malaria. Targeting of individuals with a high risk of
severe malaria, such as pregnant women and infants in
endemic areas, with selective chemoprophylaxis, has
been frustrated by the spread of resistance to the accept-
ably safe drugs such as chloroquine and proguanil.

Insecticide-impregnated mosquito_nets

By far the most impressive results of any intervention
in recent years have been obtained by the use of insecti-
cide (pyrethroid-permethrin)-impregnated bed nets. At
a recent WHO meeting in Brazzaville, reductions in
childhood mortality (all causes) of between 20% and
30% were reported. It seems that prevention of malaria
transmission by treated bed nets reduces not only ma-
larial mortality but also mortality attributable to other
infections such as acute respiratory tract infections
(potentiated perhaps by the transient immuno-sup-
pression induced by malaria). The enormous optimism
engendered by the success of treated bed nets has been
countered by two major concerns. First, can the impres-
sive short term results of this intervention be sustained
and, secondly, might the reduction in exposure of
young children to malaria infection result, paradoxi-
cally, in excess malarial mortality at a later age? Epide-
miological studies in Africa have confirmed that, as the
intensity of P falciparum infection [reflected by the
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entomological inoculation rate (EIR)] (number of infec-
tive mosquito bites per person per year) increases, the
age at which disease occurs, decreases and the overall
chances of developing severe disease by the age of 10
years is reduced® (Snow R W, personal communica-
tion). In Africa, whose population suffers more than
80% of the global total of malaria deaths, the EIR ranges
from 5 to 1000, whereas elsewhere in the world (except
in New Guinea), the EIR is almost always less than 1.
In the Congo, some of the highest reported EIRs are
associated with low childhood malaria mortality.*® It
seems possible that if the force of malaria infection were
reduced over time, by, for example, the widescale use of
insecticide-treated bed nets, the incidence of severe and
fatal disease might increase (Snow RW, personal com-
munication). Trape and Rogier®” have argued that in
tropical Africa, only a large and widespread reduction
in transmission, far greater than is currently achievable,
could produce a long term reduction in the burden of
malaria for the whole community. In the present cir-
cumstances, they advocate improvements in health
services together with health education to improve
antimalarial chemotherapy as the only effective ways of
combatting malaria.

The Future

The most optimistic future expectations for the con-
trol of malaria must lie in the harnessing of the new
techniques of molecular biology. One exciting possibil-
ity would be to alter the vectorial ability of key species
of anopheline mosquitoes by introducing into the
population viable mosquitoes which had been altered
genetically so that they could no longer support the
sexual cycle of P falciparum. This would involve the
identification of “refractoriness genes” determining
vectorial functions.

Malaria Vaccines

The scale and complexity of the global malaria prob-
lem indicates the urgent need for a malaria vaccine. Yet,
despite almost two decades of well-funded research,
only one candidate vaccine, Patarroyo’s SPf66 vaccine,
has been tested in the field.¥® The efficacy of this
vaccine has been variable and it now seems highly
unlikely that it will provide universal protection (Table
VD). Plasmodium falciparum poses a number of diffi-
culties for the vaccine developer. Its antigens, exposed
to the host’s immune system, vary at each stage of the life
cycle, display clonal variation to evade immune de-
fences and are enormously diverse, both locally and
geographically. Some antigens that are immuno-domi-
nant in natural infections may not induce protective
immunity. Practical problems include the fact that the P
falciparum genome is extremely large, the parasite is
culturable only in human erythrocytes and there is no
completely satisfactory animal model in which to test
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TABLE VI: RESULTS OF SPf66 MALARIA VACCINE TRIALS

Reference Valero et al®*  Alonso et al®* D’Alessandro et al®?
Country Colombia Tanzania The Gambia
Agerange(y) 1-45+ I-5 0.5-0.9

Number 1548 586 630

Protective 33.6 31.0 8.0

efficacy %

95% confidence 18.8 to 45.7 0 to 52 -18 to 29

interval %

P <0.001 0.046 0.50

the protective efficacy of candidate vaccines.”® How-
ever, despite these difficulties, vaccines are being devel-
oped, directed both at the parasite and against its
pathogenic effects in the host (the “anti-disease”
vaccines). In its pre-erythrocytic cycle (sporozoite inva-
sion of the hepatocyte and subsequent schizogeny) a
cytotoxic T-lymphocyte-inducing vaccine might be a
possibility.* Other targets are the erythrocytic cycle
and gametocytes (“transmission-blocking vaccine”).
“Anti-disease” vaccines might be directed against the
malaria toxin, released at schizont rupture of the in-
fected erythrocyte (see above); its receptor on the
macrophage; or the ligands/receptors involved in
cytoadherence or rosetting.

Conclusions

Malaria remains the supremely challenging problem
in tropical medicine. Whether P falciparum infection is a
relatively recent scourge of mankind, since the start of
concerted agriculture within the last 5000 years, or a
really ancient disease dating from the divergence of
hominids from hominoids nine million years ago, is still
hotly debated. Treatment of life-threatening disease
should improve with better understanding of its
pathophysiology, but new antimalarial drugs will be
needed to combat antimalarial resistance. The introduc-
tion of insecticide-treated bed nets has reduced child-
hood mortality from malaria and other infections by
20% to 30% in several parts of Africa. The longer term
results of this intervention are uncertain. Hope for con-
trol of malaria in the future rests on the development of
effective vaccines and genetic alterations in the vectorial
ability of mosquitoes.
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